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ABSTRACT

Energy requirement of the world is increasing at an alarming rate due to fast economic
growth and increased urbanization. The thermonuclear fusion promises to deliver highly
efficient, clean and sustainable energy for future energy demands. For the fusion reaction
to take place, the temperature inside the reactor must be increased to 150 million Kelvin.
In the controlled fusion experiments, electron cyclotron resonance heating and current
drive (ECRH&CD) is considered to be an effective way of heating confined plasmas. The
required high power millimeter wave radiations are provided by the gyrotron oscillators.
Currently in International Thermonuclear Fusion Reactor (ITER), twenty four 1 MW con-
ventional cavity gyrotrons operating at 170 GHz are planned for installation at the ECRH
system.

Next generation fusion reactors like DEMOnstaration (DEMO) tokamak are planned
to prove the commercial feasibility of the fusion energy. In ITER, it is experienced that
electron cyclotron current drive (ECCD) efficiency is lower than other current drives
(CDs) like ion cyclotron CD, neutral beam CD, and lower hybrid CD. In a future com-
mercially attractive tokamaks, for achieving stable operation condition for several hours,
the ECRH system should be optimized to provide higher ECCD efficiency. Simulation
studies on the ECRH&CD system of a DEMO tokamak demand gyrotrons operating at
the frequencies above 200 GHz for an optimum ECCD efficiency. Multifrequency oper-
ation of these gyrotrons provides flexibility to the ECRH system for other applications
like plasma startup, bulk heating and in the upgraded versions of other existing tokamaks.
Furthermore, fast frequency tunability of these gyrotrons in steps of 2-3 GHz would be
advantageous for stabilization of the neo-classical tearing modes (NTM) by using non-
steerable, fixed launchers. Introduction to thermonuclear fusion and a brief overview of
different classes of gyro-devices are discussed in Chapter 1 of the thesis.

The major challenge in the development of megawatt class gyrotrons operating at
higher frequencies is to keep control over the ohmic wall loading under allowable cooling
limit i.e. 2kW/cm?. To reduce the ohmic wall loading at high power operation, over-
sized cavities are used as an interaction cavity in gyrotrons. However, conventional over-
moded cavities lead to the problem of mode competition and voltage depression. Mode
competition can be controlled by using a coaxial cavity as the interaction circuit. Insert
in the coaxial cavity also reduces the voltage depression of the electron beam and thus
increases the limiting current. Consequently, the operational beam current of the coaxial
cavity gyrotrons can be increased to a higher value and therefore can be operated at higher
power levels compared to conventional cavity gyrotrons. Basic interaction mechanism of
gyrotrons and major sub-assemblies of the high power gyrotrons are presented in detail

in Chapter 2. Detailed literature review on the development of high power gyrotrons for



plasma heating applications are also presented in this chapter.

Feasibility studies of a 2 MW, dual frequency (220/251.5 GHz) coaxial cavity gy-
rotron for the probable application in the next generation fusion tokamaks are carried
out in Chapter3. The desired cavity mode pair is chosen by considering the technical
constraints for multifrequency operation and geometry of the interaction circuit is opti-
mized for the targeted output power with maximum interaction efficiency. In this design
study, a coaxial cavity with triangular corrugations on the insert is used as the interaction
circuit. Triangular shaped corrugations on the insert are reported as having the advantage
of reducing the localized heating on the insert walls compared to the rectangular or wedge
shaped corrugations. RF behavior studies are performed with time dependent multi-mode
calculations for both the operating frequencies. Further, startup studies are also performed

with beam space charge neutralization using realistic non-uniform magnetic field profile.

Design studies of the electron gun and output system of the proposed dual frequency
(220/251.5 GHz) coaxial cavity gyrotron are carried out in Chapter 4. The magnetron in-
jection gun and the magnetic guidance system are designed for required beam parameters
determined through RF behavior studies. Output system design studies include physi-
cal design of a common nonlinear taper (NLT), a quasi-optical launcher (QOL), and a
single disk RF window to support dual regime operation. The NLT is designed with max-
imum transmission efficiency and minimum mode conversion of the desired mode pair
at their respective operating frequencies. The dimpled wall launcher is designed such
that it supports, the conversion of the both cavity modes into Gaussian-like mode and
the single disk RF window is designed for the effective extraction of high power output
RF beam at the desired operating frequencies. Further, design studies are carried out
for this proposed dual regime gyrotron to explore the possibility at the third operating
frequency of 283 GHz in Chapter5. The operational cavity mode for this operating fre-
quency (283 GHz) is selected such that the same physical structure of the gyrotron that
has already been designed for the dual regime operation would be used for this opera-
tion also. RF behavior studies are performed for this 283 GHz operation, and the startup
calculations are also carried out. In addition, design studies of the electron gun and the
output system are performed to confirm whether these components support the additional

operating frequency of 283 GHz.
The design studies of a triple frequency (170/204/236 GHz) coaxial cavity gyrotron

are carried out in Chapter 6 that is suitable for plasma heating application in the commer-
cial fusion DEMO tokamak class prototype reactor. To reduce the spatial and maintenance
requirements of the heating systems in the DEMO tokamak, the output power of the pro-
posed gyrotron is targeted at ~ 3MW for all the three operating frequencies. In addition

to the physical and technical constraints of the multifrequency operation, cavity modes
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for this gyrotron are chosen with the mode spread angle of 72° +0.5° to support a dual
beam output system. RF behavior studies predict the possibility of obtaining 3 MW at the
desired operating frequencies in the proposed gyrotron. The geometry of the magnetron
injection gun is optimized for generating required electron beam determined through RF
behavior studies to support this multifrequency operation. Startup calculations are also
carried out with beam space charge neutralization to ensure the 3 MW continuous wave
operation at all the three operating frequencies.

In the practical development of coaxial cavity gyrotrons, axes of the outer cavity, coax-
1al insert, and the electron beam must align together. Any misalignment in the axes of the
insert and the outer cavity would change the electromagnetic field structure in the coaxial
interaction cavity. Field analysis of the coaxial cavity with misaligned triangular corru-
gated insert 1s carried out using surface impedance model (SIM) and full wave analysis
(SHM) in Chapter 7. Effect of insert misalignment on the eigenvalue and oscillating fre-
quency of the cavity modes in the interaction cavity of coaxial cavity gyrotron are studied.
Finally, Chapter 8 summaries the contribution of this thesis in the development of coaxial
cavity gyrotrons for the application in the ECRH system of the experimental tokamaks
with the future scope of the present work.

As an outline, in this thesis feasibility studies of the high power, multifrequency coax-
1al cavity gyrotrons for the probable applications in the next generation fusion tokamaks
are carried out. Suitable physical design studies of the major sub-assemblies of gyrotrons
supporting the multifrequency operation are performed. In addition, the field analysis of
a triangular corrugated coaxial cavity with a misaligned inner rod is also carried out using
both SIM and SHM methods.

il
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Chapter 1

Introduction

1.1 Introduction to Thermonuclear Fusion

According to the UN report in the year 2018, world population is increasing at a rate of
1.09% per annum, and by 2050 the population of the world would reach 9.8 billion [1].
Due to the fast economic growth and increased urbanization, the energy requirement of
the world is increasing at an alarming rate. Eighty percent of the present energy demands
are fulfilled by the fossil fuels, which emit an unacceptable amount of the greenhouse
gases. The renewable energy sources like hydro, solar, wind, tidal provide clean energy,
but their capability to fulfill the entire energy demands is still a topic of discussion [2].
On the other hand, the controlled thermonuclear fusion promises to provide long-term,

sustainable clean energy for the future requirements [3].

The nuclear fusion reaction is the same one that occurs in the core of the sun and
stars, in which two lighter hydrogen nuclei collide, fuse together to form a heavier atom
of helium. According to the Einstein’s famous mass-energy equivalence [4], E = Am.c?,
an enormous amount of the energy (E) released during this reaction can be realized as
the difference in masses of the heavier atom and two colliding lighter atoms (Am), where
c is the velocity of the light. The temperature required for the occurrence of this fusion
reaction in the sun is around 15 million Kelvin [5]. Fusion community has identified that
the most efficient fusion reaction that can be conducted in a laboratory setup is the fusion
of two hydrogen isotopes namely deuterium (D) and tritium (T). The DT fusion reaction

is given by [6]

D +3 T +—3 He(3.5 MeV)+n(14.1 MeV) (1.1)

By fusing two lighter hydrogen isotopes, helium atom and a neutron are formed with

the release of 17.6 MeV of energy. DT fusion reaction is considered efficient since it
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produces high energy gain with very low temperature requirements.

To achieve this fusion reaction in the laboratory, following conditions should be satis-
fied [5]:

e A very high temperature of around 150 million Kelvin, to overcome the ion-ion
electrostatic repulsive force between the nuclei (Coulomb Barrier), so that strong
nuclear force can takeover.

o Sufficient density of plasmas, which provides a favorable environment for the ele-
ments to collide and generate energy.

e Sufficient confinement time for holding the dense plasma, as the plasma starts to

expand over the available volume.

Inside the core of the fusion reactor, due to very high temperature, particles get ionized
and the electrons are separated from the nuclei and forms plasma. In plasma state, charge
particles (positively charged nuclei and negatively charged electrons) are free to move.
DC magnetic field is used to control and confine this hot plasma. Various heating methods
are used concurrently in the reactor to achieve the required temperature of plasma for the
fusion reaction. Inside the core of the reactor, the magnetic fields are used to control the
hot plasma, which induce the current. The induced current energizes the plasma particles
(ions and electrons) as it travels. These energized particles start to collide, which creates
the resistive effect that results in heating. This type of heating is termed as ohmic heating,
and it depends on the induced plasma current and the resistance. As the temperature of
the plasma increases, resistance created by the collision of particles decrease; hence the
plasma temperature can be increased only up to certain limited level through the ohmic
heating.

In order to further heat the plasmas to the required threshold level, external heating
methods are used. Two different external heating methods are used in the reactor. One
is the neutral beam injection (NBI), and another is the radio frequency (RF) heating. In
the NBI, ionized deuterium particles are accelerated to the required energy level. These
particles are passed through the ion neutralizer where ions get neutralized. These high
energy neutral beams are then shooted into the heart of the reactor, where they collide
with the plasma particles to generate heat [7].

In the RF heating, high frequency electromagnetic waves are injected into the reactor
for heating the plasmas. Inside the core, charged particles of the plasmas gyrate around
the guiding magnetic field. According to the cyclotron interaction, injected electromag-
netic waves transfer its RF energy to the charge particles increasing its kinetic energy.
Energized charge particles collide with each other and cause the heating effect. Based
on the charge of the particle this heating is divided into two categories (a) Electron Cy-
clotron Resonance Heating (ECRH), (b) Ion Cyclotron Resonance Heating (ICRH). For
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ICRH, tetrodes are used for the generation of the electromagnetic waves [8], and in the
ECRH system gyrotrons are used as sources for the microwave generation [9]. Compared
to other heating methods, ECRH is the most effective heating method that is suitable for
both version of fusion reactors (tokamak and stellarator) because of the following advan-
tages [10]:

e In the ECRH, heating is done using a narrow pencil-like RF beam, and hence lo-
calized heating can be done to avoid cooling of certain plasma areas.

e In the ECRH system transmitting antennas, launchers and mirrors can be kept away
from the core, as the RF beams can be transmitted in vacuum and coupling of the
beam is also not sensitive to the parameters of the plasma edges.

e The ECRH method of heating is also identified as an ideal candidate for controlling
the magneto hydro dynamics (MHD) instabilities occurring in the fusion reactors.

In the experimental tokamaks, for the ECRH application, high power electromagnetic
waves are required in the range of 100-250 GHz [11] and hence, it is required to develop
sources which can operate at higher frequencies and greater power levels [12]. Solid state
power amplifiers are capable of generating and amplifying signals at millimeter wave
ranges and are widely used in communication systems [13], [14]. Solid state devices
are also used in the control circuits of particle accelerators and fusion tokamaks [15].
However, they are not capable of generating high power RF signals required for plasma
heating applications. For these high power applications, conventional microwave tubes
(transit time electron beam devices) like klystron, traveling wave tubes can be preferred.
However, the size of the interaction circuit of the microwave tubes is directly related to
the wavelength of RF wave; hence at higher frequencies the power handling capabil-
ity of these devices is limited [16]. To overcome these limitations, the fusion research
community made an immense effort towards the development of the new era of the fast
wave devices [17]. These fast wave devices are capable of generating/ amplifying electro-
magnetic waves with very high power levels in millimeter to sub-millimeter wavelength

ranges.

1.2 Brief Overview of Gyro-Devices

Gyro-devices are the kind of fast wave devices in which the electromagnetic waves travel
with a phase velocity greater than the speed of light [18]. Electron cyclotron maser (ECM)
and free electron maser (FEM) are two different categories of the fast wave devices. The
gyro-devices belong to the ECM kind of fast wave devices [19]. In the ECMs, coherent
electromagnetic waves are generated or amplified through simulated emission of radiation

from the relativistic electron beam [20]. In presence of the magnetic field, the weakly
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relativistic gyrating electron beam emits electromagnetic radiations whose electric field
is transverse to the direction of propagation. Coherent electromagnetic radiation occurs
when the contribution from the electron beam enhances the already existing RF wave in
the interaction region. This is possible when the synchronism is achieved between the cy-
clotron frequency of the gyrating electron beam and the frequency of the electromagnetic
wave in the interaction cavity [21]. On the contrary to the linear beam devices, the size of
the interaction circuit in the gyro-devices is not directly related to the wavelength of EM
radiation. Moreover, in the interaction region of the ECM, there is no requirement of di-
electric loading or periodically rippled walls, and a simple cylindrical waveguide is used
as the interaction circuit. The oversized waveguide allows the use of high power electron
beam with larger beam radius. This makes the gyro-devices to generate or amplify high
power electromagnetic waves in millimeter to sub-millimeter wavelength ranges [18].
There are some analogies that exist between linear beam devices and gyro-devices. In
both types of devices, bunching of the electron beam occurs after initial energy modu-
lation and bunching continues even after the modulating RF field is removed in the drift
region [16]. However in the linear beam devices, the electron beam remains in the favor-
able bunching phase only for the half cycle of RF wave at the interaction cavity. But in
the gyro-devices, once the favorable bunching is achieved, the electron beam remains in

this favorable phase throughout the interaction region.

Gyrotron

Gyrotrons are one of the earliest developed most popular ECM devices those are widely
used for the plasma heating applications in the experimental tokamaks. In the early of
1970’s, Russian development on a magnetron injection gun generated the hollow electron
beam with high transverse velocity paved the way for the development of high power
gyrotrons [22]. In the gyrotrons, weakly relativistic electron beam (electron beam energy
(Up) < 100keV) with high transverse momentum is used. The interaction region of the
gyrotron is a smooth cylindrical cavity, which is operated close to the resonant frequency
of the waveguide mode. As the electromagnetic wave in the cavity is close to the cutoff
frequency, the axial wave number of the RF is near to zero, and Doppler shift is negligible
for the case of gyrotron interaction. The frequency of oscillation is determined by the
relativistic factor of the electron beam and the external applied magnetic field [9], [23].
The resonance condition is also possible between the RF wave and harmonics of the
electron cyclotron. In the harmonic operation of the gyrotron, for the given frequency the
magnetic field requirement is reduced by the harmonic factor ‘s’ [17]. In addition to the
plasma heating application, gyrotrons are also developed for other industrial, medical and

scientific applications like sintering of ceramics [24], [25], DNP-NMR spectroscopy [26],
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Figure 1.1: Schematic of the interaction region in different gyro-devices: (a) Gyrotron,
(b) Gyro-klystron, (c) CARM (d) Gyro-TWT, (e) Gyro-twystron, (f) Gyro-BWO [17].

[27] and generation of soft X rays. Possibility of generating high power orbital angular
momentum (OAM) modes in gyrotron by the natural excitation of gyrating electron beam
has been reported in [28] and thus millimeter wave gyrotrons can also find application in

the long-distance wireless communication [29].

Gyro-klystron

Gyro-klystron is an amplifier class of device whose interaction mechanism is similar to
that of the gyrotron. However, in the gyro-klystron initial energy modulation of the elec-
tron beam is done by the input low power RF wave which needs to be amplified. The
input RF wave is coupled to the input cavity, where the energy modulation of the electron
beam occurs and creates orbital bunching. The bunched electron beam travels through
the drift section and excites the RF field in the output cavity. The RF field excited in the
output cavity has the same frequency and phase of the input waveform. The energy lost
by the electron beam is used for amplifying the RF field [30]. Additional cavities are

placed between the input and output cavities for increasing the gain of the tube [31].
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Cyclotron Auto Resonance Maser

Cyclotron auto resonance maser (CARM) oscillator is operated with the highly relativistic
electron beam (U, > 1 MeV) with the interaction mechanism same as that of the gyrotron
but operated far away from the cutoff region. Since the phase velocity of the EM wave is
close to the speed of light, the increase in electron cyclotron frequency (due to the energy
loss in the beam) is compensated by the Doppler term and this phenomenon is called
auto-resonance [17]. Due to large Doppler shift, compared to the gyrotron, the magnetic
field requirement in the CARM for the given frequency is less. Feedback mechanism
by the Bragg resonator is required in the CARM to avoid other low-frequency parasitic
interactions [32]. In the CARM, the electron beam with a low to moderate velocity ratio
is preferred and the efficiency of the CARM is sensitive to the parallel electron velocity
spread [33].

Gyro-Traveling Wave Tube

In a gyro- traveling wave tube amplifier (gyro-TWT), a smooth cylindrical waveguide is
used as the interaction circuit, and the moderately relativistic electron beam is used [34].
In the gyro-TWT, the axial wave number (k;) is small but greater than zero and the trans-
verse bunching of the electron beam dominates over the axial bunching. In the interaction
region, the group velocity of the traveling wave matches with the axial velocity of the elec-
tron beam. The input RF wave to be amplified is coupled inside the waveguide with the
specific mode pattern [35], [36]. To gain benefit from the auto resonance, the cutoff fre-
quency of the waveguide is set less than the electron cyclotron frequency. Compared to the
gyro-klystron, the gyro-TWT amplifier offers wider bandwidth and therefore are widely
used as an output amplifier in the millimeter wave radar systems [37], [38]. However,
conventional helix TWT amplifiers are still dominating the field of space communication

due to their robustness and guaranteed lifetime [39], [40].

Gyro-Twystron

Gyro-twystron is a hybrid type of amplifier which uses the input cavity same as that of
the gyro-klystron and the output cavity is replaced by a long cylindrical waveguide. The
presence of the output waveguide overcomes the problem of microwave breakdown that
occurs in the output cavity of the gyro-klystron at high power operations [41]. In the input
cavity, the RF wave to be amplified modulates the electron beam energy and creates the
orbital bunching. The bunched electron beam travels through the field free drift region
and excites the electromagnetic wave in the output waveguide section. As the device is

of a hybrid type, it gains the advantage of both gyro-klystron and gyro-TWT. To increase
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the gain of the amplifier, intermediate cavities are placed between the input cavity and the

output waveguide section [42].

Gyro-Backward Wave Oscillator

Gyro-backward wave oscillator (BWO) is a fast wave counterpart of conventional BWO.
In a gyro-backward wave oscillator (BWO), the magnetic field and the electron beam
parameters are adjusted for the cyclotron interaction between the electron beam and the
RF wave traveling in a direction opposite to the electron beam motion [43]. Conventional
BWO operating in THz frequency range are also being developed to understand plasma
turbulence in nuclear fusion reactors [44]. In the gyro-BWO, the resonant frequency is
highly dependent on the accelerating voltage of the electron beam, and thus by tuning the
accelerating voltage, the operating frequency can be varied very fast. Due to the Doppler
down shift, for the given frequency the magnetic field requirement in the gyro-BWO is
higher than that of the gyrotron. The overall efficiency of the gyro-BWO is less compared
to that of the gyrotron, as the amplitude field strength of the EM wave in the gyro-BWO
is high at the entrance and low at the exit of the electron beam [45].

1.3 Motivation

The thermonuclear fusion promises to deliver clean and sustainable energy for the future
energy demands. For the fusion reaction, to take place temperature inside the reactor must
reach 150 million Kelvin. In the plasma fusion experiments, electron cyclotron resonance
heating and current drive (ECRH&CD) is considered the most effective way of heating
magnetically confined plasmas [10]. Gyrotrons are the promising millimeter and sub-THz
wave sources those are widely employed in experimental tokamaks for ECRH&CD ap-
plication, and are capable of generating power in the range of several hundred kilowatts
to few megawatts [46]. Currently in Wendelstein 7-X (W7-X) stellarator, ten gyrotrons
each delivering 1 MW continuous wave (CW) (1800 s) power at 140 GHz are success-
fully installed for the plasma heating [47]. Quasi-optical transmission lines are used for
the transmission of RF power to the core of the W7-X stellarator. In International Ther-
monuclear Experimental Reactor (ITER), 24 gyrotrons are proposed for the ECRH appli-
cations, and each gyrotron emits 1 MW-long pulse (3600 s) power, at 170 GHz [48], [49].
ITER is the world’s largest fusion tokamak aiming to prove the nuclear fusion as the com-
mercial, large-scale and clean energy production. The major objective of the ITER is to
generate the electrical power of 500 MW with the functional power gain of 10 and to sta-
bilize the fusion plasma for the longer time period. European Union 140 GHz gyrotron

holds the record of an output power of 0.92 MW for the pulse duration of 30 minutes
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with 44% efficiency. A 110 GHz gyrotron developed by JAEA-TOSHIBA achieved the
maximum output power of 1.5 MW for the 4 s pulse with 45% efficiency [50]. Russian
170 GHz ITER gyrotron delivers the output power of 0.99/1.2 MW for the pulse length
of 1000/100 s with the efficiency of 53% in both the cases [51]. Japanese 170 GHz ITER
gyrotron holds the world record energy of 2.88 GJ (0.8 MW, 1 hour) with the efficiency
of 57% [52].

One of the main design goals in the development of the high frequency megawatt class
gyrotrons is to keep the ohmic wall loading under the prescribed limit (i.e. 2kW/ cm?)
[17]. To obtain the ohmic wall losses under this limit, the gyrotrons are operated in
the higher order modes. However, this results in severe mode competition problems as
the mode spectrum at these higher order modes are very dense. Therefore, it is difficult
to attain an efficient single mode operation in a conventional gyrotron just with beam
positioning. In such a scenario, the usage of a coaxial insert reduces the mode competition
[53]. The eigenvalues of operating modes in a coaxial cavity depend on the radii ratio of
the outer cavity to the insert. As a result, in a coaxial cavity with downtapered insert,
the diffractive Q factor of modes depends on the slope of the eigenvalue curve. Thus, by
selecting the insert radius, it is possible to alter the diffractive Q factor of the competing
modes, thereby reducing the mode competition in the cavity. The coaxial cavity also
reduces the voltage depression of the annular electron beam, consequently increases the
limiting current, which opens up the possibilities of operating the gyrotron at higher beam
currents. Introducing corrugations on the insert not only helps to exercise better control
over the mode rarefaction but also reduces the ohmic wall loading on the surface of the
insert [54]. Short pulse experiments on a 2 MW, 170 GHz coaxial cavity gyrotron with

rectangular corrugated insert have been carried out at KIT, Germany [55].

In addition to the ECRH&CD applications, experimental tokamaks require RF beams
at different frequencies for various other applications such as plasma startup, plasma
stability control, bulk heating, collective Thomson scattering diagnosis, and so on [56].
Therefore, to cater these multiple requirements, multifrequency gyrotrons are being devel-
oped [57]. This is mainly because employing a multifrequency gyrotron can significantly
improve the adaptability of an ECRH/ECCD systems to operate at different frequencies
and function in diverse experimental setups without any momentous increase in construc-
tion costs [58]. Also, fast step-tunable operation (few seconds) of the gyrotron in steps
of 2-3 GHz allows the use of fixed non-steerable mirrors inside the torus for stabilization
of the neo-classical tearing modes (NTM) [59]. A common single-disk window can be
used for the multifrequency operation of the gyrotron, however, for the step-tunable op-
eration broad band Brewster type window is required [60]. Experimental long-pulse (2 s)
operation of a 1 MW, multifrequency gyrotron (104/137/170/203 GHz) has been reported
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by Japanese researchers in [61]. A dual-frequency gyrotron (105/140 GHz) is installed
in the ECRH system of the ASDEX-U (German Tokamak) [62]. The step-tunable oper-
ation of a D-band gyrotron in the frequency range of 124-169 GHz has been performed
at KIT, Germany [60]. A triple-frequency gyrotron (82/110/138 GHz) is developed for
the plasma heating application in JT-60 SA (Japan Tokamak) [63]. Two 1 MW dual fre-
quency gyrotrons (84/126 GHz) are proposed for the upgraded version of ECRH system
in the TCV (Swiss Tokamak) [64].

Energy generation in the fusion reactor is directly related to the number of fusion re-
actions that occur inside the core. Thus, larger the size of the core, greater the number
of fusion reactions and hence increased energy generation. Fusion community is aiming
to reduce the electricity production cost in the future machines [3]. Thus, gyrotrons for
the future tokamaks must be operated at higher frequency and power levels. Besides, to
overcome the existing challenges in the steady-state fusion operation, future machines
must ensure adequate reliability and increased tritium self-sufficiency [65]. DEMOn-
stration power plant (DEMO) is expected to be the first commercial prototype of the
fusion reactor aimed to promote the generation of the fusion power in a large commercial
scale [66], [67], [68]. In the ITER, it is experienced that electron cyclotron current drive
(ECCD) efficiency is lower than other CDs (like ion cyclotron CD, neutral beam CD, and
lower hybrid CD) [69]. In a commercially attractive tokamak like DEMO, to achieve sta-
ble condition for long hours, the ECRH system should be optimized to provide greater
ECCD efficiency [12]. Simulation studies on the ECRH system of the DEMO tokamak
predicted that by launching beams in the mid-plane, ECCD efficiency could be limited
by second harmonic absorption and this can be improved when the RF waves are injected
from the top of the tokamak [70], [59]. As per DEMO fusion 2012 base line, for the
improved ECCD efficiency, the ECRH system should ensure the millimeter wave power
of S0 MW in the frequencies above 200 GHz [12], [58]. Thus in the future commercial
reactors, high power sub-millimeter wave gyrotrons will be required for their ECRH sys-
tems [71]. For the frequencies above 200 GHz, coaxial cavity gyrotrons are preferred as
they can reduce the problem of mode competition, and can also be operated at higher
power levels [72]. Feasibility analysis of the coaxial cavity gyrotrons operating at the
frequencies above 200 GHz, with multifrequency operationability to support the ECRH
systems of the future fusion reactors needs to be done.

A rectangular corrugated coaxial cavity is widely analyzed for using as the interac-
tion cavity in the gyrotrons. Most of the design studies and experimental operations on
coaxial cavity gyrotrons were carried out using rectangular corrugated coaxial interac-
tion cavity [73], [55]. In the coaxial cavity gyrotrons, compared to cooling of the outer

cavity, the insert cooling is critical and thus, peak ohmic loading of the insert need to
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Chapter 1. Introduction

be controlled. A novel coaxial interaction cavity for gyrotrons with triangular corrugated
insert was proposed by S. Singh et al. [74]. Triangular slots on the insert not only offer
better mode rarefaction but also reduce the problem of localized heating. Mathematical
formulations for the dispersion relation, wall losses and quality factor of the triangular
corrugated coaxial cavity using surface impedance model (SIM) and full wave approach
were reported. Considering the advantages of the triangular corrugated coaxial cavity,
design studies of the gyrotrons can be carried out using this proposed novel interaction

cavity.

1.4 Research Objectives and Problem Statement

The main objective of this thesis is to perform the design studies of the megawatt class
coaxial cavity gyrotron oscillators with dual/multifrequency operational capability for the
probable applications in the future commercial tokamaks. To reduce the ohmic loading
on the coaxial insert and also to keep control over the mode competition, a coaxial cavity
with triangular corrugated insert is used as an interaction circuit in the design studies.
The number of gyrotrons required in the ECRH system is directly related to the single
unit output power of gyrotron. To reduce the spatial and maintenance requirements of
the ECRH system in the future tokamaks, the design studies are also carried out for the
multifrequency coaxial cavity gyrotron with increased output RF power. In coaxial cavity
gyrotrons, outer cylindrical cavity and insert must align in the same axis. However, due
to some practical problems like cathode deformations, increase in the ohmic loading of
the insert or poor assembling, there may be misalignment between the axes of the insert
and the cavity. Hence, to analyze the effect of insert misalignment on the field structure,
field analysis is carried out for the triangular corrugated coaxial cavity. To achieve these

objectives, the following tasks are considered and are successfully solved.

e RF behavior studies of a dual regime (220/251.5 GHz) coaxial cavity gyrotron.

e Electron gun and output system design studies of a 220/251.5 GHz dual regime
coaxial cavity gyrotron.

e Design studies of a dual frequency gyrotron extended to the third operating fre-
quency of 283 GHz.

e Design studies of a 3 MW triple frequency (170/204/236 GHz) coaxial cavity gy-
rotron.

e Analysis of the RF interaction cavity with misaligned triangular corrugated coaxial

insert.
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1.5 Organization of Thesis

In this thesis, feasibility analysis of the dual/multifrequency coaxial cavity gyrotrons are
performed for the plasma heating applications in the future commercial tokamaks like
DEMO reactor. Design studies of the major components of the coaxial cavity gyrotrons
are carried out for supporting multifrequency operation. Field analysis is also carried out
for the triangular corrugated coaxial cavity with misaligned insert.

The thesis is organized into eight chapters. Chapter 1 discusses the introduction to the
thermonuclear fusion with the need of RF sources for heating the plasmas in the exper-
imental fusion tokamaks. The brief overview of different classes of gyro-devices, moti-
vation towards the present research work followed by the problem statements involved in
this thesis are also discussed in this Chapter.

In Chapter 2, the basic electron cyclotron interaction principle of the gyrotron is dis-
cussed along with the major components of gyrotrons. Literature survey on the megawatt
class gyrotrons developed for plasma heating application in the experimental tokamaks is
also presented in this chapter.

Feasibility analysis of a 2 MW, dual frequency (220/251.5 GHz) coaxial cavity gy-
rotron is presented in Chapter3. A triangular corrugated coaxial cavity is used in this
design studies to reduce the problem of the localized heating. Operating frequencies are
selected such that the designed gyrotron can be used in the ECRH systems of the future
commercial tokamaks. Cavity mode pair is selected based on the mode selection strat-
egy of multifrequency gyrotrons. The geometry of the RF interaction cavity is optimized
for the dual frequency operation in the proposed gyrotron. Cold cavity design, mode
competition calculations, and self consistent single mode calculation are performed for
both operating modes. Time dependent multi-mode calculations predict that RF output
power of 2 MW can be obtained in both the modes at their respective frequencies. Fur-
ther, startup calculations are carried out with beam space charge neutralization for both
the operating frequencies.

Design studies of an electron gun and output coupling system supporting the dual
regime (220/251.5 GHz) coaxial cavity gyrotron are discussed in Chapter 4. The coaxial
magnetron injection gun is designed for the generation of a hollow electron beam with
desired beam parameters. Design studies of the output coupling system comprising of a
nonlinear taper, a quasi-optical launcher, and a single disk RF window to support dual
frequency operation are also carried out in this chapter.

In Chapter 5, design studies are performed to explore the feasibility of operation at
third frequency of 283 GHz in an already reported dual regime (220/251.5 GHz) gyrotron.
Operating cavity mode at this frequency is chosen such that the physical geometry of the

gyrotron used in the current operation is same as those reported in the dual regime design
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studies. RF behavior studies are performed for this operating frequency. Further, design
studies of the electron gun and output coupling system are also carried out to support
this third operating frequency of 283 GHz. These studies confirm that RF output power
of 2 MW can be obtained in the proposed coaxial cavity gyrotron at all the three desired
frequencies.

Chapter 6 comprises feasibility studies of a triple frequency (170/204/236 GHz) coax-
1al cavity gyrotron. Frequencies are selected such that the proposed gyrotron can be used
in the future commercially attractive DEMOnstration (DEMO) tokamak. Considering the
fact that number of gyrotrons required in the ECRH system can be reduced by increas-
ing the output power of a single gyrotron unit, in this design study output power of the
gyrotron is targeted to 3 MW. Time dependent multi mode calculations estimate that RF
power of 3MW can be obtained in the chosen cavity modes. Magnetron injection gun
design studies are performed for obtaining electron beam with desired beam parameters.
The startup behavior calculations are also performed at all the three desirable frequencies
with beam space charge neutralization.

In Chapter 7, field analysis of a triangular corrugated coaxial cavity with misaligned
insert is carried out. The mathematical formulation for the dispersion relation of a coaxial
cavity with a misaligned insert is derived using the surface impedance model and full
wave approach. The effect of the insert misalignment on the eigenvalue of the cavity
modes in the coaxial cavity gyrotron is studied.

Finally, Chapter 8 summaries the contribution of this thesis towards the development
of megawatt class coaxial cavity gyrotrons used for the plasma heating application in the

experimental tokamaks along with the future scope of the present work.
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Chapter 2

Basics of Gyrotron Oscillator and

Literature Survey

2.1 Basic Principle of Gyrotron

Gyrotrons are the fast wave vacuum electron devices that work on the principle of electron
cyclotron resonance which are capable of generating kilowatts to megawatts of power
in millimeter and sub-THz wave ranges [21]. In the gyrotron, a hollow electron beam
generated by an electron gun is transferred to an interaction cavity by the accelerating
voltage under the influence of the external applied magnetic field. The gyrating electron
beam interacts with the electromagnetic (EM) wave in the open ended interaction cavity
and transfers its kinetic energy to the EM wave [22]. The high power EM wave is then
separated from the electron beam and radially coupled out of the tube through output
coupling system (which includes a quasi-optical launcher, metallic mirrors, and a RF
window). The spent electron beam is collected in a collector that may also includes an
energy recovery system to improve the overall tube efficiency [17]. The schematic of a

gyrotron with a coaxial cavity as the interaction circuit is shown in Figure 2.1

2.1.1 Electron Cyclotron Interaction Mechanism

In the presence of the magnetic field, the electrons gyrate around the magnetic field lines
with the angular cyclotron frequency (£2,) [16]. By relating Lorentz force and centripetal

force, 2, can be determined as
eB,

ne

-Q() =

2.1

where e and m, are the charge and mass of the electron. B, is the magnetic field. For

higher values of the accelerating voltage, the electron velocity (v) becomes weakly rela-
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Figure 2.1: Schematic of a coaxial cavity gyrotron with radial beam output [17].
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tivistic and the relativistic factor, or Lorentz factor (y) is given by [17]

1 Wi
,}/:—:1+ kin

(2.2)

mec?

where Wy, 1s the kinetic energy of the electron beam, and c is the velocity of light. The
equation (2.1) is then updated to include the relativistic effect of the electron beam and

the relativistic electron cyclotron frequency (£2.) is given by

B
Q.= (2.3)
Yme
The Larmor radius of the electron beam (r7) can be calculated through
Vi meyv,
- = el L 2.4
L Q. ¢B, 2.4)
A A A A A
. ah
Acceleration Phase —_—

e
Electron gains E RF
energy e

Deceleration Phase

Electron losses  © B 0
energy N——

Figure 2.2: Electron cyclotron interaction mechanism [21].

In the presence of the electromagnetic field, whose angular frequency (@) is syn-
chronous with the relative electron cyclotron frequency (£2.), the energy exchange be-
tween the electron beam and the EM wave occurs. Based on the relative phase of the
electron beam with the RF wave, the particles may be accelerated or decelerated. If the
frequency of RF wave is set slightly higher than the cyclotron frequency, then particles in
the accelerating phase behave differently from those in the decelerating phase. As shown
in Figure 2.2, the particle in the accelerating phase gains energy and thus increases the

relativistic factor (7). Increase in y decreases the cyclotron frequency (£2.) and hence the
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frequency difference between the RF wave and the electron cyclotron |@ — Q.| increases.
Thus the particle soon leaves this unfavorable phase.

Whereas, the particle in the decelerating phase loses its kinetic energy and thus the
value of y decreases. This leads to the increase of £2. and hence the frequency difference
|o — Q.| decreases. Thus the particle continues to remain in this favorable phase. Over
the period of time, more particles start to accumulate in this favorable decelerating phase
and support the energy transfer to the RF wave and this phenomenon is called “bunching”.
If the electron remains in the favorable phase for a very long time, they lose more energy
and leaves this phase and consequently energy transfer from the RF to the electron beam
occurs, and this is referred as “over-bunching”. So, for the energy transfer from the
electron beam to the electromagnetic wave, RF frequency should be slightly greater than

the electron cyclotron frequency [75], [76] and is given by
®>Q, (2.5)

If the electron particles are non-relativistic, then the net energy transfer over the cycle
would be zero. It can be noted from the equation (2.3), for a given accelerating potential
of the electron beam, the external applied magnetic field determines the frequency of
oscillation.

Considering the axial motion of electrons with the velocity v,, frequency of the EM
wave is shifted by the Doppler term. In the cylindrical waveguide, the free space wave

number of the EM wave (k,) is given by [77]
k2 = k3 +kZ (2.6)

where k| is the cutoff wavenumber of the TE mode in the cylindrical waveguide and k,
are the azimuthal and axial wave numbers of the EM wave.

For the EM wave moving in the positive z direction, the phase component of the wave
(@t — k;z) should be close to the rotational motion of the electron (£2¢). For the resonance
condition, the difference between the phase of the EM wave and the rotational motion of

particles should not vary over the time [78], and this is given by

d
E(a)t—kzz—ﬂct) >0

d
= (ot — kvt —Qct) >0

(0—kv.— Q) >0 2.7)

In the above equation (2.7), k;v; is the Doppler term. The resonance condition also
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occurs for the harmonics of the electron cyclotron frequency [79] and is given by
(0—kv,—5Q:) >0 (2.8)

From equation (2.8) it is understood that, if the particle loses its kinetic energy, Q. in-
creases meanwhile, the axial velocity of the particle also decreases and for the RF wave
with constant axial wave number, once the resonance condition is achieved it will remain
throughout the operation and this is referred as auto-resonance [21]. Generally, gyrotrons
are operated near to cutoff frequency for which k, approach towards zero and hence,
Doppler effect will be negligible for the case of gyrotron operation [76].

Ao

Backward Wave Forward Wave k

z

Figure 2.3: Dispersion diagram of the cavity modes in gyrotron with the electron beam
line [17].

The beam wave interaction mechanism can be explained through the dispersion dia-
gram or Brillouin diagram [17], [80] and is shown in Figure 2.3. The hyperbolas in the
diagram represent the dispersion curves for TE modes as given in equation (2.6) and the

beam wave line is given by the following equation.
(0 —kyv;) =59, (2.9)

The interaction between the hyperbola and the straight line represents the resonance
condition for the beam wave interaction. Point ‘a’ represents the resonance condition in
the gyrotron. Here, the RF frequency is close to the electron cyclotron frequency and is

also near to the cutoff frequency of the waveguide mode. Electron cyclotron interaction
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also occurs for the backward traveling wave and is represented by point ‘b’. At this point,
the operating frequency is far away from the cutoff frequency of the mode. The reso-
nance condition is also possible at the harmonics of the cyclotron frequency and point ‘c’
represents the interaction between the RF wave and the second harmonic of the electron

cyclotron.

2.2 Major Components of the Gyrotron

2.2.1 Electron Gun and Beam Tunnel

In the gyrotron, a magnetron injection gun (MIG) generates a hollow electron beam,
which interacts with the RF wave in the interaction cavity and transfers its kinetic en-
ergy. The MIGs are operated under the temperature limited region of operation and the
electrons emitted from the heated emitter surface travels under the influence of the ac-
celerating voltage and external magnetic field. For megawatt class gyrotrons, dispenser
cathodes containing porous tungsten filled with special oxides are used [16]. Unlike the
electron gun of linear beam devices, in gyrotrons the cathodes offer electron beam with
beam current independent of applied accelerating voltage and geometry of the emitting
surface [81], [82]. Cross section of the MIG geometry along with the electron beam tra-
jectory is shown in Figure 2.4. The external magnetic coils are the superconducting coils
cryogenically cooled, which generate desired magnetic field profile. The main coil placed
around the interaction cavity is responsible for the maximum magnetic field in the cavity
center. A compensating coil around the beam tunnel region reduces the magnetic field to-
wards the gun region. The gun coils around the cathode region are required for optimizing

the field in the emitter region [78].

Modulating
Anode Anode

Emitter

Catt)ode

Cavity
Center

Electron
Beam

Figure 2.4: Geometry of the MIG with beam tunnel and electron beam
trajectory [83], [84].
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Based on the geometry of the MIG, they are classified into two types: (a) Diode type,
and (b) Triode type. In a triode type MIG, an additional electrode (modulating anode) is
available for controlling the beam trajectory [17].

The electrons emitted from the cathode are accelerated towards the anode or modulat-
ing anode by the electric field created by the potential difference between the electrodes.
Under the influence of the external magnetic field, these emitted electrons travel in a cy-
cloidal path and form the hollow electron beam whose radius is very much greater than
the guiding center radius of the electron. The annular electron beam transfers its energy to
the waveguide mode in the RF interaction cavity, and the spent electron beam is absorbed
in the collector. Since, the electron beam interacts with the circularly polarized TE modes
in the cavity, only the transverse component of the electron velocity (v ) is responsible
for energy transfer to the RF wave. However, the axial velocity component of the beam
(v;) should be sufficient enough for transport of the beam towards the cavity and after

interaction towards the collector region [23].

The electron velocity ratio or pitch factor () is given by

_b
B:

where 8, and B, are the normalized perpendicular and axial electron velocities. The

normalized total electron velocity () is given by y/B% -+ 2. Ideally, for the effective
electron cyclotron interaction, the electron velocities should not have any spread. How-

o (2.10)

ever, due to the practical constraints in the design of the MIG, the electron beam would
have inevitable spread in their velocity components [85].

The magnetic field in the region between the emitter and the interaction cavity is
increased adiabatically whereas, the magnetic moment in this region remains constant

[86] which is given by

'}’meﬁjz_
B(Z)

= constant 2.11)

So, for the increasing magnetic field the transverse electron velocity increases and hence,
« increases as the beam travels from the emitter to the interaction cavity. Under the adia-
batic approximation, the spread in the transverse velocity of the beam (8 ) is constant,

and the spread in the velocity ratio can be estimated using [87]
Sa=(1+0a?) 8B (2.12)

where o, is the mean value of the pitch factor. The ratio of the magnetic field in the

interaction cavity center (B,) to the magnetic field in the emitter (B,) is called magnetic
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compression (b) and is given by B, /B,. The electron beam radius in the cavity center (Rp,)

is related to the emitter radius (R.) through magnetic compression and is given by

B R.\?
poBo_ <_) 2.13)
B,  \R,

From the above equation (2.13), the guiding center spread at the center of the interac-

tion cavity can be determined through

rEmux — rEmin

i (2.14)

Arge =

where rg, . and rg,, are the maximum and minimum values of the electron beam radius

at the emitter.
The efficiency (7, ) in which power gained by the RF wave (P,;,.) from the perpen-

dicular electronic power (P, ) is given by

Pelec
Py

N = 2.15)
The theoretical maximum value of 1, is calculated as ~ 72% [23]. The efficiency with
which energy is transfered from the electron beam is called total electronic efficiency
(Netec) and is given by )

Metee & T3 1 (2.16)
A beam tunnel is an isolation region down tapered between the electron gun and the
interaction cavity, consists of a series of absorbing materials of specific geometry to avoid
any parasitic oscillations reaching the emitter side [88]. In the beam tunnel region, the
magnetic field is highly non-homogeneous and increases towards the cavity region, and
therefore the electron beam radius decreases to the desired value at the interaction cavity
center. The design of the beam tunnel is challenging for the electron beam with high

energies.

2.2.2 Interaction Cavity
Conventional Cylindrical Cavity

An interaction cavity in the gyrotron consists of three sections: (1) an input taper, (2)
a straight midsection and (3) an output taper and is shown in Figure 2.5. Interaction of
the electron beam with the RF wave occurs in the straight midsection [89]. The interac-
tion cavity behaves like a resonant cavity in which the normalized electric field follows a

Gaussian profile [90]. The diffractive Q factor (Q,) of the mode in the cavity predomi-
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Figure 2.5: Geometry of a interaction circuit in a conventional cylindrical cavity
gyrotron [17].

nantly determines the efficiency of the beam wave interaction. By adjusting the midsec-
tion length, Q, of the mode can be varied. The input down taper prevents the EM wave
traveling towards the gun region. The output up taper connects the midsection to the out-
put coupling system and supports the output coupling of the RF wave. The taper angles
are fixed such that they should not support any mode coupling or mode conversion [91].
In the field calculations, the effect of the mode coupling due to the taper can be avoided
if their angles are fixed less than 7° [78]. To avoid sharp transitions, tapers are connected

to the straight midsection through parabolic roundings [89].

Coaxial Cavity

In a coaxial cavity, a down tapered insert is included to control the mode competition [92].

Figure 2.6 shows the geometry of the coaxial cavity used as the interaction circuit in the

gyrotron. The eigenvalue of the modes in the coaxial cavity depends on the radii ratio

of the outer cavity to that of the insert (C = R, /R;). The dispersion relation for the non-

corrugated coaxial cavity can be derived by applying the boundary conditions and is given
by [53]

/ (X / (XN
In QO Y (%) =Y ()’ (%) =0 2.17)
C C
Figure 2.7 shows the dependence of the eigenvalue over the radii ratio (C) for the mode
TE3;.17. The minimum value of the eigenvalue curve corresponds to the caustic radius of

the mode. The fields in the cavity can be effectively modified for the insert radius close
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Figure 2.6: Geometry of a interaction circuit in a coaxial cavity gyrotron [17], [53].

to the caustic radius of the mode. The effect of the insert is better for the modes with
the relative caustic radius of around 0.3. For the coaxial cavity with down tapered insert,
in the operating C range, the negative slope of the eigenvalue curve decreases the cutoff
frequency consequently, Q; of the mode also decreases. The start oscillation current
(Iy) of the mode is inversely propositional to the Q; of the mode and therefore, for the
decreasing value of Q, I increases. Similarly, the positive slope of the eigenvalue curve
increases the Q; of the mode and consequently /; of the mode decreases.

The coaxial cavity with down tapered insert can be mathematically represented by the

tapered cylindrical cavity as given in [53]

Cdy C*dy
AR, = [1— =4 = A ) AR 2.18
K ( de)+(x dC) =19

In the operating C range, the modes with Z—g > (), according to the above equation
(2.18), the coaxial cavity behaves like a down tapered cylindrical cavity and hence Q
of the mode increases. In the same way, for the modes with Z—é‘ < 0, the coaxial cav-
ity is mathematically equivalent to an up tapered cylindrical cavity and therefore Q, of
the mode increases. Thus, by the selective modification of the diffractive Q factor of
the competing modes, the mode competition can be controlled [93]. In addition to the

mode rarefaction, the wall losses on the insert should be minimized. The positive slope
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Figure 2.7: Eigenvalue curve of the cavity mode TE3; 17 in a coaxial cavity with
non-corrugated insert [73].

of the eigenvalue curve is avoided in the operating radii ratio as the ohmic wall loading
significantly increases for higher values of the diffractive Q factor. The flat region in
the eigenvalue curve resembles that the energy is concentrated in the cavity region as in
the conventional cylindrical cavity. The slope region of the eigenvalue curve represents
that the fields are concentrated in the slot and thus increases the ohmic losses on the in-
sert [54]. Hence, the insert radius is selected such that the eigenvalue curve of the desired
mode lies near the flat region and that of the competing modes lie near the negative slope
region. Corrugations on the insert walls shift the positive slope region of the eigenvalue
curve towards the right, and this enhances the mode selectivity of the insert. The wedge
shaped- and rectangular shaped corrugations on the insert of the coaxial cavity were in-
vestigated widely for the use in the high power gyrotrons [94] and the cross section of a
coaxial cavity with wedge shaped corrugations on the insert is shown in Figure 2.8. In
2015, S.Singh et al., had proposed the triangular shaped corrugations on the insert walls
for reducing the problem of localized heating on insert walls compared to rectangular cor-
rugated insert [74]. The research activities are going in the domain of material sciences to
develop materials with low DC conductivity so that ohmic wall loading of the cavity can
be controlled [95].

In the gyrotrons, due to the effect of space charge fields, the beam voltage gets re-

duced from the accelerating voltage, and this is referred as the voltage depression. The
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Figure 2.8: Cross section of a coaxial cavity with wedge shaped corrugated insert [96].

limiting current, the maximum beam current beyond which mirroring of the beam oc-
curs, is inversely proportional to the voltage depression. By inserting the inner rod in
the cylindrical cavity, the voltage depression can be reduced and thereby increasing the
limiting current. In the gyrotrons, the operational beam current is generally fixed less
than the half of the limiting current. Thus, in the coaxial cavity gyrotrons, as the limiting
current is higher compared to the conventional cavity gyrotrons, they can be operated at
the higher values of the operational beam current. In order to reduce mode competition
in the overmoded cavity of high power gyrotrons, metallic photonic band-gap structures
(PBQG) are also used as the interaction circuit [97]. The metallic PBG behaves in a similar
way like electromagnetic band gap structures in suppressing the out of band frequen-
cies [98], [99], [100], [101].

2.2.3 Output Coupling System

In the gyrotron, an output coupling system separates the high power RF wave from the
electron beam and facilitates the efficient transmission of the RF wave through the trans-
mission line or metallic mirrors. The output system of gyrotrons is classified into two
types as (a) simple axial output system, and (b) radial or transverse output system [102].
For low power gyrotrons (P,,; <50kW), the axial output system is preferred, in which a
collector waveguide supports the axial transmission of the output RF wave. In high power
gyrotrons used for the plasma heating applications, the radial output system is used, in
which an internal mode converter transforms the cavity mode into Gaussian-like mode.
Similarly, in other high power microwave (HPM) devices mode converters are used for

converting TM modes into circular TE modes so that high power RF signal can be effec-
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tively transmitted [103], [104], [105].

Nonlinear Taper (NLT)

A nonlinear taper (NLT) is used to connect the interaction cavity of the gyrotron to a quasi-
optical launcher (QOL) or to the collector waveguide [102]. The ratio of the input radius
of the QOL or the collector waveguide to the cavity radius is termed as the oversize factor.
The designed NLT should have very high transmission efficiency for the operating modes
and should avoid any mode conversion. The length of the NLT should be as compact as
possible to support the opening of beam trajectory towards the launcher [106]. In high
power gyrotron, it is quite challenging to design a compact NLT by avoiding any mode
conversion along the transmission. The insert in the coaxial cavity is down tapered and is
extended up to the output end of the NLT. The geometry of the NLT is optimized through

particle swarm optimization technique [107], [108].

Internal Mode Converter

In the radial output system, the internal mode converter consists of a quasi-optical
launcher and metallic reflectors or mirrors for converting the cavity mode into a free
space Gaussian like mode. The schematic of the radial output system is shown in Fig-
ure 2.9. The launcher is a waveguide antenna that transforms the waveguide mode and
radiates into the free space [109]. In the launcher, the wall perturbations are synthesized
for converting the cavity mode at the operating frequency into free space mode with high
Gaussian content [110]. The launcher wall perturbations convert the input cavity mode
into the mode mixture that consists of neighboring higher order modes [111]. At the
launcher cut, the mode mixture results in the radiating RF field. The launcher parameters
are optimized for delivering a highly focused Gaussian like beam with the reduced stray
radiation at the launcher cuts. The designed launcher should be as compact as possible
to support the diverging electron beam towards the collector [112]. Nano computer nu-
merical control (CNC) machining technology is used for the fabrication of launcher with
desired wall perturbations [113]. For the multifrequency operation of gyrotrons, launcher
wall perturbations should support all the desired cavity modes at their respective frequen-
cies [114].

The radiated RF beam from the launcher is further improved through the metallic
mirrors. The shape and the surface profiles of the mirrors selectively optimize the beam
properties of the RF wave. The size of the mirrors are determined by the incident field
distributions. By using the internal mirror system, waist of the RF wave is optimized
towards the window plane. After the launcher, the reflector is usually a quasi-elliptical

mirror, which converts the radiated beam into paraxial wave beam. Surface profiles of
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Figure 2.9: Schematic of the radial output system in gyrotron including quasi-optical
launcher, metallic mirrors and RF output window [115].
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the mirrors that are only used for the focusing of the wave beams are usually of quadratic
functions. Surface profiles of the phase correcting mirrors are complex and are synthe-
sized for achieving the desired beam properties of the RF wave [116]. In addition to
the internal mirror system, the gyrotron also consists of a set of external mirrors that are
called matching optics unit (MOU). The MOU further modifies the RF beam to facilitate
the transmission of high power RF beam through the external transmission lines.

RF window

In the gyrotrons, high power output beam is extracted through an RF window that acts
as a barrier between the vacuum inside the gyrotron and the outer transmission line. The
RF window materials are characterized by very low loss tangent, high mechanical and
thermal strengths [117]. The most widely used RF window materials are chemical vapor
deposited (CVD) diamond, Silicon Nitride, Boron Nitride, Sapphire and Au doped silicon
[118], [119]. Different ceramics are being developed for using as the RF window in
high power gyrotrons [120]. Among other window materials, CVD diamond is widely
used in megawatt class CW gyrotrons as it offers very low RF losses, better thermo-
mechanical strengths and can handle power level up to 2 MW [121]. The CVD diamonds
are manufactured by growing diamond on the substrate of a hydrocarbon gas mixture
[122]. The RF windows mainly used are of the following types :

e Single disk RF window
e Double disk RF window

e Brewster angle window

The single disk window is used for the transmission of RF power at the frequencies that
are the integer multiples of the transparent basic frequency (f,). The expression for f
is given by WFT where d is the window thickness and &, is the dielectric constant of
the material. In the double disk windows, liquid coolant is used in the gap between the
two disks to improve the overall thermal conductivity of the window [117]. The Brewster
angle window gives the minimum reflection at any frequency if the wave is incident at the
window with an angle corresponds to Brewster angle. The Brewster angle windows offer

wide bandwidth and are generally used for the step-tunable operation of gyrotrons [60].

Collector

In gyrotrons, after RF interaction the spent electron beam got diverged and absorbed in the
collector. The electron beam is diverged towards collector using the magnetic sweeping
systems. The collector portion is usually insulated from other major components of the

gyrotron. In the depressed collector operation, the spent electron beams are de-accelerated
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before they are finally absorbed, and the de-accelerated energy is recovered by the power
supply which increases the overall tube efficiency [123]. In the CW operation, the design
of the depressed collector is challenging as very high residual energy is available on the
spent electron beam [124]. The depressed collector system improves the overall lifetime
of the tube and also reduces the cooling requirements. The depressed collector operation
in gyrotron are explained in detail in [125], [126] and the proposed multi-stage depressed

collector concept was presented in [127], [128].

The efficiency of the gyrotron with the output RF power (P,,) is given by [78]

n= Fou (2.19)

P, beam

where Py 15 the DC beam power. P, is the power recovered by the collector system and

the collector efficiency is given by

Fe

S — (2.20)
P, beam — Pout

Ne

The overall tube efficiency (7;.4) Of the gyrotron under depressed collector operation is
given by

n

Ntotal = T

221
n)Ne (@21)

The future commercially attractive tokamaks like DEMO require gyrotrons with over-
all efficiency of 60% and this can only be achieved through the multi-stage depressed
collector concept.

2.3 Literature Survey

The megawatt class gyrotrons are widely developed for the plasma heating applications
in the fusion reactor. The size of the core and the confining magnetic field determine the
frequency of RF wave required for plasma heating. The conventional cavity gyrotrons
were developed by various research groups for tokamaks like ASDEX-U, JT-60SA, and
ITER and also for W7-X stellarator. The coaxial cavity gyrotrons were also developed
for achieving tube with the single unit output power of greater than 1 MW. State of the
art of high power gyro-devices and free electron laser are collectively brought together
every year by M. Thumm [129]. In this section, some important megawatt class gyrotrons

developed for nuclear fusion applications are discussed.
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2.3.1 Conventional Cavity Gyrotrons

140 GHz Gyrotrons

A 140 GHz gyrotron was developed at Karlsruhe Institute of Technology (KIT), Germany
for plasma heating application. The cavity mode for this operation was chosen as TE»; ¢
and an output power of around 1 MW was obtained. This gyrotron was equipped with a
diode type MIG, a quasi-optical launcher and a single stage depressed collector [125]. In
1997, the step-tunable operation of this gyrotron was performed in the frequency range
of 114 to 166 GHz. Fourteen modes were excited in this frequency range, and the output
power was measured for the short pulse operation. For the first time single disk output
window was replaced with the Brewster angle window of quartz glass fused with silica
[130]. In 2001, the magnetic system of this 140 GHz gyrotron was replaced with the
hybrid magnetic system to support the fast frequency tuning. The hybrid magnetic system
consists of a normal conducting copper magnet along with the super conducting magnets.
The fast frequency tuning of 15 GHz (132-147 GHz) has been achieved in the time step
of 1s [131]. This tube was modular and supports the easy replacement of all the key
components. To support broadband operation, components were designed such that those
can be operated in a wide range. In 2002, the cavity mode of this gyrotron was changed
from TE; ¢ to TE2; g at 140 GHz. This was done to support the collaboration between
KIT, Germany, and Institute of Applied Physics (IAP), Nizhny Novgorod, Russia [132].
Later, diode type MIG of the tube was replaced with that of developed by IAP, Russia.
In 2009, the quasi optical mode converter was designed to support frequency step-tuning
of this gyrotron in the frequency range of 105-143 GHz. The mode converter consists of
a dimple wall launcher, one quasi-elliptical mirror, two toroidal mirrors. Nine different
cavity modes in the frequency range have been converted into the Gaussian mode with

the Gaussian content of greater than 90% for all the modes [114].

In 2014, for the first time, this 140 GHz gyrotron was installed with an elliptically
brazed Brewster angle CVD diamond window. The frequency step-tuning operation has
been carried out for the short pulse of 3ms. Ten different modes were excited in the
frequency range of 111.6-165.7 GHz with a minimum power of 830 kW. The maximum
output power of 1.3 MW was obtained at 143.3 GHz for TE>3 ¢ mode. For TE»; g mode
at 140 GHz, maximum output efficiency of 27.5% was achieved. For six different modes,
the output power was reported greater than 0.9 MW. The Gaussian content of the output
beams of all modes was sufficiently good and was in good agreement with simulation
results. This experimental operation gives confidence for the step-tunable operation of
gyrotron in the megawatt scale, and it also confirms the feasibility of using the CVD

diamond window as Brewster angle window [60]. In 2015, step-tunable operation was
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carried out in this 140 GHz, TE;; g mode gyrotron with a longer interaction cavity. The
experimental operation was performed for the short pulse of 0.5 ms. The objective of this
experiment was to compare the performance of the gyrotron in this new configuration of
the longer cavity (higher diffractive Q factor) with the older configuration. Nine modes
were excited in the frequency range of 124.2-169.2 GHz with the minimum power of
1 MW. The output power and efficiency were improved in all the modes. The maximum
efficiency of 37% (without depressed collector) was obtained with the output power of
1.21 MW for TE»3 g mode at 143.3 GHz. By increasing the beam current at 143.3 GHz,
maximum output power of 1.44 MW with the efficiency of 35% was reported [133].

For the ECRH system of the ASDEX-U tokamak, dual frequency gyrotrons were de-
veloped by IAP, Russia. The cavity modes were selected as TE7 ¢/TE»; g for the re-
spective operating frequencies as 105.1/140.1 GHz. Under the single stage depressed
collector operations, the reported output powers were 0.85/0.95 MW at 105.1/140.1 GHz
with the efficiency of 50/52% for the pulse length of 300 s. Further, two more gyrotrons
are planned for this ECRH system with frequency step-tuning capability in the frequency
range 105-140 GHz. These proposed gyrotrons would enable the ECRH system to con-
trol the MHD instabilities without the need of steerable mirrors inside the hot plasma
region [62]. The initial experimental results of the frequency step-tunable gyrotron were
reported. For this operation, the quasi-optical launcher was designed to efficiently con-
vert the cavity modes into the free space Gaussian like modes at the specified frequency
range. The short pulse experiments were carried out using a Brewster window of Boron
Nitride (BN) ceramic disc of 120 mm diameter. Eleven different modes were excited in
the frequency range of 105-145 GHz for the pulse duration of 0.15 ms [134]. Later, the
BN Brewster window was replaced by a Brewster CVD diamond window. For the pulse
length of 100 ms, 1 MW output power was reported at 140 GHz and 0.8 MW power was
obtained at the frequencies 105, 117, 128 GHz. In 2012, this gyrotron was tested up to
the pulse length of 3 s at all the four frequencies [135].

The European research laboratories in collaboration with the tube industry Thales
Electron Devices (TED), France developed the series of 140 GHz gyrotrons for the ECRH
system of the W7-X stellarator at Max-Planck-Institut fiir Plasmaphysik (IPP) Greifswald,
Germany. Ten gyrotrons were developed, including pre-prototype, prototype, one gy-
rotron from Communication & Power Institutes (CPI), USA and seven series of gyrotrons
(SNT1 to SN7), for supporting the 10 MW ECRH system. These gyrotrons consist of
a diode type MIG gun, quasi-optical mode converter, single stage depressed collector
(SDC) and single disk CVD diamond window. The operating cavity mode at 140 GHz
was TEog g mode. Under long pulse operation (1800 s), the reported output power of SN1
gyrotron was 0.92 MW with single stage depressed collector efficiency of 44% and de-
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pressed collector potential of 28.5 kV. The dual frequency operation was also carried out
with the prototype gyrotron. The RF output window of this gyrotron had the transparent
frequencies at both 104/140 GHz. Two cavity modes were chosen in the 104 GHz range;
one is TE; ¢ mode resonating at 103.8 GHz, and another is TE»; ¢ mode at 103.6 GHz. As
the output coupling system of this gyrotron supported well for TE; ¢ mode, this mode had
been chosen as the operating cavity mode. The output power was reported as 0.41 MW
with 27% (SDC) efficiency for the pulse length of 10 s [47].

A 140 GHz gyrotron was developed at CPI, USA for W7-X stellarator, and the oper-
ating cavity mode was TEjg 7. Under the short pulse operation (6ms), the reported output
power was 916 kW with the efficiency of 35% (SDC). At CPI, USA due to the limitation
in facility, long pulse operation was carried out for the lower beam current of 22.9 A, ac-
celerating voltage of 81 kV and the pulse length of 10 min. The reported output power
was 480 kW with the depressed potential of 25 kV. A 104 GHz operation was also carried
out with this gyrotron for the cavity mode of TE;> 5. For the short pulse operation, at
104 GHz the reported output power was 520kW for the accelerating voltage of 60kV,
beam current of 40 A and depressed collector potential of 15kV. Later, long pulse oper-
ation was performed at W7-X for the pulse length of 30 minutes and the output power
of 800 kW was reported with 33.6%(SDC) efficiency. For the pulse duration of 20 ms, at
W7-X output power was reported greater than 900 kW for this gyrotron [136] [137].

Another 140 GHz gyrotron was developed at CPI, USA for the ECRH&CD applica-
tions in EAST tokamak, China. The design of this gyrotron was almost similar to that
of developed for the W7-X stellarator, with the optimization of the interaction cavity and
MIG geometries. The quasi-optical mode converter was improved for the better Gaussian
mode conversion of the output beam, and the collector design was upgraded. The operat-
ing cavity mode was the same as TEjg 7. The objective of this gyrotron was to produce the
output power of 900 kW for the pulse length of 1000 s. The factory tests at CPI, USA re-
ported that for the short pulse operation maximum output power of 924 kW was obtained
and for the long pulse of 1000 s, with the beam current less than 25 A, the output power
of 500 kW was obtained [138].

170 GHz ITER Gyrotrons

A 170 GHz gyrotron is under development at CPI, USA for the ECRH application in ITER
tokamak with the CW power of 500 kW; however, this gyrotron is targeted to achieve
I MW CW power. Initial test results of this gyrotron were reported as 600 kW output
power for the short pulse operation and 300 kW power for the long pulse of 15s. The
operating cavity mode was chosen as TE3; g. The following factors had been identified

for the lower value of the output power, and those were: 1. The severe mode competition
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due to the startup scenario of modulating anode voltage, 2. The operation at the lower
magnetic field was throttled by the excitation of modulating anode current, 3. With the
increase of operating voltage, power absorption in the beam tunnel increases. The de-
vice has been re-modeled with further improvement in the key components, especially
replacement of triode type MIG with that of diode type and a new beam tunnel. The short
pulse tests were carried out in this re-modeled gyrotron and the output power of 1 MW
obtained for accelerating voltage of 79.4 kV and beam current of 50 A and 500 kW output
power was reported for the lower beam current of 25 A and accelerating voltage of 78 kV.
In both the cases, depressed collector potential was 20 kV. Further, efforts are underway

to increase the pulse length of this gyrotron [139].

In 2008, European research institutes along with the industrial partner TED, France
had started to develop a 170 GHz gyrotron for the plasma heating applications in ITER
tokamak. According to the plan, industrial CW prototype would be manufactured by
TED, France and short pulse (SP) prototype would be developed by KIT, Germany. The
main aim of this SP prototype was to validate the major components of the industrial tube
in terms of the output power, efficiency, and the Gaussian content of the output beam. The
cavity mode was chosen as TE3 g for this operation. In 2015, SP prototype was tested in
two phases at KIT, Germany. In the initial phase, the tube was tested with MIG developed
for the 170 GHz coaxial cavity gyrotron and in the later stage of testing, regular MIG
developed for this gyrotron was installed. In these test results, 1.2 MW output power was
reported with the depressed collector efficiency of 40% and the Gaussian content of the
output beam was ~ 98% [48], [49].

After the success of the SP prototype gyrotron, industrial prototype has been devel-
oped with full capability for CW operation. The industrial tube was delivered to KIT,
Germany in the early of 2016 for testing up to the pulse length of 180s. The short pulse
experiments were carried out in this industrial prototype mainly to align the axis of gy-
rotron with the external magnetic field axis and also to optimize the parameters for the
maximum output power and efficiency. The two operating points were identified namely
high voltage operating point (HVOP) and low voltage operating point (LVOP). However,
detailed tests were performed for the LVOP and only brief operations were performed
for the HVOP. In the short pulse operations of this industrial prototype, the 1 MW output
power was reported with the 97% Gaussian content of the output power [142]. The long
pulse operation was carried out for the pulse length of 180 s and output power of 0.85 MW
was reported for both LVOP and HVOP with the efficiency of 38% and 35%, respectively.
The Gaussian content of the output beam was 97%. The long pulse experiments of this

gyrotron are planned to be carried out at Swiss Plasma Center (SPC), Lausanne [141].

IAP, Russia is also involved in the development of gyrotrons for ITER tokamak. A
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Table 2.1: State of the Art of 170 GHz Conventional Cavity Gyrotrons developed
for the ITER tokamak [129]

Group

Mode / Power

Salient Points

JAEA, Japan

[52], [140]

TE315/ 1.0 MW

This gyrotron holds world
record of energy of 2.88 GJ.

Reported output power were:

1 MW with 55% (SDC) efficiency
for 800 s pulse.

0.8 MW with 57% (SDC) efficiency
for 1000 s pulse.

GYCOM/
IAP, Russia

[51]

TEys.10/ 1.0 MW

1 MW output power was
reported for the pulse duration
of 500 s and 1000s with an
efficiency of 53% (SDC) in
both the cases.

Slightly modifying this ITER gyrotron
1.2 MW power was obtained

for 1000 s pulse with an

efficiency of 53% (SDC).

CPI, USA

[139]

TE315/ 1.0 MW

The short pulse tests reported
1 MW power with an efficiency
of 33.67%(SDC).

The long pulse tests are in progress.

European
research institutes
in collaboration
with
TED, France

[141]

TE39 /1.0 MW

1 MW output power was

reported in the short pulse tests.
Gaussian content of the output beam was
97%.

Under the long pulse operation (180 s)
0.85 MW power was reported
with an efficiency of 38%.

Further, experiments are planned
for the longer pulses.
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170 GHz TE3s 19 ITER prototype gyrotron was developed and the experimental tests were
carried out at 1 MW for the pulse duration of 500s and 1000s. The overall efficiency of
the tube was 53% under depressed collector operation. The test results showed that the
reliability of the ITER prototype gyrotron was 95%. By slightly modifying the ITER
gyrotron prototype, the output RF power was increased to 1.2 MW for the pulse length
of 1000 s with the efficiency of 53%(SDC) [51]. Another TEg 12, 170 GHz gyrotron was
developed to achieve the increased output power of 1.5-1.7 MW under CW operation. The
output power of 1.5 MW was obtained for the pulse length of 2.5 s with the efficiency of
50% (SDC) [143].

Japan Atomic Energy Agency (JAEA), Japan developed a 170 GHz ITER gyrotron.
This gyrotron was equipped with a triode type MIG, a quasi-optical launcher, a depressed
collector and a single disk CVD diamond window. The cavity mode chosen was TE3; g
and output RF power reported was 1 MW with 55%(SDC) efficiency for 800 s pulse and
0.8 MW with 57%(SDC) efficiency for the pulse length of 1 hour. This gyrotron holds the
world record of the energy of 2.88 GJ [52]. This gyrotron had undergone the repetitive
operation as a part of the reliability test. The 800 kW/600 s pulse with the efficiency of
52-57% was repeated at the interval of 20-30 minutes. Out of the 88 shots, 72 shots
were successful with the full oscillation of 600 s resulting in the 82% success rate of this
reliability test [140].

After the success of the ITER gyrotron, in JAEA progress were made to develop
the gyrotron capable of generating CW power greater than 1.2 MW. A 170 GHz TE3, 9
gyrotron was developed with the design similar to that of the ITER gyrotron. The short
pulse operation of this gyrotron reported the output power of 1 MW with 33% efficiency.
In long pulse operation, 0.61 MW of output power was obtained for the pulse length of
10s with 51% (SDC) efficiency [144]. Later, the operational cavity mode was changed
to TE3y 11 for supporting multi-frequency operation and the peak ohmic wall loading for
this mode is less compared to TE3; g mode so that RF output power of this gyrotron
can be reached to 1.5 MW. The cavity modes chosen for the multi-frequency operation
(104/137/170/204 GHz) were TE 9 7/TE»5 o/TE31,11/TE37,13. In short pulse operation, the
output power was reported to be around 1.3 MW for both the frequencies 137/170 GHz.
In long pulse operation at 170 GHz, for the 2 s pulse the output power of 1.23 MW was
reported with the efficiency of 47%(SDC) and 1.0 MW was reported with 49%(SDC)
efficiency. For the pulse length of 230s, 1 MW RF power was obtained and for 1000 s
pulse 0.51 MW power was obtained at 170 GHz [145]. For the 2s pulse, 1.03/1.01 MW
power was reported at 104/137 GHz with the efficiency of 41/42%(SDC). At 203 GHz,
0.9 MW was obtained for the short pulse operation with 18% efficiency and for the 5
pulse 0.42 MW RF power was reported with 38%(SDC) efficiency [61].
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Table 2.2: State of the Art of Megawatt class Conventional Cavity Gyrotrons [129]

Group Frequency / Mode / Salient Points
Power
140 GHz Gyrotrons
Developed for ASDEX-U tokamak.
KIT, Germany 140 GHz / TE2 6 /
[125] 1 MW Further, step tunable operation
was carried out in the range 114-116 GHz.
Developed for the W7-X stellarator.
European

research institutes
in collaboration

140 GHz / TEpy 8 /

0.92 MW output power reported
for the pulse length of 1800 s with

with TED, France 1MW an efficiency of 44% (SDC).
471 Dual frequency operation was
carried out at 104/140 GHz.
Developed for W7-X stellarator.
CPI, USA 140 GHz/ TEz57/ Under the long pulse operation

[136] [138]

1 MW

(30 min.), the output power was
0.8 MW with 33.6% (SDC) efficiency.

140 GHz / TEpg 7 /
1 MW

Developed for EAST tokamak.

924 kW was reported under the short pulse
operation.

500 kW was reported under the

long pulse operation (1000 s) with the
beam current of 25 A.

Low Frequency Gyrotrons

Developed for DIII-D tokamak.

MIT, USA 110 GHz / TE» 6/ | Under the short pulse (3 ms) test
[146] 1.5 MW 1.5 MW output power was
reported with an efficiency
of 50% (SDC).
Developed for DIII-D tokamak.
CPL USA 117.5 GHz 1 TEx9 / E:iﬁil;rgﬁﬁglsﬁ :}S; (667?/5&)\7 obtained
[137] 1.8 MW ' '

The long pulse operation was performed
for the lower beam current of 25 A.
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Table 2.3: State of the Art of Multifrequeny Gyrotrons
(Conventional Cavity Gyrotrons) [129]

Frequency/
Group Mode/ Salient Points
Power
European

research institutes

103.8/140 GHz

Developed for W7-X stellarator.

mn COliiﬁrauon TE21.6/TE2s.8 Output power of 0.41/0.92 MW
at 103.8/140 GHz for 10s/1800 s pulse
TED[’ 4I;§ance LOMW with 27/44% (SDC) efficiency.
GYCOM / 105.1/140.1 GHz Developed for ASDEX-U tokamak.
IAP, Russia TE176/TE2 8 Output power of 0.85/0.95 MW at
105.1/140.1 GHz for 300s pulse
[62] LOMW with 50/52% (SDC) efficiency.
Developed for DIII-D tokamak.
In the short pulse operation (3 s) at
MIT, USA 10712485 GHz 1116 GHZ. 1.25 MW output
TE2 6/TE247 :
[147] L5 MW power reported with an
’ efficiency of 30%.
At 124.5 GHz, 1.0 MW power
reported with 24% efficiency.
Developed for JT60-SA Tokamak.
82/110/137.6 GHz
TE17,6/TE22 8/TE»7.10 | Output power of
JA;%’ [1635” 0.4/1.0/1.0 MW reported at
1.0 MW 82/110/137.6 GHz for 2/100/100 s pulse with
35/45/43% (SDC) efficiency.
Developed for ITER Tokamak.
104 GHz: 1.03 MW output power
for 2 s pulse with
1;8;12/(1)36(3% an efficiency of 41% (SDC).
137 GHz: 1.01 MW output power
for 2 s pulse with
TTIf 1977//TFEE25’9/ an efficiency of 42% (SDC).
3LITAE27,13 170 GHz: 1.0/0.51 MW output power
1.0 MW for 230/1000s pulse with

an efficiency of 46/46% (SDC).
203 GHz: 0.42 MW output power
for 5 s pulse with

an efficiency of 38%(SDC).
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Low Frequency Gyrotrons (< 140 GHz)

A 117.5 GHz gyrotron was developed for DIII-D tokamak at CPI, USA and initial tests
were performed in 2013. The short pulse tests reported the output power of 1.8 MW for
the beam current of 60 A, accelerating voltage of 98 kV and depressed collector potential
of 25 kV. For the beam current of 50 A, output power was reported as 1.5 MW. However,
due to high voltage stand-off and discharge problems, long pulse operation of this gy-
rotron was not able to carry out. Later, some changes were done on the electron gun
geometry of this gyrotron to reduce the trapping of electrons in the regions of the electron
gun and beam tunnel. In 2017, test results were reported. The operating cavity mode was
TE»,9. In short pulse tests (<6 ms), maximum output power reported was 1.67 MW. The
long pulse operation was performed for the beam current of 25 A, accelerating voltage
of 95kV and the reported output power was 530 kW for the pulse length of 10 s with the
depressed potential of 17 kV. By increasing the accelerating potential to 99 kV, the output
power was reported to be 700 kW for the pulse length of 1s with the depressed potential
of 20kV [137].

JAEA also developed gyrotrons for plasma heating application in JT-60SA tokamak.
A dual frequency gyrotron (110/138 GHz) was developed, and in 2015 the specified out-
put power of 1.0 MW for the pulse length of 100s was achieved at both the operating
frequencies. This gyrotron consists of a triode type MIG, single stage depressed collec-
tor, quasi-optical launcher and CVD diamond window of thickness 2.29 mm [50]. Later,
in this gyrotron 82 GHz operation was carried out with TE|7 ¢ mode and obtained the
output power of 0.4 MW with the efficiency of 35%(SDC) for the 2 s pulse [63].

Massachusetts Institute of Technology (MIT), USA developed gyrotrons for plasma
heating application in DIII-D tokamak. A 110 GHz gyrotron developed for this purpose
with the reported output power of 1.4 MW in the TEj; ¢ mode for 2.6 us pulse. Under full
voltage operation (96 kV) of the electron gun with the beam current of 40 A, this tube re-
ported 37% efficiency without any depression of the collector potential. This experiment
was performed without the installation of internal mode converter and depressed collector.
The results of this experiment were promising in achieving 50% efficiency under the de-
pressed collector operation [148]. In 2005, the cavity (V-2003) of this 110 GHz gyrotron
was replaced with the new cavity (V-2005). The feature of this V-2005 cavity was the
lower value of diffractive Q factor of the cavity mode and hence ohmic wall loading can
be reduced. In short pulse experiment, the reported output power was 1.67 MW at 42%
efficiency under normal operation. The mode competition was also reduced in the tube
with V-2005 cavity compared to the tube with the V-2003 cavity. The calculated ohmic
wall loading of this V-2005 cavity was 0.8 kW /cm? [149]. In 2007, single stage depressed
collector operation of this 110 GHz was carried out. For the pulse of 3 ms, the 1.5 MW
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output power was reported with the efficiency of 50% (SDC). The internal mode converter
used in this gyrotron consists of a launcher, and four mirrors for phase correction. The ex-
perimental results were compared with the simulation results and were in good agreement
as the simulations included after cavity interaction effects also [146], [150].

In 2014, modifications were carried out on the existing 1.5 MW, 110 GHz gyrotron to
support dual frequency operations (110/124.5 GHz). The cavity modes were chosen as
TEy; 6/TE4 7 for the frequencies 110/124.5 GHz. The electron gun and magnetic guid-
ance system of the 110 GHz gyrotron were retained for this dual frequency operation and
the key components like interaction cavity, internal mode converter, and RF window were
remodeled. The mode converter consists of a dimpled wall launcher along with four mir-
rors. The single disk window of fused quartz was used for this short pulse operation, and
this will be replaced by the CVD diamond window for the long pulse operation. The ex-
perimental operation was carried out for the pulse of 3 us with the accelerating voltage of
98 kV, the beam current of 42 A and obtained the output RF power of 1.25 MW with 30%
efficiency at 110 GHz and 1.0 MW with 24% efficiency at 124.5 GHz. The maximum
output power of 1.4 MW was reported at 110 GHz with the efficiency of 32% [147].

2.3.2 Coaxial Cavity Gyrotrons
Earlier Developments on the Coaxial Cavity Gyrotrons

Earlier developments on the coaxial cavity gyrotrons were started in the early 1970’s in
Russia with the motivation towards the reduction of mode competition in the overmoded
gyrotron cavities. In the first experimental operation on coaxial cavity gyrotron, the pres-
ence of the insert eliminated the competing mode TEs » and the output power of 400 kW
was obtained in the desired mode TEg ; at 15 GHz with an efficiency of 45% [151]. The
second experiment on coaxial cavity gyrotron was carried out at 45 GHz with the desired
cavity mode of TE;s ; in 1973. For the pulse of 100 us, the RF output power of 1.25 MW
was obtained with an efficiency of 35%. This was the first ever experiment in which the
output power was reported to be greater than 1 MW. In the 1980’s, a 100 GHz coaxial
cavity gyrotron experiment was carried out for the pulse duration of 100 us. The reported
output power was 2.1 MW in the mode TEy¢ 1o with an efficiency of 30%. The ohmic
wall loading of the cavity was calculated to be around 1.5kW /cm?. Even though the
experiments on coaxial cavity gyrotrons were successful, researchers did not show much
interest and this may be due to two prime reasons. The first reason was that in the early
1980’s, the requirements of gyrotrons in the fusion reactor were like to generate RF power
at the frequencies below 100 GHz for the pulse of around 0.1 s and the conventional cavity

gyrotrons were enough to satisfy these requirements. The second reason was the unavail-
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ability of the output RF window to handle very high power in the long pulse operation.
Later in the 1990’s, developments in the research of CVD diamond window paved the

way for the development of megawatt class CW coaxial cavity gyrotrons [46].

In 1991, Barroso et al. studied the use of a coaxial cavity as the interaction structure
in gyrotron. These studies demonstrated that the use of coaxial cavity resonator reduces
the mode competition problem. It was also shown that with the use of the tapered insert,
the quality factor of the competing modes can be modified. A coaxial cavity interac-
tion circuit was designed for 280 GHz gyrotron with the desired cavity mode of TEy 1.
Even though the frequency separation between the TEy¢ 19 and its competing neighbor
was 0.6%, but their Q factor ratio was 6.5 and thus, the mode competition problem was
reduced with tapered insert [152]. Later, the desired mode was changed to TE4, 7 and the
interaction cavity was designed. In addition to the geometrical variations of the insert,
calculations were performed for the insert with lower electrical conductivity. For the case
of the coaxial cavity with insert of lower conductivity, there was a significant reduction in
the Ohmic Q factor of the competing modes. Thus, these studies suggested that combina-
tion of both geometrical and electrical conductivity variation of the insert could be used

for the effective mode rarefaction [72].

In 1994, Nusinovich developed the general theory of the coaxial cavity gyrotron. The
mode selective properties of the coaxial resonators with tapered insert were explained with
the help of modified Vlasov’s equation for such structure. The mathematical formulas for
the eigenvalue and ohmic losses were derived. The startup scenario and mode competition
in the 1 MW, 280 GHz coaxial cavity gyrotron were discussed with numerical simulation.
It was observed that due to the high ohmic losses occurring on the inner rod, this structure

face main restrictions for use in the continuous wave operation [53].

In 1996, the design of a 3 MW, 140 GHz coaxial cavity gyrotron was reported by MIT,
USA and the cavity mode was chosen as TEj; 13 [153]. The theoretical simulations were
carried out for the three different configurations of the interaction cavity, the first was
the conventional cavity (without coaxial insert), the second was the coaxial cavity with
smooth straight insert without any tapering and the third was the coaxial cavity with the
tapered insert. The highest theoretical efficiency was reported as 45% for the case of
the coaxial cavity with straight insert and it was observed that the mode competition in
the coaxial cavity was found to be less compared to the conventional cylindrical cavity.
Thus, this configuration of the coaxial cavity with straight insert was finalized for the
experimental operations. The gyrotron based on this design was manufactured and the
assembly constituted of an inverse MIG (IMIG), an internal mode converter, and a single
parabolic mirror. The IMIG was tested for 3 us with the maximum cathode voltage of
103 kV, the beam current of 93 A and it was capable of delivering DC power up to 10 MW.
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Table 2.4: State of the Art of Coaxial Cavity Gyrotrons
(Non-Corrugated Insert) [94]

Group Frequency/ Mode Salient Points
/ Power
First experimental operation
15 GHz / TEo on gyrotron with coaxial insert.
USSR/ /05 MW
Russia ' 400 kW output power was
[151] [46] reported with an efficiency of 45%.

For the pulse of 100 us,

45 GHz / TE;5 ) 1.25 MW output power was

/1.25 MW reported with 35% efficiency.
For the pulse of 100 us,
100 GHz / TE6 10 71 MV\}) output powfl:i was
/2.1 MW '

reported with 30% efficiency.
Gyrotron includes coaxial cavity with
smooth wall insert, inverse MIG,
internal mode converter with

single mirror.

MIT, USA | 140 GHz / TE21’13
[154] /3.0 MW For the pulse of 3 us, 0.5 MW

output power obtained and

maximum power of 1 MW obtained

in the TE»7,11 mode

with 15% efficiency.

The initial tests of this tube reported severe mode competition with only 0.5 MW power
obtained in the desired mode and the maximum of 1 MW obtained in the TE37 11 mode
at 142 GHz with an efficiency of 16%. The obtained efficiency was only half of that
predicted through the theoretical calculations and the reasons for this poor efficiency were
found as the asymmetric emission of the cathode and relative misalignment in the axes of
the electron beam, coaxial insert and cavity. Later, tests were carried out with the gyrotron
in which mode converter was removed and cathode was replaced with the new one. With
the new cathode, 1.1 MW output power was reported in the desired mode. The tests
were also performed for the conventional cavity as the interaction circuit to understand
the mode competition in the tube. In this case 0.9 MW of power was reported in the
desired mode, however theoretically 1.4 MW was predicted. From these experimental
results, it was observed that reduced power in the desired mode was mainly due to the
asymmetric emission of the cathode caused by non-uniform heating of emitter and non-

uniform emitter coating [154].
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Developments on the Coaxial Cavity Gyrotrons with Corrugated Insert

In 1996, C.T. Iatrou et al. studied the coaxial cavity with corrugated insert for high power
gyrotron. The field expressions for the rectangular corrugated coaxial cavity were derived
using surface impedance method (SIM) and mathematical formulation for the eigenvalue,
ohmic wall loading was also obtained. By using the developed mathematical model coax-
1al cavity has been designed and the mode competition in the cavity was studied using the
eigenvalue curves. The theoretical approximations were validated through MAFIA code
simulations [54]. Furthermore, C.T. Iatrou has also investigated mode selective properties
of two different coaxial resonator structures. The first was the cavity with resistive insert
up tapered towards the output end and the second configuration was the coaxial cavity
with longitudinally corrugated down tapered insert. Among these two configurations, the
second design provided the better mode rarefaction. The variation in the ohmic wall load-
ing on both inner and outer conductor with the depth of corrugation for different modes
was studied. An approximate mathematical formula for diffractive Q factor of the cavity
modes in the corrugated coaxial cavity was derived. It was found that there would not be
any severe mode competition caused by the surface modes. Additionally, it was observed
that there may be severe mode competition problem due to the second harmonic modes

and this can be avoided by properly choosing the corrugation depth [155].

The coaxial cavity gyrotrons were developed at KIT, Germany in collaboration with
IAP, Russia for the frequencies 140 GHz and 165 GHz and these gyrotrons used coaxial
cavities with longitudinally corrugated insert. The motivation behind this was to develop
the tubes with the single output power of greater than 1 MW. In the initial stage of de-
velopment of a 140 GHz coaxial cavity gyrotron axial RF output was considered. The
experimental results reported the maximum power of 1.17 MW in the mode TEqg 16 at
27.2% efficiency for the pulse length of < 0.5 ms. Over the wide range of operating pa-
rameters, the single mode of operation was experienced. The reasons behind the lower
efficiency were reported as high voltage shoot at the starting of pulse and window re-
flections leading to the severe mode competition. Frequency step-tuning operation was
also carried out with this gyrotron and twenty modes were excited in the frequency range
115.6 GHz-164.2 GHz. The reported output powers were 0.9 MW in the TE>s 4 mode at
123.0 GHz, 1.16 MW in the TE3; 13 mode at 158.9 GHz and the power obtained in the
other modes were limited due to the window reflections [156]. Later, this tube was re-
modeled with an internal mode converter and a single stage depressed collector. The dual
beam RF output system was designed for the first time in which conversion was done in
two steps. In the first step, the cavity mode TEyg 16— was transformed to the evanescent
whispering gallery mode TE76 5 | and later this mode was converted into two Gaussian

beams using rippled wall dual cut launcher. The maximum output RF power was reported
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Table 2.5: State of the Art of Coaxial Cavity Gyrotrons

(Longitudinally Corrugated Insert) [94], [129]

Group

Frequency/ Mode
/ Power

Salient Points

KIT, Germany

140 GHz / TEyg, 16 /

Tube includes an inverse MIG and a
dual beam output system.

. 1.5 MW Output RF power - 0.95 MW for the
Collaboration ]
. pulse length of 0.5 ms with an
with efficiency - 20% /29% (SDC).
IAP, Russia - -
[156] [157] Tul?e includes a coaxial MIG and
[158] [73] a single beam output system.
165 GHz / TE3 17 / Vlasov Launcher with two mirrors.
1.5 MW
Output power - 1.5 MW for the
pulse length of 1 ms with
an efficiency - 30%/48% (SDC).
Similar design to that of German tube.
IAP, Russia | 140 GHz / TEpg 1 / ?(iofﬁg’zﬁz t;:;fovgffe chrifd out
[159] 1.5 MW '
By biasing the insert, frequency
step-tuning operation was performed.
Tube includes Coaxial MIG,
Advanced quasi optical launcher system.
EGYC Gaussian content in the output
RF beam was 96%.
* Collaboration
among
Under normal operation:
CRPP (now SPC), | 170 GHz / TE34,19 / | Output power- 2.3 MW, Efficiency - 30%,
Switzerland; 2.0 MW Pulse length 1 ms.

KIT, Germany;

HELLAS, Greece;

CNR, Italy;
ENEA, Italy.
[55]

Under depressed collector operation:
Output power - 2.1 MW/1.9 MW with
efficiency - 46%/48%,

Pulse length of 3.5 ms.

Progress are being made
for the long pulse operation.
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Table 2.6: Important Theoretical Developments in the Design of High Power Coaxial

Cavity Gyrotrons [94], [129]

Paper

Salient Points

Year

Nusinovich et al.

[53]

General theory of a coaxial cavity gyrotron with smooth insert.
Expressions derived for the eigenvalue and

ohmic losses.

Mode competition and startup scenario were discussed

for 280 GHz gyrotron.

1994

Iatrou et al.
[54]

Field analysis of a coaxial cavity with longitudinally corrugated
insert using SIM.

Mathematical formulations were obtained for the eigenvalue and
ohmic wall losses.
Validation done with numerical code MAFIA.

1996

B. Piosczyk
[83]

Novel 4.5 MW (90kV, 50 A) coaxial MIG developed
for 165 GHz coaxial cavity gyrotron.

Electrons are extracted towards anode and not towards
insert as in inverse MIG.

2001

O. Dumbrajs
[160]

Field expressions were derived for a coaxial gyrotron cavity
with longitudinally corrugated insert using SIE.

Ohmic losses were calculated using the SIE method and
compared with SIM model.

2004

Toannidis et al.

[161]

Field expressions were derived using SHM.

Compared to SIE, calculations were converging very fast in SHM.

Results obtained were very close with other published results.

2006

J. Jin et al.
[162]

Novel numerical method has been proposed

for the analysis of fields in the launcher walls.

Algorithm was developed to synthesize the waveguide wall.
For 170 GHz coaxial cavity gyrotron with TE34 19 mode,
advanced launcher of length 309.6 mm has been designed.
Fundamental Gaussian mode content obtained was 96.3%.

2009

S. Singh et al.

[74] [163]

Field analysis of coaxial cavity with triangular corrugated insert
has been carried out using SIM.

Expressions for ohmic losses, peak wall losses,

and quality factor were derived.

2016

Full wave approach (SHM) has been applied for the field analysis
of coaxial cavity with triangular corrugations on the insert.
Mathematical expressions for eigenvalue and ohmic losses

have been derived.

2017
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as 0.95 MW with an efficiency of 20% and under depressed collector operation efficiency
was increased to 29%. The reasons behind the poor performance of this tube were found
to be due to the poor design of the internal mode converter and instabilities in the electron
beam caused by the poor performance of the emitter. The single mode operation range
observed in this experiment was found to be wide and the results were in good agreement

with the theoretical calculations [157].

In addition to the collaborative work between KIT, Germany, and IAP, Russia, there
were also independent developments on the coaxial cavity gyrotrons happened at IAP,
Russia. A 140 GHz tube was developed similar to that of the German coaxial cavity
gyrotron. The desired RF output power was 1.5 MW, and the cavity mode was chosen as
TE»g.16. This tube was equipped with an inverse MIG for the electron beam generation,
and short pulse tests were carried out for the pulse of 50 us. To verify the mode selection
capability of the corrugated coaxial cavity two different tests were performed, one with a
smooth outer cavity and another with a corrugated outer conductor. It was reported that
mode selectivity was better in the coaxial cavity with corrugated outer conductor. The
experiments were also performed by biasing the insert, and in the certain magnetic field
range, variations of the output RF power was reported for varying potentials of the cathode
and insert, and the maximum efficiency of 50% was obtained. By varying the insert
biasing voltage and the beam current, frequency tuning operation was also performed in

this gyrotron for the fixed values of the magnetic field and the cathode potential [159].

Barroso et al. studied the resonant properties of the coaxial cavity with longitudinally
corrugated insert for the use as interaction circuit in megawatt class gyrotrons. The math-
ematical expressions for the eigenvalue, ohmic wall loading and fields in the cavity were
derived using SIM. The effect of corrugation parameters on the eigenvalue and slope of
the eigenvalue curve were studied in detail. The theoretical results were validated with
the experimental measurements of total Q factor and resonant frequencies of the modes
in the frequency range 8-16 GHz. The experimental results were in agreement with the
theoretical prediction with an error of 0.5%. These studies strongly recommended the use
of the coaxial cavity with corrugated insert for megawatt class gyrotrons operating at very

high frequencies [164].

In 1999, a 165 GHz coaxial cavity gyrotron was developed, and the initial tests were
performed at KIT, Germany. In these years, there were considerable developments in
the CVD diamond windows capable of handling CW RF power of around 2 MW, so this
gyrotron was built with an internal mode converter that can support single beam radial
output. The mode converter used in this tube consists of a quasi-optical launcher, one
quasi-elliptic mirror and another non-quadratic phase correcting mirror. For the nominal

beam parameters, the output power reported was 1.3 MW with 27.3% efficiency and the
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efficiency was increased to 41% for the operation with the depressed collector. For the
beam current of 70 A, maximum output power of 1.7 MW was reported. Overbuching
was observed in the tests due to the high diffractive Q factor of the interaction cavity. In
this experiment an inverse MIG (IMIG) was used which was not originally developed for
this 165 GHz operation and in the later stages of the experiment on this tube, the IMIG
was replaced with the newly developed coaxial MIG (CMIG) [158]. In 2000, the step-
tunable operation of this tube was performed, and the output window was replaced with
silicon nitride Brewster window. Nineteen modes were excited in the frequency range of
134-169.5 GHz, and the frequency separation between the mode was about 2.2 GHz. As
the ohmic loading on the insert walls depends on the frequency, the frequency step-tuning

was limited in case of the coaxial cavity gyrotron [165].

In 2001, KIT, Germany developed a novel 4.5 MW electron gun for the coaxial cavity
gyrotrons to overcome the drawbacks of the IMIG. In this coaxial MIG (CMIG), elec-
trons were extracted towards the anode and not towards the insert (as in that of IMIG).
The advantage of this novel gun arrangement was the reduced radial size of the gun and
hence, the overall bore hole radius of the magnetic guidance system can be reduced. The
other advantages of this gun were coaxial insert can be fully cooled and adjusted during
operation, a triode type of operation was also possible in this MIG within the certain range
by biasing the insert. The mechanical vibration of the insert was also reported to be less

in this novel design [83].

In 2004, experimental results of a 165 GHz gyrotron were reported for the short pulse
of 1 ms. In this experiment, the newly developed CMIG was installed, and an output RF
power of 1.5 MW was obtained with 30% efficiency and 48% (SDC) efficiency for the
depressed collector voltage of 34 kV. The maximum power of 2.2 MW was obtained for
the beam current of 84 A. The effect of insert misalignment on the gyrotron operation was
also investigated, and leakage current on the insert was also measured as a function of col-
lector voltage in this experiment. These results confirmed the feasibility of manufacturing
2MW, 170 GHz CW coaxial cavity gyrotron for ITER tokamak [73].

In 2002, O. Dumbrajs proposed a novel coaxial cavity with corrugated insert to im-
prove mode competition scenario in a high power gyrotron, in which corrugation depth
on the insert is axially varying. The novel structure was analyzed using the SIM method.
From these analytical results, it was observed that ohmic losses on the insert walls got
re-distributed and reduced [166]. O. Dumbrajs derived the mathematical expressions for
the ohmic wall losses in a coaxial cavity with corrugated insert using Singular Integral
Equation (SIE) method which included all the spatial harmonics. Since the most widely
used SIM model does not include spatial harmonics in the calculations, which may give

an erroneous result when the number of the corrugations are less than the twice of the
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azimuthal mode index. The ohmic losses calculated using SIE method was found to be
lower than that calculated using SIM [160]. Z.C. loannidis et al. mathematically cal-
culated the dispersion relation, the field distributions, and the ohmic losses for a coaxial
cavity with longitudinally corrugated insert based on Space Harmonics Method (SHM).
Since the SHM includes only very few harmonics in the calculation compared to Singu-
lar Integral Equation(SIE) method, SHM gets converged very fast. The eigenvalue and
ohmic losses calculated using this method gave very close results with other published
results [161].

The design of a compact launcher for the coaxial cavity gyrotron is quite complex,
as the relative caustic radius of the desired cavity mode in the coaxial cavity gyrotron is
usually around 0.3. In 2009, Jin et al. proposed a new method for the analysis of fields
on the walls of the oversized waveguide. The proposed method can be used for simula-
tion of fields on the waveguide walls with arbitrary perturbations, considering the wall
perturbations to be shallow and smooth. Along with this analytical method, an iterative
algorithm was also developed for the synthesis of wall deformations for the required field
distribution. By using this new algorithm, a quasi-optical launcher of length 309.6 mm
was designed and fabricated for the 170 GHz coaxial cavity gyrotron and Gaussian con-
tent of the output wave beam from this launcher was around 96.3%. This conversion was
much better compared to the conventional dimpled wall launcher of 600 mm long with a

transformation efficiency of 86% [162].

The development of a 170 GHz, 2 MW modular pre-prototype coaxial cavity gyrotron
for ITER tokamak and in upgraded systems of other existing tokamaks is in progress at
KIT, Germany. This gyrotron consists of a triode type coaxial MIG, an internal mode
converter, and a single stage depressed collector system. In the short pulse operation
of this gyrotron, the reported output power was greater than 2 MW with an electronic
efficiency of 30%. In the depressed collector operation, the output power was reported as
2.2 MW with an overall efficiency of 48%. Currently, this tube is upgraded to achieve the
long pulse operation with the pulse length up to 1s [55].

Some design studies were carried out to understand the feasibility of a coaxial cavity
gyrotron with an output RF power of greater than 2 MW. Kartikeyan et al. have reported
the feasibility of a 5.0 MW, 170 GHz coaxial cavity gyrotron using very high volume
mode in 2003 [167] and in 2004, feasibility studies of a 140 GHz, 3.0-3.5 MW coaxial
cavity gyrotron with a dual beam output have been reported by the same group [168]. In
2013, Beringer et al., have reported the feasibility of a 4 MW, 170 GHz coaxial cavity
gyrotron with the detailed physical designs of the major components. The cavity mode
was chosen as TEs; 31, and an internal mode converter was designed with a launcher of

dual cuts that would generate two 2 MW Gaussian beams [169].
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In 2015, S. Singh et al. had done field analysis of a triangular corrugated coaxial cavity
for megawatt class gyrotron. The advantage of this structure was that the problem of
localized heating on the insert walls could be reduced compared to that of the rectangular
corrugated insert. The SIM model was used for the mathematical formulation of the
dispersion relation, wall losses, and quality factor of this new structure [74]. Later in
2017, full wave approach (SHM) was used for the field analysis of a coaxial gyrotron
cavity with triangular corrugated insert. The mathematical formulas were derived for the
eigenvalue and ohmic wall losses. The convergence of SHM to SIM in this cavity was also
discussed under specific conditions. By including harmonics, variation in the eigenvalue
was observed to be less; however, there was a significant variation in the ohmic wall
losses [163].
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Chapter 3

RF Behavior of a Dual Frequency
Triangular Corrugated Coaxial Cavity

Gyrotron

3.1 Introduction

The next generation fusion reactors, like European DEMO, Japanese DEMO, require gy-
rotrons operating at frequencies above 200 GHz with the long pulse power of greater than
1 MW [12], [58]. One of the major design goals in the development of megawatt class
gyrotrons is to keep the ohmic wall losses of the cavity within its limit. Higher order
modes are chosen for megawatt class gyrotrons, so that for the given frequency the radius
of the cavity would be large, which can limit the peak wall loading of the cavity. Higher
order operating mode poses severe mode competition problems and this can be overcome
by introducing an insert in the conventional weakly tapered cavity resonator. The insert
in the coaxial cavity also reduces the voltage depression of the electron beam and conse-
quently increases the limiting current. Corrugations on the insert offer a better trade off
between the mode selection and the ohmic wall loading of the insert [155]. Thus, coaxial
gyrotrons would be a better choice for the future fusion reactors requiring megawatt of
power at frequencies above 200 GHz.

Short pulse operation of a 170 GHz coaxial cavity gyrotron for ITER tokamak has
been reported by KIT, Germany with the output power of 2.2 MW and an interaction
efficiency of 33% [170], [55]. Recently, research activities are going on for the devel-
opment of multi-frequency gyrotrons since these offer a wide flexibility in experimental
conditions of fusion reactors without significant increase in the construction costs [171].
A dual frequency gyrotron operating at the frequencies of 140 GHz and 105 GHz was in-
stalled in the ASDEX-U (German Tokamak) [172]. Step tunable operation of the D-band
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Gyrotron
Table 3.1: Design goals and physical constraints.

Frequency 220 GHz 251.5 GHz
Output Power 2.0MW, CW | 2.0 MW, CW
Diffractive Q 1000-2000 1500-2500
Beam Voltage 84-87kV 82-85kV
Beam Current 70 A 68 A
Magnetic Field at Cavity Center | 8.85-8.90 T | 10.09-10.11 T
Velocity Ratio ~ 1.30 ~ 1.30
Total Output Efficiency > 35% > 35%
Estimated Wall Loading <2kW/cm? | <2kW/cm?
Total Internal Losses < 8% < 8%

gyrotron operating in the frequency range 124-169 GHz was performed at KIT [171]. The
JT 60SA (Japan Tokamak) uses a 110/138 GHz dual frequency gyrotron, which also has
an additional operational frequency of 82 GHz [63].

This chapter focuses on the possibility of the dual regime operation of a megawatt
class coaxial cavity gyrotron. This proposed gyrotron can be used for plasma heating,
current drive and plasma stabilization in the future fusion reactors. As the fusion commu-
nity is in quest to fix the power-frequency-efficiency of the gyrotrons used in the future
tokamaks, one can explore the operation of the gyrotron at 220 GHz. Another exciting
area is the space power grid, where enormous solar power will be collected in the space
(low earth orbits) and distributed to the earth stations using solar power satellites [173].
220 GHz is selected for the downward transmission as the atmospheric absorption has a
relative minimum at this frequency. Currently, a solid state modular framework is consid-
ered for the up conversion task, however, a gyrotron based module may also be considered
for this application. 220 GHz can be considered as a possible frequency for the future fu-
sion experiments. The design of a MW-class triple frequency regime(220/247.5/275 GHz)
conventional cavity gyrotron has been reported in [174]. In the current design, 220 GHz
is the principal frequency and the additional frequency (251.5 GHz) is selected with the
aim that the designed gyrotron can support multiple requirements of RF power in the next
generation tokamaks.

In the present chapter, the RF behavior of a dual regime 220/251.5 GHz, 2.0 MW,
continuous wave coaxial cavity gyrotron is presented. Based on the mode selection strat-
egy of multi-frequency gyrotrons [175], operating modes are selected. Triangular slots on
the insert offer a good mode selection and also reduce the problem of localized heating.
Eigenvalue and ohmic loss calculations of a triangular corrugated coaxial cavity gyrotron
using the Surface Impedance Model (SIM) and the full wave approach were reported
by Singh et al. [74], [163]. Mode selection, cold cavity design, mode competition cal-

culations and single mode self-consistent calculations are performed with our in-house
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code Gyrotron Design Suite 2018 (GDS 2018) [176]. In single mode computations, beam
parameters are optimized for maximum RF power and ohmic wall losses are also calcu-
lated. As a next step, time dependent multi-mode calculations are done using the SELF-T
code [93] with the mode eigenvalues obtained from GDS 2018 [176]. Start-up scenarios
are carried out for both operating frequencies with a non-uniform realistic magnetic field
before and after space charge neutralization using the optimal electron beam parameters
obtained from the triode type coaxial Magnetron Injection Gun (MIG) design studies us-
ing ESRAY [177]. For the present dual frequency coaxial cavity gyrotron, design goals
and physical constraints are presented in Table 3.1.

3.2 Frequency and Mode pair Selection

220 GHz is selected as the principal frequency for the dual regime coaxial cavity gyrotron
and the second frequency (251.5 GHz) is chosen such that the proposed gyrotron can
be used for multiple requirements. According to the transparency condition of the RF

window which is given by
c

YN

where f; is the transparent frequency, ¢ is the velocity of the light, N is an integer, d is

fi =

N (3.1)

the thickness and &, is the dielectric constant of the window. Typically for megawatt class
operation, the thickness of the CVD diamond window is chosen between 1.5 mm and
2.5 mm. For the present design, the thickness of the single disk CVD diamond window
(& = 5.67) is considered as 2.00 mm. Transmission and reflection coefficients of this
window along the frequency are shown in Figure 3.1. The designed window has the
-20 dB transmission bandwidths of 2 GHz around the frequencies 220.1 GHz (71 /2),
251.5 GHz (84 /2) and 282.9 GHz (91 /2).

For megawatt class, sub-THz wave gyrotrons, usually higher order modes with eigen-
value greater than 100 are chosen, so that ohmic wall loading can be maintained under
the permissible limit. Mode competition in the coaxial cavity can be better controlled for
the modes with the relative caustic radius (m/X,) of = 0.3 (), is the eigenvalue of the
TE , mode, m and p are the azimuthal and the radial index of mode, respectively). In
addition to these considerations, the mode pair for the dual regime gyrotron should satisfy
the following conditions

1. As the cavity radius should be same for all the operating frequencies, the modes are
chosen such that their corresponding resonant frequencies lie in the transmission
bandwidth of the RF window.

2. The relative caustic radius (m/X,,) of the modes should be approximately same so
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11 (dB)

200 220 24 260 280 300
Frequency (GHz)

Figure 3.1: Transmission and reflection coefficients of a synthetic diamond RF window
along the frequency [176].

that the common output system (Quasi Optical Launcher, internal mirror system,
window and Matching Optics Unit) can be used.

3. The electron beam radius of the chosen modes should be approximately same in
order that the common magnetron injection gun system can be used for the electron
beam generation.

Mode pairs that satisfy these conditions are listed in Table 3.2 and the voltage de-
pression (V,;) for these mode pairs are calculated through the formulation given in [17].
From the Table 3.2, the modes TE43 30, and TEss 34 _ (negative sign indicates co-rotating
mode) are selected for operation at 220 GHz and 251.5 GHz, respectively.
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Table 3.2: Mode selection for dual regime operation [176]

f Ro Rb Vd*
(GHz) | ™| P Zw | (mm) | mm) | V) | ™/
220.000 | 46 | 29 | 150.7898 | 32.726 | 10.395 | 1.70 | 0.305
250.841 | 52 | 33 | 171.9283 | 32.726 | 10.282 | 1.58 | 0.302
220.000 | 47 | 29 | 152.1125 | 33.013 | 10.616 | 1.91 | 0.309
252.487 | 54 | 33 | 174.575 | 33.013 | 10.600 | 1.90 | 0.309
220.000 | 48 | 30 | 156.7365 | 34.016 | 10.838 | 2.12 | 0.306
251.530 | 55 | 34 | 179.1992 | 34.016 | 10.834 | 2.12 | 0.307
220.000 | 50 | 30 | 159.3778 | 34.590 | 11.281 | 2.49 | 0.314
251.006 | 57 | 34 | 181.8403 | 34.590 | 11.244 | 2.46 | 0.314
220.000 | 51 | 29 | 157.3780 | 34.156 | 11.502 | 2.65 | 0.324
251.403 | 58 | 33 | 179.8422 | 34.156 | 11.420 | 2.59 | 0.323
(* For the calculation of V,, electron beam voltage, beam current and velocity ratio are
85 kV, 68 A and 1.27, respectively)

3.3 Interaction Structure Design

The main parts of the interaction circuit are input down taper, straight mid section, lin-
ear up taper and the corrugated insert. Tapers are connected to the midsection through
parabolic rounding so as to avoid mode conversion due to sharp transitions. As the gy-
rotron operates close to the cutoff frequency of the TE,, , mode, the radius of the cavity
(R,) is given by R, = Xmp-c/(27f,) (fr is the resonant frequency of the cavity). In the
present design R, is selected as 34.00 mm (instead of 34.016 mm) so as to compensate the
frequency down shift due to the cavity thermal expansion. The corresponding resonant
frequencies of the mode pair are 220.117/251.630 GHz. The insert radius (R;) is chosen
so as to control both mode competition and the ohmic wall loading on the insert. The
insert is down tapered with an angle of —1° and has triangular corrugations on its wall as
presented in Figure 3.2. Ry is the depth, [ is the width and S = 27R;/N is the periodic

Figure 3.2: Cross section of a triangular corrugated coaxial cavity [74].
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spacing of the triangular slot on the insert. Ohmic losses on the insert can be reduced
by increasing the number of slots (N). In a rectangular corrugated insert, the base of the
slots becomes closer for the large number of slots. Since, the wall loading is maximum at
the bottom of the slot it creates the problem of localized heating. Whereas in a triangular
corrugated insert, side walls are farther for the large number of slots and this reduces the
localized heating problem [163]. As the number of slots is sufficiently large, the fields
inside the slots are homogeneous and therefore the Surface Impedance Model (SIM) is

used for these design studies.

The eigenvalue curves for the desired mode pair along with their competing modes
are shown in Figure 3.3. For the coaxial cavity with down tapered insert, the diffractive
quality factor of the mode decreases for the negative slope of the eigenvalue curve and
increases for the positive slope. Thus by selective modification of the diffractive quality
factor of the competing modes, mode competition can be controlled. In addition to the
mode rarefaction, wall losses on the insert should be minimized. Positive slope of the
eigenvalue curve is avoided in the operating radii ratio as the ohmic wall loading sig-
nificantly increases for higher values of the diffractive quality factor. The flat region in
the eigenvalue curve resembles that the energy is concentrated in the cavity region as in
the conventional cylindrical cavity. The slope region of the eigenvalue curve represents
that the fields are concentrated in the slot and thus increase the ohmic losses on the in-
sert [155]. Hence the R; is selected such that the eigenvalue curve of the desired mode lies
near the flat region and that of the competing modes lie near the negative slope region.
For the present design R; is selected as 8.95 mm at the middle of the interaction structure,

R, is optimized as 0.5 mm and the //S ratio is 0.7.

From the Figure 3.3, it is observed that in the operating range of C (3.78-3.85), eigen-
value of the desired mode pair (TE4g 30, TEss 34) lies in the flat region and the coaxial in-
sert does not influence the diffractive quality factor of these modes. Whereas the diffrac-
tive quality factor of the competing modes (TEy, 3 py1, TEn 2 p41) are reduced as the
eigenvalue curves of the corresponding modes lie in the negative slope region. Thus the
mode competition is effectively controlled by the corrugated insert for the both frequen-
cies of operation. In the coaxial cavity, main competing modes are azimuthal neighbors

(TEm+1,p), which are least influenced by the coaxial insert.

After considering the trade-off between the output efficiency and ohmic wall loading,
L, is selected as 12.5 mm. The normalized field amplitude profile for both operating
frequencies along with the cavity geometry are presented in Figure 3.4. Once the initial
dimensions of the cavity are fixed, mode competition calculations are performed for the
desired mode pair. The electron beam radius calculated for the maximum coupling with
the operating mode pair TE4g 30/TEss 34 1s 10.838/10.834 mm. The mode spectrum of
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Figure 3.3: Eigenvalue curves for the desired mode (a) TE4g 30 at 220 GHz (b) TEss 34 at
251.5 GHz, along with the competing modes (R,=34.00 mm, R;=0.5 mm, //S=0.7,
N=130) [176].
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the product of diffractive quality factor and the coupling coefficient (Q, * C.C) for the
frequency range of =5GHz around the operating frequencies are shown in Figures 3.5.
In these calculations, modes with (Q; * C.C) value greater than 50% of that of the main
modes are only considered. The mode spectra are also plotted for the conventional hol-
low cavity in order to understand the effect of insert on the diffractive quality factor of
the competing modes and are shown in the Figure 3.6. In the hollow cylindrical inter-
action cavity, the main competing modes are TEy, 3 541 and TEy, 2 511 (whose resonant
frequencies lie close to that of the desired modes), whereas in the coaxial cavity due to
the presence of the down tapered insert, competition from these modes are negligible as
the diffractive quality factor of these modes get reduced. However, in the coaxial cavity
as observed from the Figure 3.5 the main competing modes are the azimuthal neighbors
(TEm+1,p); TEmp+1 and TEy, (35 1) p41 and these modes are well separated from the de-
sired modes.

After the mode competition calculations, single mode self-consistent computations
are performed for the desired mode pair to calculate the output RF power and wall losses.
The beam parameters and the peak magnetic field at the interaction are optimized for
the maximum efficiency. For the calculation of wall losses, conductivity of the copper
is taken as o = 1.4 x 10’ S/m (instead of o, = 5.7 x 107 S/m at room temperature) in

order to include the effects of surface roughness and high operating temperature. In the
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Table 3.3: Cavity dimensions and Single mode results [176].

Parameters 220 GHz 251.5 GHz
Ly/L,/L; (mm) 16/12.5/16 16/12.5/16
01/6,/65(°) 3.5/0/3.0 3.5/0/3.0
Dy /D, (mm) 4.0/4.0 4.0/4.0
R,/R;/R;, (mm) 34.00/8.95/10.838 | 34.00/8.95/10.834
fr (GHz) 220.1175 251.6298
Qu 1596.80 2011.89

Vi (kV) 87 85

I, (A) 70 68

o 1.27 1.27

B, (T) 8.872 10.100

Nelec Incl. ohmic losses (%) | 35.51 3478

P,y (MW) 2.163 2.01

Po (KW /cm?) 1.75 1.91

p; (kW /cm?) 0.13 0.04

Total Power Loss (kW) 439 45.4

Qohmic 107208 116076

Vi (kV) 2.26 2.21

Ir (A) 430.80 418.09

triangular corrugated insert, the slot impedance becomes zero for second harmonic modes
at the depth of 0.304 A, and maximum at the depth of 0.38 A, [163]. To minimize the
wall losses on the insert for both operating frequencies, the depth of the slot is optimized
to 0.5 mm. Single mode computation results along with the cavity geometry dimensions

are presented in Table 3.3.

3.4 Time Dependent Multi-mode Simulations

Mode eigenvalues for the triangular corrugated coaxial cavity are obtained from
GDS 2018 [176] and are used in the multi-mode calculations [93]. Time dependent sim-
ulations are performed for both frequencies for the time period of 3000 ns with the time
step of 0.01 ns [93]. The beam voltage (V}) increases linearly from (55-87 kV / 55-
85 kV), whereas beam current (/), velocity ratio () and peak magnetic field at interac-
tion (B,) are kept constant (70 A, 1.27, 8.867 T)/(68 A, 1.27, 10.105 T) for the operation
at 220/251.5 GHz. Simulations are performed for a number of 35 electrons with the lon-
gitudinal step size of 50 um. Simulation results confirm that the RF power in the chosen
modes reaches the desired power level of ~2.0 MW and are shown in Figure 3.7 for both
the desired frequencies.

Start-up behaviors of this dual regime coaxial gyrotron are carried out with the beam
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Figure 3.7: Time dependent calculations for the (a) TE4g 30— mode along with the

competing modes with Vj, =

mode along with the competing modes with Vj, =

50-87kV, B,=8.867T, a=1.27 and I, =70 A, (b) TEss 34

50-85kV, B,=10.105T, o¢=1.27 and

=68 A. Logarithmic scale is used for the illustration of the output power,
Four (kW) [176], [93].
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Figure 3.8: Normalized magnetic field along the interaction cavity [176].

space charge neutralization. For a more realistic assessments the simulations are carried
out with the non-uniform magnetic field obtained from the magnetic guidance system
design and is depicted in Figure 3.8. Start-up scenarios in the high power gyrotrons are
explained in detail by Nusinovich [178], [179]. Start-up scenarios are mainly of two types:
diode and triode type [180], [181]. Start-up scenario in the current study is of diode type,

where the modulation anode voltage varies proportionally with the accelerating voltage.

During the start-up operation, due to the DC space charge fields, the beam voltage
(V) is reduced by the voltage depression (V) [182], [183]. In the experimental opera-
tion of gyrotrons, the typical time required for the start-up analysis is around 50 us. The
coaxial insert reduces the voltage depression to ~ 2 kV for megawatt class operation in
the coaxial cavity gyrotron. In the long pulse operation, the electron beam interacts with
the molecules of the residual gases in the interaction space and create ions. These ions
partially neutralize (about 60-70%) the DC space charge and there by increasing the beam
voltage (V},) close to the applied accelerating voltage (V) [184], [185]. During the neu-
tralization process, the transverse momentum (yf3|) of the beam remains adiabatically
invariant and henceforth o decreases accordingly. Depending on the initial beam parame-
ters and the background pressure, the typical time required for this neutralization process

ranges between hundred milli seconds and few seconds [186].

The electron beam parameters used for the start-up behavior are obtained from ES-
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RAY calculations [177] of the designed triode type coaxial MIG and are shown in Ta-
bles 3.4-3.7. Start-up calculations are carried out for both frequencies and the results for
the complete space charge neutralization case are illustrated in Figures 3.9-3.10. In the
present design studies ideal electron beam is considered, ignoring the effect of electron
beam thickness and beam velocity spread. Effect of the misalignment of the coaxial insert

on the RF behavior is also not considered in the present studies.

In the start-up analysis of the 220 GHz operation, V}, rises from 48.3 kV to 85.055 kV
in the time period of 3000 ns and B, is optimized to 8.867 T. Initially, the parasitic mode
TE4g 31— oscillates until V, reaches 68.75 kV, after that the main mode TE4g 30 — starts to
dominate and reaches the stable power level of 1770 kW. For the complete space charge
neutralization case, V}, increases from 85.03 kV to 87 kV over the time interval of 3000 ns
and the output power of the main mode increases to 1984 kW. However, in the partial
space charge neutralization case (60%), V}, increases up to 86 kV and the main mode
power is around 1937 kW. Although in the present start-up studies, the voltage rise time
of 3000 ns is very fast compared to the typical experimental voltage rise time of 50 us, the
rise time of 3000 ns is enough to predict any possible excitation of the competing modes.
Similarly, in the start-up behavior of 251.5 GHz operation B, is optimized to 10.105 T.
The high frequency competing mode TEss 35— dominates until Vj, reaches 69 kV, then
the main mode TEss 34 — gets excited and grows to the stable power of 1794 kW. For
the complete space charge neutralization case, the power in the main mode increases to
1986 kW, however for the partial space charge neutralization case (60%), it reaches only
up to 1933 kW.

From the Figures 3.9-3.10, it is observed that in both the operating frequencies
(220 GHz and 251.5 GHz), competing modes (TE4g 31— and TEss 35_) are radiating power
of around 20 kW along with the desired operating modes (TE4g 30— and TEss 34_). These
competing modes are resonating at 220.73 GHz and 252.21 GHz, respectively and they
have relatively high coupling to the electron beam. These spurious modes can be iden-
tified as the backward waves in the downtaper section of the cavity. Parasitic backward
waves can be suppressed by designing closed downtaper section, but this results in reduc-
ing the interaction efficiency of the operating mode. The occurrence of spurious backward
waves can be understood as the first indication of maximum radiated power for the oper-
ating mode. Similar observations are also reported in [57], [169]. Design of downtaper
in the high power coaxial cavity gyrotron is therefore a trade-off between maximum in-
teraction efficiency of the desired operating mode and the sufficient suppression of the
corresponding spurious oscillations [169]. The parasitic modes slightly reduce the inter-
action efficiency of the operating mode pair, but still the interaction efficiency of around

33% is obtained with both the operating frequencies. Mode competition studies with
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Table 3.4: Electron beam parameters for the start-up behaviour of 220 GHz operation-
before space charge neutralization [177].

Vacc (kV) Vm (kV) Ib (A) Vb (kV) o ﬁj_
87 40.0 70.0 | 85.055 | 1.2827 | 0.4059
80 36.5 69.0 | 78.162 | 1.1183 | 0.3709
73 32.5 68.5 | 71.191 | 1.0225 | 0.3424
66 28.5 67.5 | 64.187 | 0.9615 | 0.3178
58 26.0 65.5 | 56.245 | 0.8585 | 0.2817
50 24.5 64.5 | 48.300 | 0.6936 | 0.2315

Table 3.5: Electron beam parameters for 220 GHz operation - after complete space
charge neutralization [177].

Vs I,
w) @ * | P
Before space charge neutralization | 85.055 | 70 | 1.2827 | 0.4059

After space charge neutralization 87 70 | 1.2419 | 0.4045

Scenario

fast rise time give different results on the excitation of the parasitic modes [187]. In the
present start-up calculations by reducing the voltage rise time, RF power of the competing
modes decrease. For the rise time of 50 ns, power in the competing modes reduce to less
than 15 kW, however by further reducing the rise time cause the high frequency compet-
ing modes to dominate over the chosen mode pair. Effect of fast voltage rise time on the
excitation of parasitic modes in megawatt class gyrotron were discussed in [183], [187].
Time dependent multi-mode calculations are also done for the hollow cavity interac-
tion circuit with the same nominal beam parameters and the magnetic field to understand
the effect of insert on the mode competition. The multi-mode calculations are performed
for both frequencies with the V}, increases linearly from (50-85 kV/50-87 kV). From these
calculations, it is observed that even for the hollow cylindrical cavity desired RF power is
obtained in the chosen mode pair. This confirms that mode competition in the gyrotrons
can even be controlled only by positioning the electron beam. However, due to the ab-
sence of the coaxial insert, voltage depression V; of the electron beam in the hollow cavity
increases to 14 kV and the limiting current is 104 A for the accelerating voltage of around
85kV. Henceforth in the start-up calculations V}, is increased only up to 73kV, and so
the high frequency parasitic modes dominate over the growth of the desired mode pair.
Thus in the megawatt class operations, main role of coaxial insert is to reduce the voltage

depression along by reducing the mode competition.
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Figure 3.9: Time dependent calculations for the TE4g 39, mode along with the
competing modes with (a) V, =48.300-85.055 kV (b) 85.055-87 kV, B, =8.867 T, o and
I, vary accordingly. Logarithmic scale is used for the illustration of the output power,
Pour (kW) [176], [93].
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Figure 3.10: Time dependent calculations for the TEss 34 — mode along with the
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48.466-83.092 kV, (b) 83.092-85 kV, B,=10.105T, o
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Table 3.6: Electron beam parameters for the start-up behaviour of 251.5 GHz operation-
before space charge neutralization [177].

Vaee KY) | Vi (kY) | I, (A) |V, (KY) | @ B,
85 31.00 | 68.00 | 83.092 | 1.2693 | 0.4005
78 28.50 | 66.00 | 76.200 | 1.1491 | 0.3709
71 27.80 | 65.00 | 69.307 | 1.0052 | 0.3348
64 27.60 | 63.80 | 62.404 | 0.8480 | 0.2930
57 25.10 | 63.00 | 55.427 | 0.7323 | 0.2578
50 24.10 | 62.00 | 48.466 | 0.5599 | 0.1988

Table 3.7: Electron beam parameters for 251.5 GHz operation - after complete space
charge neutralization [177].

. Vy I,
Scenario &Y) | A) o B,
Before space charge neutralization | 83.092 | 68 | 1.2693 | 0.4005

After space charge neutralization 85 68 | 1.2291 | 0.3992

3.5 Conclusions

In this chapter, the RF behavior of a 220/251.5 GHz, 2.0 MW, dual regime coaxial cavity
gyrotron has been presented. The triangular corrugated insert helps in the mode rarefac-
tion and also reduces the problem of localized heating. Based on the mode selection
strategy of multi-frequency gyrotrons, the mode pair has been chosen as TE4g 30/TE55 34.
Mode competition calculations revealed that the operating mode pair is well separated
from their parasitic modes. Cold cavity design, mode competition and self-consistent
single mode computations have been performed with our in-house code GDS 2018. Sin-
gle mode and the time dependent multi-mode calculations have predicted the RF power
growth in the chosen modes. Start-up analyses have been carried out for both frequen-
cies with realistic magnetic field profile before and after space charge neutralization using
nominal electron beam parameters obtained from the MIG design calculations. These
studies confirm that continuous wave power of ~ 2 MW can be obtained at both frequen-

cies with an interaction efficiency of 33%.
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Chapter 4

Electron Gun and Output Coupling
System for a Dual Frequency Coaxial
Cavity Gyrotron

4.1 Introduction

The dual regime operation of gyrotron requires a common electron gun, RF interaction
cavity and output coupling system to support both the operating frequencies. ECRH sys-
tems developed for the future commercially attractive reactors like DEMO are aimed to
have improved current drive efficiency and therefore these systems require megawatt class
of gyrotrons (1-2 MW) operating at higher frequencies (> 200 GHz) [57]. Coaxial cavi-
ties can overcome the mode competition problem by introducing a corrugated insert. The
presence of the insert in the coaxial cavity also reduces the voltage depression of the
electron beam and hence the coaxial cavity gyrotron can operate at a higher beam cur-
rent than that of the conventional cavity gyrotron [163]. Thus, coaxial cavity gyrotrons
are preferred for the ECRH systems in future tokamaks. Short pulse operations of the
coaxial cavity gyrotrons operating at 140 GHz, 165 GHz and 170 GHz have been carried
out in KIT, Germany [156], [73], [55]. In addition to ECRH&CD applications, experi-
mental tokamaks need RF beams at different frequencies for various other applications
like plasma startup, plasma stability control, bulk heating, Collective Thomson Scattering
(CTS) diagnosis etc. Therefore in order to cater for these multiple requirements, multi-
frequency gyrotrons are being developed. A dual frequency gyrotron (105/140 GHz) is
installed in the ECRH system of ASDEX-U (German Tokamax) [172]. The European
140 GHz gyrotron developed for W7-X strellerator can also be operated at additional fre-
quency of 104 GHz [47]. The design of input and output system for a 77/154 GHz dual

regime gyrotron has been reported in [188].
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RF behavior of a dual regime 220/251.5 GHz, 2 MW, CW coaxial cavity gyrotron has
been discussed in Chapter3. This proposed dual regime gyrotron can be used for the
ECRH applications in the future commercial fusion reactors. This chapter focuses on the
design studies of a common electron gun, nonlinear taper (NLT), quasi-optical launcher
(QOL) and RF window supporting the dual regime operation (220/251.5 GHz) of this
proposed coaxial cavity gyrotron. A coaxial magnetron injection gun (MIG) is designed
for the generation of hollow electron beam with the desired parameters. Initial geome-
try of the electron gun is determined through our in-house code Gyrotron Design Suite
2018 (GDS 2018). The MIG is further optimized and simulated through the beam trajec-
tory code ESRAY. A NLT is designed with maximum transmission efficiency at both the
operating frequencies. An advanced dimpled wall launcher is designed and numerically
optimized through the commercial software, Launcher Optimization Tool (LOT) [189].
The designed launcher efficiently converts both the operating modes into Gaussian like
mode. A single disk RF window is designed for the extraction of high power output beam
from the gyrotron at their respective operating frequencies. Design of the NLT and the
RF window are carried out through GDS 2018 [176].

4.2 Coaxial Magnetron Injection Gun

Magnetron injection guns are used to generate annular electron beams in gyrotrons. The
electron beam emitted from the cathode is guided through the external magnetic flux lines.
The designed MIG should guarantee the high quality electron beam required for efficient
RF interaction [17]. In the dual regime operation of the proposed coaxial cavity gyrotron,
the nominal beam parameters required for the generation of the desired output RF power

are calculated through RF behavior analysis and are given in Table 4.1.

4.2.1 Initial Design Calculations

For dual frequency operation, the design of the MIG is crucial as the same electron gun

is used to generate the desired beam parameters for both the operating frequencies. The

Table 4.1: Nominal Beam Parameters [190]

Frequency 220GHz | 251.5GHz
Accelerating Voltage (V¢¢) 87 kV 85kV
Beam Current (1;,) 70 A 68 A
Electron Velocity Ratio (o) 1.28 1.27
Magnetic Field at Cavity Center (B,) 8.867 T 10.105T
Electron Beam Radius (Rp) 10.838 mm | 10.834 mm
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desired mode pair (TE4g 30 / TEss 34) 18 selected such that the electron beam radius should
approximately be the same for both the frequencies (220/251.5 GHz). For the maximum
coupling of the electron beam with the RF wave, the electron beam radius is determined
as 10.838/10.834 mm for 220/251.5 GHz operations.

A triode type MIG is designed for generating the hollow electron beam with desired
parameters. The triode type electron gun is preferred over the diode type as the beam
parameters can be effectively tuned for the dual frequency operation in a triode gun. Time
dependent multi-mode calculations estimate the maximum magnetic field at the interac-
tion and nominal beam parameters like accelerating voltage, beam current and velocity
ratio, required for the desired output power. By using these nominal parameters, Baird
calculations are carried out and the initial dimensions of the electron gun like emitter
radius, anode radius, cathode modulating anode spacing and emitter slant length are de-
termined [191]. Baird calculations are performed through GDS 2018 [176].

4.2.2 Electron Beam Requirements and Technical Constraints

The quality of the electron beam generated by the MIG is determined by the spread in
the electron velocity ratio (A) and the spread in the electron beam radius (ARp). Ao
should be less than 5%, otherwise this results in increased mode competition and affects
the RF power growth in the desired mode. For the efficient transfer of energy from the
electron beam to the electromagnetic wave, AR;, should not exceed A /8 [84]. For the
reliable operation of the MIG, empirical relation on the maximum allowable electric field
(Emay) inside the MIG is given by E,,,..Vy < 800 kV?2 /mm, where, V; is the potential drop
across the electrodes [84].

In the high power operation, E,,, is limited to a lower value. As a consequence,
distance between the electrodes should be increased and overall diameter of the MIG is
increased. In a triode type MIG, the voltage drop between the cathode and the modulating
anode is less than half of the accelerating voltage. As a result, technical limit on E,,;y is
increased and a reduced diameter for the MIG is possible. Hence, a triode type MIG
is preferred over a diode type MIG as it gives the scope for a more compact design.
Performance of the MIG is determined by the maximum current density at the emitter
surface (J,). A higher value of J, results in the degradation of the life time of the MIG,
while a lower value leads to the increase of the transverse electron velocity spread. In
the case of modern emitters, emitter current density of 5 A/ cm? ensures much better life
time of operation [17], [192]. J, can be reduced either by increasing the axial length of
the emitter, resulting in the increase of A or by increasing the emitter radius leading to
the increase of the overall MIG diameter. An important design goal of the MIG is to keep

the electron gun as compact as possible in order to reduce the construction costs. Hence
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in the design process, a trade off should be maintained between the compactness of the
electron gun and the electron beam quality. In addition to these design constraints, the
MIG should be designed such that the electron trapping mechanisms like the potential

wells and the magnetic mirror effects are avoided.

4.2.3 Magnetic Guidance System

Generally in gyrotrons, solenoids (normal conducting and super conducting coils) are
used for providing the necessary magnetic field [193]. In the dual frequency operation,
the magnetic field at the cavity center and the nominal beam parameters are obtained by
tuning the currents in the magnetic coils. According to the paraxial approximation, the

electron beam radius (Rj) is related to the cathode radius (R.qsh0de) bY

Reathode = Vb Ry, (4.1)

where, b is the compression ratio (= B, /Bg,m), B, is the magnetic field at the center of
the interaction cavity and By, is the magnetic field at the emitter position. The magnetic
field increases adiabatically from the emitter region and reaches the maximum at the in-
teraction cavity. As per the adiabatic theory of motion of electrons, magnetic momentum
is conserved and transverse momentum of the electrons increases with the magnetic field.
Thus, the electron beam properties like velocity ratio, electron beam radius are strongly

determined by the magnetic field profile.

After considering the length of the beam tunnel and the complete interaction cavity,
the distance between the cathode and the cavity center is fixed as 430 mm. In the present
design, five solenoid coils are used to produce the required magnetic field profile. Two
main coils are located around the interaction cavity (coils center at 480 mm) for the gen-
eration of a constant magnetic field. One compensation coil (coil centers at 165 mm)
is aligned between the emitter and the cavity region to reduce the magnetic field along
the cathode region. Two gun coils are located around the emitter region (coils center at
50 mm and 2.5 mm) for the effective optimization of the field at the emitter point. Infor-
mation about the magnetic coils are given in Table 4.2 and the generated magnetic field
profiles along the axial length are shown in Figure 4.1. Position of the magnetic coils
along the MIG geometry is shown in Figure 4.2. For the present dual regime operation,
required magnetic field at the interaction cavity are 8.867 T and 10.105 T for 220 GHz and
251.5 GHz, respectively.
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Table 4.2: Optimized Coil Data [176], [177]

Coils Length | Breadth | Coil | No. of | Current Current
AZ AR radius | turns | 220GHz | 251.5GHz
(mm) | (mm) | (mm) | Nc (A) (A)
Main Coil -1 440.00 | 30.00 | 120.00 | 24990 | 119.87 136.59
Main Coil -2 440.00 | 15.00 | 142.50 | 4930 | 119.87 136.59
Compensating Coil | 70.00 45.0 147.50 | 2880 -63.5 -71.0
Gun Coil - 1 65.00 25.0 | 137.50 | 645 7.5 545
Gun Coil -2 20.00 | 25.00 | 137.50 | 610 3.0 3.5
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Figure 4.1: Magnetic field profile along the axial length of the gyrotron. Here, emitter
position is at z=50 mm and center of the interaction cavity is at z=480 mm [176], [177].
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Figure 4.2: Position of the magnetic coils along the MIG geometry [176], [177].

4.2.4 Optimized Gun Design

The triode type coaxial MIG geometry is optimized and simulated using the particle tra-
jectory code ESRAY [177]. The geometry of the electron gun is optimized such that the
electron velocity ratio spread (A ) and the beam radius spread (AR;) are minimized for
both the operating frequencies. Cathode radius is fixed as 64.60 mm. Figure 4.3 shows
the variation of A and AR, as a function of the axial length of the emitter (/,) and the
emitter slant angle (®,). In these calculations, velocity ratio (&) is kept constant by vary-
ing the modulating anode voltage, thereby maintaining a constant electric field around the
emitter region. Considering the trade-off between the velocity spread and the life time
of the emitter, /, is fixed as 4.40 mm. @, is optimized as 25 ° so as to support the quasi

laminar flow of the electron beam.

Another important parameter is the cathode to modulating anode gap (d,,). The elec-
tric field around the emitter region (E,) is determined by d,,,. o and the spread in ¢ are
strongly dependent on E,.. Figure 4.4 shows & and A« for varying d,,,. As the modulating
anode voltage is less than the half of the accelerating voltage, maximum allowable electric
field in the gun region is high in the case of a triode type MIG. d,, is optimized as 8.45 mm
and the maximum electric field around the emitter region is 6.0 kV/mm. The optimized
design parameters and the simulation results of the triode type coaxial MIG are given in
Table 4.3. Electron beam trajectories are calculated for both the operating frequencies in

the designed MIG and are shown in Figure 4.5.
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angle (°), o is kept constant at 1.28/1.27 for 220/251.5 GHz. Other parameters are same

as given in Table 4.3 [177].
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Table 4.3: Design Parameters and Simulation Results of the Triode Type Coaxial

MIG [177]

| Parameters |
Frequency 220 GHz 251.5GHz
Beam current 70 A 68 A
Accelerating voltage 87kV 85 kV
Mod. anode voltage 40 kV 31.0kV
Emitter current density 3.8 Alem® | 3.8 A/cm?®
Cathode radius 64.60mm | 64.60 mm
Cathode angle 25° 25°
Mod. anode angle 25° 25°
Axial width of the emitter 4.4 mm 4.4 mm
Cathode-mod. anode spacing | 8.45 mm 8.45 mm
Anode radius 71 mm 71 mm

| Results |
Magnetic field at the emitter | 0.21433 T | 0.2405 T
Compression ratio 41.3708 42.0166
Electric field at cathode 5.9 kV/mm | 6.29 kV/mm
Velocity ratio 1.28 1.27
Velocity spread (%) 2.5 3.8
Beam radius (interaction) 10.838 mm | 10.834 mm
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Figure 4.4: oo and A« as a function of cathode - modulation anode gap (mm), with other
parameters are same as given in Table 4.3 [177].

4.2.5 Parametric Studies on the Designed MIG

Parametric studies are performed on the designed electron gun by varying the accelerating
voltage (V,.c) and the beam current (/). Figure 4.6 shows o and A o for varying V,,.. and
I,. From Figure 4.6(a), it is understood that there is a linear rise in & with V. thereby
satisfying the adiabatic theory. In order to study the effect of space charges on the electron
beam properties, I, is reduced from its nominal value. When 7, tends to zero, the electric
field around the emitter is determined only by the shape of the electrodes and the effect
of the local electric field (due to the beam charges) becomes negligible [84]. From Figure
4.6(b), it is observed that « increases slightly for the lower values of I, and this can be
adjusted to the nominal value by varying the modulating anode voltage. Thus the effect

of the space charges on the beam properties of the designed triode type MIG is negligible.
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Figure 4.5: Electron beam trajectory for the operation at (a) 220 GHz,
(b) 251.5GHz [177].
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Figure 4.7: The interaction circuit geometry with the optimized NLT. Here, the
mid-section radius, R, is 34 mm and the output radius of the NLT is 36.38 mm
(1.07 times R,) [176].

4.3 Nonlinear Taper

The output system of a gyrotron consists of a NLT, a quasi-optical launcher (QOL), an
internal mirror system and a RF output window. The NLT is required to support the
transmission of the RF wave from the interaction cavity towards the QOL. The insert in
the coaxial cavity is down tapered and is extended up to the output end of the NLT. The
designed NLT should have very high transmission efficiency for the operating modes and
should avoid any mode conversion. A raised cosine NLT is designed with the output
radius of 36.38 mm (1.07 times mid-section radius), which is same as the input radius of
the QOL. Length of the NLT is optimized using a particle swarm optimization technique
and the overall length of the NLT is 88.10 mm. The interaction cavity consists of a input
down taper, a straight mid-section and the NLT. Length of the input taper and the mid-
section are 16 mm and 12.5 mm, respectively. Tapers are connected to the straight mid-
section through the parabolic rounding in order to avoid unwanted mode conversion. The
transmission efficiency of the designed NLT is greater than 99.20% for both the operating
modes at their respective frequencies. Design of the NLT is carried out using GDS 2018.
The geometry of the interaction cavity along with the optimized NLT is presented in

Figure 4.7.
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Table 4.4: Launcher design and LOT simulation results [189]

Launcher length (mm) 325.0
Helical cut length (mm) 45.0
Waveguide radius (mm) 36.38
Taper angle (Rad.) 0.002
Gaussian content factor (GCF) 95.86% (for 220 GHz)
96.31 % (for 251.5 GHz)

4.4 Quasi-Optical Launcher

A quasi-optical launcher is used to convert the higher order cavity mode into the lin-
early polarized Gaussian like mode TEMyy. For the dual regime operation, the desired
mode pair is selected such that the relative caustic radius (m/ p) of the modes are ap-
proximately the same (0.306/0.307 for TE4g 30/TEs5 34) so that a common QOL can be
used [194]. The QOL is designed such that Gaussian content of the output beam should
be high and the stray radiation losses should be minimum. In the present design m/ ¥ ,
value of the operating mode pair is around 0.3 and hence these modes cannot form a closed
polygon in the ray representation. Synthesis of the launcher supporting these modes is
quite challenging as it is difficult to obtain the output beam with high Gaussian content
and minimum stray radiation losses. In such a case, a QOL with higher order perturba-
tions included in the wall surface deformation can provide the outgoing wave beam with
high Gaussian content [116]. The fields inside the launcher are greatly influenced by the
oversize factor. In the present design, radius of the launcher is optimized to 36.38 mm
with the oversize factor of 1.07 and higher order perturbations are included in the wall
surface deformations. The designed launcher is tapered with 0.002 radians and has cut
length of 45.00 mm. Launcher length is increased to 325.00 mm, so as to achieve the
output beam with high Gaussian content in both the frequencies of operation. In general,
while designing the QOL for the higher order modes operating at very high frequencies, a
trade-off should be maintained between the Gaussian content of the outgoing wave beam
and the compactness of the launcher. The launcher is designed and numerically optimized

through the commercial software, Launcher Optimization Tool (LOT).

Figure 4.8 shows the field intensities on the launcher wall for 220 GHz and 251.5 GHz
operation. From the field intensity plots, it is observed that the output beams coming out
of the launcher cut are down converted to the Gaussian like TEM mode and the field inten-
sities near the cut edges (represented by the white color dotted line) are less than -30 dB
for both the operating frequencies thereby minimizing the diffraction losses. Figure 4.9
shows the aperture field intensities for the chosen cavity mode pair at their respective fre-

quencies. The aperture is considered as a rectangular area bounded by the launcher axis,
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launcher radius and the axial cut length. From the Figure 4.9, it can be observed that field
intensities are symmetric about the wave beam centroid and the side lobes are negligible.
Figure 4.10 shows the far field intensities calculated for both cavity modes using the far
field approximation (> 2D? /1) and are essentially the same field on the sphere of infinite
radius.

Figure 4.11 shows the field intensities in a plane of the launcher cut (i.e. at a distance
of 36.38 mm from the gyrotron axis) and in the plane of the possible location of the first
mirror (i.e. at a distance of 80 mm from the gyrotron axis). From Figure 4.11, it is un-
derstood that the wave beam positions are nearly same for both the operating frequencies
and hence a common internal mirror system can be used for further phase corrections.
The Gaussian content of the wave beam coming out of the launcher cut are 95.86% and
96.31% for 220 GHz and 251.5 GHz, respectively and this can further be improved by
using the phase correcting mirror system. Tolerance limit on the wall perturbations of
the designed launcher is + 0.01 mm for maintaining the conversion coefficient of greater

90% in both the operating frequencies.

80



4.4. Quasi-Optical Launcher

Wall Field Intensity (dB) TE 48,30 F = 220 GHz

350 0
300 -5
7 20 -10
& v
5p 200 -
[0) 15 O
o (Va]
~— a0
= 150 5
o -20
100
-25
50
0/ : , 30
0 50 100 150 200 250 300
Z (mm)

(a) TE4g30 mode at 220 GHz
Wall Field Intensity (dB) TE 55,34 F = 251.5 GHz

150

Phi (degrees)

100

50

0 50 100 150 200 250 300
Z (mm)
(b) TEs5 34 mode at 251.5 GHz

Figure 4.8: Field intensity on the unrolled launcher wall [189].
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Figure 4.9: Aperture field intensity for (a) TE4g 30 mode at 220 GHz, (b) TEss 34 mode at
251.5GHz [189].
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Figure 4.11: Field intensity in the plane of the (a) launcher cut, (b) possible location of
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4.5 RF Window

In gyrotrons, the high power output beam is extracted through a RF window that act as
a barrier between the vacuum inside the gyrotron and the outer transmission line. RF
window materials are characterized by very low loss tangent and high mechanical and
thermal strengths. Chemically Vapour Deposited (CVD) diamond window is widely used
in megawatt class gyrotrons as it can handle power up to 2 MW [17]. In the present de-
sign, single disk CVD diamond window of thickness (d) 2.0 mm and aperture radius of
50 mm is considered. Transparent frequencies of this window are 220.1 GHz, 251.5 GHz
and 282.9 GHz. The designed window has the transmission bandwidth of 2 GHz around
these frequencies. The transmission coefficient of the output beam passing through the de-
signed window in both the operating frequencies is around 99.97%. The transmission and
reflection coefficients of the window at different frequencies are presented in Figure 4.12.
Tolerance limit on the thickness of the designed RF window is £ 0.07 mm for maintaining

the maximum reflection coefficient of -20 dB in both the operating frequencies.

Table 4.5: Single disk RF window design and results [176]

Window material CVD Diamond
Window aperture radius (mm) 45
Window thickness, d (mm) 2.00

7A/12 (for 220.1 GHz)
8A/2 (for 251.5 GHz)
Disk dielectric constant (€&,) 5.67

Transmission Coefficient (%) | 99.98 (for 220.1 GHz)
99.97 (for 251.5 GHz)
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Figure 4.12: Transmission and reflection coefficients of a CVD diamond window along
the frequency [176].

4.6 Conclusions

In this chapter, design studies of a common electron gun and output coupling system
(includes NLT, QOL and RF window) supporting the dual frequency operation of the
coaxial cavity gyrotron have been presented. A triode type coaxial MIG has been designed
that generates hollow electron beam with the electron beam radius of 10.838/10.834 mm,
velocity ratio of 1.28/1.27, velocity spread of 2.5/3.8%, at the frequencies 220/251.5 GHz,
respectively. A nonlinear taper with the raised cosine profile has been designed and has a
transmission coefficient of greater than 99% for both the operating modes. An advanced
dimpled wall launcher has been designed for supporting the cavity modes with a relative
caustic radius of around 0.3. The Gaussian content of the output beam coming out of
the launcher cut is greater than 95% for both the operating modes. A single disk CVD
diamond window has been designed and is capable of extracting the high power output

beam from the gyrotron at both the operating frequencies with reflections less than -50 dB.
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Chapter 5

Design studies of a Dual Frequency
Coaxial Cavity Gyrotron extended to
the third operating frequency - 283 GHz

5.1 Introduction

Current research activities around the world are oriented towards the development of sub-
THz wave gyrotrons at megawatt class power levels with multi-frequency operational
capabilities. Installing the multi-frequency gyrotrons in the ECRH system would increase
the capability of the heating system and thus allowing the tokamak to operate at different
experimental scenarios without any major increase in the construction costs [129]. Re-
search groups in Japan have reported an experimental operation of a 1 MW long pulse
multi-frequency gyrotron (104/137/170/203 GHz) [61]. KIT, Germany has performed
the step tunable operation of a D-band gyrotron in the frequency ranges of 124-169
GHz [129]. The super conducting JT 60SA tokamak under Japan Atomic Energy Agency
(JAEA) has prepared for dual frequency gyrotron (110/138 GHz) and with an extended
third frequency operation at 82 GHz [63]. This chapter explores the multi-frequency op-
erational capability of an already reported 2 MW dual regime (220/251.5 GHz) triangular
corrugated coaxial cavity gyrotron [190] extended to the third operating frequency of
283 GHz. RF behavior studies of this dual regime gyrotron presented in Chapter 3 con-
firmed that continuous wave power of 2 MW can be obtained at both frequencies with
an interaction efficiency of ~ 33%. Design studies of a common electron gun and out-
put coupling system supporting this dual frequency operation of the coaxial cavity gy-
rotron have been presented in Chapter4. RF behavior studies are carried out for this
gyrotron extended to the third operating frequency of 283 GHz. Mode selection, cold

cavity and self-consistent single mode computations are carried out for this operating
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Table 5.1: Mode selection for multi-frequency gyrotron [176].

f Ro Rb Vd*
(GHz) | ™| P X | (mm) | mm) | V) | ™ %
220.000 | 46 | 29 | 150.7898 | 32.726 | 10.395 | 2.07 | 0.305
250.841 | 52 | 33 | 171.9283 | 32.726 | 10.282 | 1.97 | 0.302
281.817 | 58 | 37 | 193.0657 | 32.726 | 10.192 | 1.89 | 0.300
220.000 | 47 | 29 | 152.1125 | 33.013 | 10.616 | 2.18 | 0.309
252.487 | 54 | 33 | 174.5750 | 33.013 | 10.600 | 2.17 | 0.309
285.114 | 61 | 37 | 197.0375 | 33.013 | 10.580 | 2.16 | 0.310
220.000 | 48 | 30 | 156.7365 | 34.016 | 10.838 | 2.10 | 0.306
251.530 | 55 | 34 | 179.1992 | 34.016 | 10.834 | 2.10 | 0.307
283.208 | 62 | 38 | 201.6619 | 34.016 | 10.829 | 2.09 | 0.307
220.000 | 50 | 30 | 159.3778 | 34.590 | 11.281 | 2.31 | 0.314
251.006 | 57 | 34 | 181.8403 | 34.590 | 11.244 | 2.28 | 0.314
282.149 | 64 | 38 | 204.3028 | 34.590 | 11.214 | 2.25 | 0.313
220.000 | 51 | 29 | 157.3780 | 34.156 | 11.502 | 2.58 | 0.324
251.403 | 58 | 33 | 179.8422 | 34.156 | 11.420 | 2.52 | 0.323
282.942 | 65 | 37 | 202.3059 | 34.156 | 11.354 | 2.47 | 0.321
(* For the calculation of V,, electron beam voltage, beam current, radii ratio and velocity
ratio are 85 kV, 68 A, 3.8 and 1.27, respectively)

frequency using our in-house code GDS 2018 [176]. The time dependent multi-mode
simulations are performed through the SELF-T code [93] with the mode eigenvalues ob-
tained from GDS 2018. Start-up calculations are performed for this operational frequency
with beam-space charge neutralization. Subsequently, design studies of the electron gun
and output coupling system (includes NLT, QOL and RF window) supporting this third
operating frequency 283 GHz in an already proposed dual regime coaxial cavity gyrotron
are carried out. Electron gun simulations are carried out using the particle trajectory
code ESRAY [177]. QOL design studies are performed through the commercial software
Launcher Optimization Tool (LOT).

5.2 Frequency and Mode Selection

220 GHz 1is selected as a principle frequency so that the designed gyrotron can be
used for plasma heating applications in the future tokamaks. Additional frequencies
(220/251.5 GHz) are selected such that the designed multi-regime gyrotron can cater the
multiple requirements in future fusion plants. The design study of the dual regime opera-
tion (220/251.5 GHz) of the present coaxial cavity gyrotron is already presented in [190].
Therefore, 283 GHz is selected as the third frequency for the extended operation of this

dual frequency coaxial cavity gyrotron. The operating mode for this 283 GHz operation
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Figure 5.1: Eigenvalue curves for the desired mode TEg) 35 at 283 GHz along with the
competing modes (R,=34.00 mm, R;=0.5 mm, [ /s=0.7, N=130) [176].

is selected such that the interaction cavity, electron gun and output coupling system de-
signed for the previous dual regime operational studies can also be used for this extended
operation. A mode triplet that satisfy all the design goals and the technical constraints of
such a multi-frequency gyrotron are given in Table 5.1. The TEg 33 mode is chosen as
cavity mode for 283 GHz operation.

5.3 Cold Cavity and Self-Consistent Single Mode Calcu-

lations

The dimensions of the RF interaction circuit used in the present design study are the same
as those reported in the previous dual regime gyrotron studies [190]. Eigenvalue curve
for the desired cavity mode along with the competing modes is shown in Figure 5.1. Cold
cavity field profiles of all the three operating frequencies along the designed interaction
circuit geometry are shown in the Figure 5.2(a). For maximum coupling of the electron
beam with the RF wave, the electron beam radius is calculated as 10.824 mm for the
chosen mode TEg; 33. The product of diffractive Q factor and coupling coefficient is

calculated for the modes in the frequency range + 5 GHz around the operating frequency
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Table 5.2: Interaction cavity dimensions and self-consistent single mode calculation
results [176].

Parameters 220 GHz 251.5 GHz | 283 GHz
Li/Ly/Ls (mm) | 16/12.5/16 | 16/12.5/16 | 16/12.5/16
01/6,/63(°) 3.5/0/3.0 [3.5/0/3.0 [3.5/0/3.0
D; /D, (mm) 4.0/4.0 4.0/4.0 4.0/4.0
R,/R; (mm) 34.00/8.95 | 34.00/8.95 | 34.00/8.95
R, (mm) 10.838 10.834 10.824

f, (GHz) 220.1175 251.6298 283.142
0y 1596.80 2011.89 2518.63
v, (kKV) 87 85 89

I, (A) 70 68 68

a 1.27 1.27 1.23

B, (T) 8.872 10.100 11.466
Metec.(%) 3551 3478 3435

incl. ohmic losses

P,,; (MW) 2.163 2.01 2.09

Po (kKW /cm?) 1.75 1.91 2.30

p; (kW /cm?) 0.13 0.04 0.02

Total Power

Loss (kW) 43.9 454 52.36

O ohmic 107208 116076 123411
V; (kV) 2.26 2.21 2.12

I (A) 430.80 418.09 469.43

and the mode spectrum is plotted in Figure 5.2(b).

After the cold cavity calculations, a self-consistent single mode calculation has been
performed to optimize the power in the main mode. Electron beam parameters and mag-
netic field at the interaction cavity (B,) were optimized for the maximum efficiency in the
main mode and the ohmic wall loadings of the outer cavity and the insert walls are also
calculated. In this calculation, the conductivity of copper was taken as ¢ = 1.4x 107 S/m,
in order to include the effects of the surface roughness and the high operating tempera-
ture. Interaction circuit dimensions and the self-consistent single mode calculation results

at all the three operating frequencies are given in Table 5.2.
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5.4 Time Dependent Multi-mode Calculations

For the present 283 GHz operation, time dependent multi-mode calculations are carried
out for a duration of 3000 ns with 0.01 ns time step. In the simulation, the beam current
(1), the velocity ratio () and the magnetic field (B,) are kept constant at the values 68 A,
1.23, and 11.430T, respectively. While, the beam voltage (V},) is varied linearly from
50kV to 89kV over the time period. The result of this multi-mode simulation is shown
in Figure 5.3 and this indicates that there is a power growth in the desired output mode to
the required value of 2 MW.

Start-up Behavior with Beam-Space Charge Neutralization

For the present 283 GHz operation, the start-up behavior is studied with beam-space
charge neutralization. The electron beam parameters required for the start-up studies
are obtained from the design studies of the electron gun using ESRAY code [177] and are
given in Tables 5.3-5.5. Start-up calculations are performed for both partial space charge
neutralization case (60%) and complete neutralization case (100%) and the results are
shown in the Figures 5.4 - 5.5, respectively. For more realistic analysis in these calcula-
tions, a nonuniform magnetic field profile obtained from the MIG design studies is used.
To obtain stable power in the desired mode the magnetic field is slightly increased from
11.425T to 11.445T for the case of complete space charge neutralization. These calcu-
lations confirm that in the new 283 GHz operation, 2 MW CW power can be obtained in

the desired mode with an efficiency of ~ 33%.

Table 5.3: Electron beam parameters for the start-up behavior - before space charge
neutralization (B, = 11.425T) [177].

Vace KY) | Vi (kY) | I, (A) |V, (KY) | @ B,
89 26.63 | 68.00 | 87.190 | 1.2312 | 0.4035
81 2450 | 67.00 | 79.251 | 1.1232]0.3733
73 23.00 | 66.00 | 71.289 | 1.0368 | 0.3441
65 22.00 | 65.00 | 63.352 | 0.9039 | 0.3059
57 21.00 | 64.00 | 55.417 [ 0.7197 | 0.2519
50 20.00 | 62.00 | 48.459 | 0.5849 | 0.2055
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Figure 5.3: Time dependent multi-mode calculations for the TEg) 33— mode along with
the competing modes with V, =50-89kV, B,=11.430T, ¢ =1.23 and I, =68 A.
Logarithmic scale is used for the illustration of the output power, P,,; (kW) [176], [93].

Table 5.4: Electron beam parameters - after 60% space charge neutralization

(B,=11.425T) [177].

. Vs I,
Scenario &Y) | A) o B,
Before space charge neutralization | 87.190 | 68 | 1.2312 | 0.4035
After space charge neutralization | 88.276 | 68 | 1.2106 | 0.4028

Table 5.5: Electron beam parameters - after 100% space charge neutralization

(B,=11.445T) [177].

. Vy I,
Scenario &) | @A) © B,
Before space charge neutralization | 87.192 | 68 | 1.2252 | 0.4027
After space charge neutralization | 89.000 | 68 | 1.1918 | 0.4015
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5.5 Magnetron Injection Gun

Time dependent multi-mode analysis of the third operating frequency 283 GHz deter-
mines the nominal beam parameters like accelerating voltage, beam current, electron ve-
locity ratio and the magnetic field at the interaction cavity required for the generation of
the desired RF output power and are given in Table 5.6. In the present design studies,
desired beam parameters and the magnetic field required for the third operating frequency
are obtained by tuning the coil currents and electrode potentials of already designed elec-
tron gun for the dual regime operation. For the maximum coupling of electron beam with
the RF wave, electron beam radius is calculated as 10.824 mm. The geometry of the elec-
tron gun and the magnetic guidance system used in the current design studies are same as
those reported in the previous dual regime design studies. The electron beam generated
by the MIG should satisfy the following requirements:

1. Electron velocity ratio spread (A &) should be less than 5%, otherwise mode com-
petition increases and affects the RF power growth in the desired mode.
2. Thickness of the electron beam radius (AR},) should be less than A/8, so that there

will be the efficient energy transfer between the electron beam and the RF wave.

Table 5.6: Nominal Beam Parameters

Frequency 220GHz | 251.5GHz | 283 GHz
Accelerating Voltage (V¢.) 87kV 85kV 89kV
Beam Current (1) T0A 68 A 68 A
Electron Velocity Ratio (o) 1.28 1.27 1.23
Output RF Power 2.0MW 2.0MW 2.0MW
Magnetic Field at Cavity Center (B,) 8.867T 10.105T 11.425T
Electron Beam Radius (Rp) 10.838 mm | 10.834 mm | 10.824 mm

In gyrotrons, solenoids are used for generating the required DC magnetic field. Infor-

mation about the magnetic coils and the current in the coils for all the three operating fre-

Table 5.7: Optimized Coil Data [177]

Coils Length | Breadth | Coil | No. of | Current Current Current
AZ AR radius | turns | 220GHz | 251.5GHz | 283 GHz
(mm) | (mm) | (mm) | N¢ (A) (A) (A)
Main Coil -1 440.00 | 30.00 | 120.00 | 24990 | 119.87 136.59 154.45
Main Coil -2 440.00 | 15.00 | 142.50 | 4930 119.87 136.59 154.45
Compensating Coil | 70.00 45.0 147.50 | 2880 -63.5 -71.0 -82.5
Gun Coil — 1 65.00 25.0 137.50 | 645 7.5 5.45 8.43
Gun Coil -2 20.00 25.00 | 137.50 | 610 3.0 35 6.16
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Figure 5.6: Magnetic field profile along the axial length of the gyrotron. Here, emitter
position is at z=50 mm and center of the interaction cavity is at z=480 mm [176], [177].

quencies are given in Table 5.7. By optimizing the current in the magnetic coils, required
magnetic field at the interaction cavity of 10.864 T is obtained for the current 283 GHz
operation and the generated magnetic field profiles for all the frequencies are shown in
Figure 5.6. For the current 283 GHz operation, triode type MIG is simulated using the
particle trajectory code ESRAY. Modulating anode potential and the magnetic field at the
emitter region are optimized for obtaining the desired beam parameters. Simulation re-
sults of the triode type coaxial electron gun for 283 GHz operation is given in Table 5.8.

The electron beam trajectory is calculated for this operation and is shown in Figure 5.7.
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Figure 5.7: Electron beam trajectory of 283 GHz operation in the designed MIG [177].

Table 5.8: Design Parameters and Simulation Results of the Triode Type Coaxial
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| Parameters \
Frequency 220 GHz 251.5GHz | 283 GHz
Beam current 70 A 68 A 68 A
Accelerating voltage 87kV 85kV 89 kV
Mod. anode voltage 40 kV 31.0kV 26.6 kV
Emitter current density 3.8 A/lcm” | 3.8 A/cm?® 3.8 Alem?
Cathode radius 64.60mm | 64.60 mm 64.60 mm
Cathode angle 25° 25° 25°
Mod. anode angle 25° 25° 25°
Axial width of the emitter 4.4 mm 4.4 mm 4.4 mm
Cathode-mod. anode spacing | 8.45 mm 8.45 mm 8.45 mm
Anode radius 71 mm 71 mm 71 mm

| Results \
Magnetic field at the emitter | 0.21433 T | 0.2405T 0.333T
Compression ratio 41.3708 42.0166 34.31
Electric field at cathode 5.9 kV/mm | 6.29 kV/mm | 6.8 kV/mm
Velocity ratio 1.28 1.27 1.23
Velocity spread (%) 2.5 3.8 1.7
Beam radius (interaction) 10.838 mm | 10.834 mm 10.824 mm




5.6. Output Coupling System

5.6 Output Coupling System

Output coupling system of gyrotron includes a NLT, quasi optical laucher, followed by
phase correcting mirrors and output RF window. Design studies of the output coupling
system supporting this extended operation of 283 GHz are carried out. For the current
283 GHz operation, the same output system components designed for the dual regime
operation as discussed in Chapter4 are used. Output radius of the raised cosine NLT is
36.38 mm, the length of NLT is 88.10 mm. The optimized NLT is shown in Figure 5.8.
Transmission efficiency of the chosen mode TEg; 33 at the desired frequency of 283 GHz
in the designed NLT is also greater than 99.20%.

A quasi-optical launcher is used to convert high order cavity mode into free space
linearly polarized Gaussian like mode. For this 283 GHz operation, as the relative caus-
tic radius of the cavity mode (m/xm, ») TEgp 38 (0.307) is approximately same as that of
TE4830/TEs5 34 (0.306/0.307), the common launcher designed for the dual regime opera-
tion can be used. Synthesis of launcher supporting these cavity modes is quite challenging
as the m/ )y , of these modes are around 0.3. Hence, QOL is designed with higher order
perturbations included in the wall surface deformations. QOL is designed and numer-
ically optimized through the commercial software Launcher Optimization Tool (LOT).
The common launcher design supporting all the three cavity modes and the simulation
results are given in Table 5.9.

Figure 5.9 shows the field intensities on the launcher wall for 283 GHz operation.
From the field intensity plot, it is observed that the output beam coming out of the launcher
cut is down converted to the Gaussian like TEM mode and the field intensities near the cut
edges (represented by the white color dotted line) are less than -30 dB thereby minimiz-
ing the diffraction losses. Figure 5.10 shows aperture field intensity of the cavity mode at
the frequency of 283 GHz. From this plot it can be noted that for 283 GHz operation field
intensities are symmetrical about the centroid of the beam and the side lobe levels are neg-
ligible. Figure 5.11 shows the far field intensities calculated using far field approximation

(> 2D? /A). Figure 5.12 shows the field intensities in a plane of the launcher cut (i.e. at a

Table 5.9: Launcher design and LOT simulation results [189]

Launcher length (mm) 325.0
Helical cut length (mm) 45.0
Waveguide radius (mm) 36.38

Taper angle (Rad.) 0.002

Gaussian content factor (GCF) 95.86% (for 220 GHz)
96.31 % (for 251.5 GHz)
95.33% (for 283 GHz)
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Figure 5.12: Field intensity in the plane of the (a) launcher cut, (b) possible location of
the first mirror [189].

distance of 36.38mm from the gyrotron axis) and in the plane of the possible location of
the first mirror (i.e. at a distance of 80mm from the gyrotron axis). From Figure 5.12, it
is understood that for the current 283GHz the wave beam position is nearly same as that
for the dual regime operation and hence a common internal mirror system can be used
for further phase corrections. The Gaussian content of the wave beam coming out of the
launcher cut are 95.86%, 96.31% and 95.33 % for 220 GHz, 251.5 GHz and 283 GHz,
respectively and this can further be improved by using the phase correcting mirror system.

The thickness of the already designed single disk CVD diamond window for the
dual regime operation is 2.00 mm and this window is transparent around the frequencies
220.1 GHz, 251.5 GHz, 282.9 GHz. The designed window has the transparent bandwidth
of 2 GHz around these frequencies and hence the same RF window can be used for this
283 GHz operation. Design parameters and the results of the single disk CVD diamond
window are given in Table 5.10. The Transmission coefficient of the outgoing beam

through the designed window at all the three operating frequencies is around 99.98%.
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Table 5.10: Single disk RF window design and results [176]

Window material CVD Diamond
Window aperture radius (mm) 45
Window thickness, d (mm) 2.00

7A/2 (for 220.1 GHz)
8A/2 (for 251.5 GHz)
9A/2 (for 282.9 GHz)
Disk dielectric constant (&;) 5.67
Transmission Coefficient (%) | 99.98 (for 220.1 GHz)
99.97 (for 251.5 GHz)
99.97 (for 282.9 GHz)

5.7 Conclusions

In this chapter, design studies have been carried out to explore the multi-frequency oper-
ational capability of an already reported 2 MW dual regime (220/251.5 GHz) triangular
corrugated coaxial cavity gyrotron. The RF behavior of a 2 MW dual regime triangular
corrugated coaxial cavity gyrotron has been extended for the third operating frequency of
283 GHz. For this frequency, the operational mode has been chosen as TEg; 33 by consid-
ering the technical constraints of the multi-frequency gyrotron. The geometry of the in-
teraction cavity used in this design study are the same as those reported in the dual regime
design studies. Cold cavity design, mode competition and self-consistent single mode
calculations have been performed for this operating frequency through GDS 2018. Time
dependent multi-mode calculations have predicted the desired output power of 2 MW ob-
tained in the chosen mode. The start-up behavior has been investigated using electron
beam parameters and realistic magnetic field profile obtained from MIG design studies,
for both partial and complete beam-space charge neutralization cases. These RF behav-
ior calculations predict that 2 MW CW multi-frequency operation (220/251.5/283 GHz)
is possible in the designed coaxial cavity gyrotron. Subsequently, design studies have
been carried out for the electron gun and output coupling system to support the operating
frequency of 283 GHz. These studies confirm that for this extended operation at 283 GHz,
the same gyrotron assembly designed for the dual regime operation can be used. Thus the
multi-frequency operation (220/251.5/283 GHz) is possible in this proposed triangular

corrugated coaxial cavity gyrotron.
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Chapter 6

Design Studies of a 3MW,
Multi-frequency DEMO Class
Triangular Corrugated Coaxial Cavity

Gyrotron

6.1 Introduction

In the fusion tokamaks, ECRH&CD is considered to be effective way of heating the plas-
mas over the other heating methods. In the ITER tokamak, which is being constructed in
France, it is experienced that electron cyclotron current drive (ECCD) efficiency is lower
than other CDs (like ion cyclotron CD, neutral beam CD, and lower hybrid CD) and hence
under steady state operational scenarios of the ITER, ECCD alone is not sufficient [69].
However, in the future commercially prototype of fusion reactors like DEMO tokamak,
which are aimed for achieving stable operation condition for several hours with a high
overall machine gain, the ECRH system should be optimized to provide higher ECCD
efficiency. Design studies on the ECRH&CD system of the European DEMO tokamak
demand gyrotrons operating at the frequencies above 200 GHz for an optimum ECCD
efficiency [12]. Multi-frequency operation of these gyrotrons provides flexibility to the
ECRH system for other applications like plasma start-up, bulk heating, and also in the
upgraded versions of other existing tokamaks like ITER. Compared to the conventional
cavity gyrotrons, the coaxial cavity gyrotrons offer flexibility in controlling mode compe-
tition and also in the reduction of voltage depression. A 170 GHz pre-prototype coaxial
cavity gyrotron developed at KIT, Germany, achieved 2.2 MW output power with 46% ef-
ficiency in short pulse experiments [55]. Ohmic loading on the insert is determined by the

corrugations on the insert. A triangular corrugated insert reduces the problem of localized
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heating compared to a longitudinal corrugated insert. Field analysis for the calculation
of diffractive quality factor and ohmic wall loading in the triangular corrugated coaxial
cavity using Surface Impedance Model (SIM) and full wave approaches is carried out by
S.Singh in [74], [163].

This chapter focuses on design studies of a triple frequency triangular corrugated
coaxial cavity gyrotron. 236 GHz is selected as the principle design frequency so that
the proposed gyrotron can be used in the ECRH system of a DEMO tokamak. Other
frequencies (170/204 GHz) are selected such that the same gyrotron can be used for
other applications like plasma start-up and bulk heating. Considering the EUROfusion
2012 guidelines for a DEMO tokamak, gyrotrons with the single unit power of greater
than 1 MW will be required to reduce the spatial and maintenance requirements of the
ECRH systems [57]. Thus in the current design studies output RF power is targeted to
achieve 3 MW at all the three operating frequencies. Earlier design studies on the coax-
ial cavity gyrotron for increased output RF power of greater than 2 MW were reported
in [169], [167], [168]. Mode selection, cold cavity calculations, mode competition stud-
ies and self-consistent single mode calculations are performed using our in-house code
Gyrotron Design Suite 2018 (GDS 2018) [176]. A triode type coaxial MIG with mag-
netic guidance system is designed for obtaining the desired beam parameters through the
ESRAY code [177]. Start-up calculations are carried out using the SELF-T code [93]
with the mode eigenvalues calculated through GDS 2018 [176]. The design goals and

constraints of this multi-frequency coaxial cavity gyrotron are given in Table 6.1.

Table 6.1: Design goals and constraints for multi-frequency operation.

Frequencies 170/204/236 GHz
Output RF Power, Pulse Length 3.0 MW, CW
Diffractive Quality Factor 1500-2400
Beam Voltage 100-110kV
Beam Current 85-90 A

~ 6.8-7.1 T for 170 GHz
Magnetic Field at Interaction Cavity | ~ 8.8-9.0 T for 204 GHz
~ 9.7-9.9T for 236 GHz

Electron Velocity Ratio ~1.30-1.34
Total Output Efficiency > 30%
Estimated Wall Loading < 2kW/cm?
Total Internal Losses < 8%
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Figure 6.1: Transmission and reflection coefficients of a CVD diamond window of
1.860 mm thickness [176].

6.2 Mode Selection and RF behavior Calculation

For multi-frequency operation of the gyrotron, the transparent frequencies of a single disk
RF window must be close to the operating frequencies. In the present study, a single disk
CVD diamond window (& = 5.67) of 1.860 mm thickness and 45 mm aperture radius is
considered. Transmission and reflection plots of the designed RF window are shown in
Figure 6.1. The designed RF window has -20 dB transmission gap of 2 GHz around the
transparent frequencies of 169.4/203.2/237.1 GHz.

The cavity mode for the 3 MW DEMO gyrotron operating at the frequency of 236 GHz
is selected by considering ohmic wall loading and multi-frequency operationability. Mode
selection strategy for multi-frequency operation is explained in detail in [175]. As cavity
wall loading increases with frequency and output RF power, for this 236 GHz opera-
tion the modes with eigenvalue higher than 200 are considered. Additionally, as output
power is targeted to 3 MW, the modes with spread angle of 72° 4 0.5° are considered
for supporting a dual beam launcher [169]. After the cavity mode for the primary fre-
quency (236 GHz) is fixed, the modes for the lower operating frequencies (170/204 GHz)
are chosen by considering the criteria for multi-frequency operation. The modes chosen

for the present multi-frequency operation are TE46 27/ TEss 35/ TEg4 37 at their respective
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frequencies 170/204/236 GHz.

An interaction cavity of the gyrotron includes a straight midsection, an input taper,
an output taper and a coaxial insert. Since the gyrotron operates close to cutoff, the
midsection radius (R,) is calculated according to the desired operating frequency of the
chosen cavity mode, and for the current design studies, R, is determined as 40.55 mm.
In cold cavity calculations, the geometry of the interaction cavity is optimized for the
required value of diffractive Q factor (Q,) of the desired modes at their respective resonant
frequencies. The diffractive Q factor of the cavity is predominantly determined by the
midsection length. The interaction efficiency increases with the increase of the diffractive
Q factor. However, for a fixed value of RF output power increase in the diffractive Q factor
increases the ohmic Q factor and therefore increases the ohmic wall loading. Hence, for
the better trade-off between interaction efficiency and thermal loading of the cavity at all
the operating frequencies in the present multi-frequency operation studies, the midsection
length (L) is optimized as 13 mm. The radius of input down taper is fixed smaller than
the midsection radius so that cut-off frequency of the desired modes are higher than their
operating frequencies. As a consequence, the RF fields are reflected back and there is
minimum transmission towards electron gun. Similarly, the parameters of the output up
taper are determined for maximum transmission of the desired modes towards output
coupling system. To reduce the excitation of unwanted modes, the tapers are connected

to the midsection through parabolic roundings of 4.0 mm.

In the interaction cavity, the field amplitude is maximum around the caustic radius
and it decreases drastically for radii smaller than the caustic radius. For better beam mode
interaction, the electron beam radius is chosen close to the caustic radius of the desired
mode. The insert radius is considered to be smaller than the caustic radius of the desired
mode, so that the field profile of the operating mode remains undisturbed. However, the
insert radius is optimized such that the fields of the undesirable competing modes are
disturbed, thereby reducing their diffractive Q factor. The insert is down tapered so that
Q. of the competing modes can be reduced towards the output end of cavity [74]. In this
study, a triangular corrugated insert is used with the insert radius (R;) of 10.81 mm at the
midsection, and the number of slots (V) is fixed as 150. The dimensions of the triangular
corrugations influence the slot impedance and consequently the ohmic wall loading on the
insert. Considering the thermal loading on the insert at all the three operating frequencies,
the depth (R;) and the spacing of the slot (/) are fixed as 0.5 mm and 0.32 mm. As the
number of corrugations is larger than twice the azimuthal index of the chosen cavity
modes, the fields in the slots would be uniform, and therefore the SIM is used for the

calculation of eigenvalues and ohmic wall loading.

Longitudinal field profiles of the desired modes at the respective resonant frequen-
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Figure 6.2: Longitudinal field profile of the cavity modes along the interaction
cavity [176].

cies are shown along the interaction geometry in Figure 6.2. After cold cavity computa-
tions, mode competition studies are carried out. For maximum coupling of the RF with
the electron beam, the electron beam radius (R}) is determined for the chosen modes as
13.472/13.411/13.311 mm at their respective frequencies of 170/204/236 GHz. The prod-
uct of diffractive quality factor and coupling coefficient (Q, * CC) is calculated with the
determined R;, for the most probable competing modes in the frequency range of =5 GHz
around the operating frequencies and are shown in Figures 6.3-6.5. This product is im-
portant since this is inversely propositional to the starting current of the mode. Next step
is the initial optimization of electron beam parameters (like beam voltage, beam current
and velocity ratio) and magnetic field in the interaction cavity using single mode self-
consistent calculations. The beam parameters and the magnetic field are optimized for
the required value of output RF power with maximum efficiency. In this calculation, to
include the effects of the surface roughness and the high operating temperature, the con-
ductivity of copper is considered as (¢ = 1.4 x 107 S/m) instead of 5.67x10” S/m. The
optimized dimensions of the interaction geometry and the single mode calculation results

are given in Table 6.2.
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Figure 6.3: Product of diffractive quality factor (Q,) and coupling coefficient calculated
for the most probable competing modes with the beam radius of R;, =13.472 mm for
170 GHz operation [176].
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Figure 6.4: Product of diffractive quality factor (Q,) and coupling coefficient calculated
for the most probable competing modes with the beam radius of R, =13.411 mm for
204 GHz operation [176].
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Table 6.2: Dimensions of interaction cavity and Single mode results [176].

|

Geometrical Parameters of Interaction Cavity

|

L1 /Ly /L3 (mm) 16/13/16

01/6,/63(°) 2.5/0/3.0

Dy /Dy (mm) 4.0/4.0

R, /Ri(mm) 40.55/10.81

N 150
Ry/1(mm) 0.5/0.32
Single mode Results

f (GHz) 169.8 [203.2 [236.6
Qu 1231.0 | 1648.83 | 2212
Vace(KV) 103 108 110
I,(A) 90 93 85
Ry, (mm) 13.472 [ 13.411 | 13311
« 134 | 1.30 1.30
B,(T) 6.980 |8.430 [9.885
Nelec incl. ohmic loading(%) | 35.25 | 34.63 | 32.19
Pout(MW) 327 |3.48 3.01
Po (kW /cm?) 1.56 | 1.91 2.06
pi (kW /cm?) 0.14 | 0.02 0.02
Total Power Loss (kW) 52.25 | 63.20 64.80
V(kV) 3.10 |3.04 2.68
I.(A) 454.58 | 516.53 | 535.88
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Figure 6.5: Product of diffractive quality factor (Q,) and coupling coefficient calculated
for the most probable competing modes with the beam radius of R, =13.311 mm for
236 GHz operation [176].

6.3 Design studies of Magnetron Injection Gun

RF behavior studies calculate the nominal beam parameters required for the generation
of desired output RF power. MIG design studies are carried out for design and optimiza-
tion of an electron gun geometry with a magnetic guidance system for generation of a
hollow electron beam with the required beam parameters. Initial geometrical parameters
like cathode radius, anode radius, emitter slant length, spacing between the electrodes are
determined through Baird calculations in adiabatic approximation [191]. Magnetic com-
pression (b = B, /B,, where B, is the magnetic field in the cavity, B, is the magnetic field
at the emitter) relates the emitter radius (R.) to the beam radius (R,) through Busch theo-
rem in paraxial approximation by R. = v/b.R,. Baird calculations are carried out through
GDS 2018 [176].

Next step is the optimization of the electron gun geometry and the magnetic guid-
ance system through the particle trajectory code ESRAY [177]. The main objective of
optimization is to design a MIG that can generate a high quality electron beam with the
required beam parameters at all the three operating frequencies. The high quality elec-
tron beam is the one with low values of velocity ratio spread (A«) and beam thickness
(ARyp). For the efficient interaction of the beam with the RF wave, the thickness of the
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Table 6.3: Magnetic Coil Data for multi-frequency operation [176], [177]

Coils Length | Breadth | Coil | No. of | Current | Current | Current
AZ AR radius | turns | 170 GHz | 204 GHz | 236 GHz
(mm) (mm) | (mm) | Nc (A) A) A)

Main Coil -1 300.00 39.00 | 197.50 | 17260 | 110.00 133.00 154.78
Main Coil -2 300.00 28.00 | 231.00 | 9350 110.00 133.00 154.78
Compensating Coil | 89.00 56.00 | 206.00 | 6010 -57.80 -70.50 -82.75
Gun Coil - 1 56.30 17.00 | 186.50 | 1140 8.60 12.00 14.30
Gun Coil -2 25.00 12.00 | 184.00 | 900 7.30 8.55 11.00

electron beam should be less than A /8. Lower value of A, ensures the growth of RF
power in the desirable mode [193]. The magnetic coils used for generation of the re-
quired field along the electron gun geometry are shown in Figure 6.6. Two main coils are
placed around the interaction cavity for generation of the constant magnetic field around
the cavity region. A compensating coil is placed between the cavity region and the emitter
region for reducing the magnetic field towards the emitter and optimization of the mag-
netic field growth towards the cavity region. Two gun coils are located around the emitter
region, for optimization of the magnetic field in this region. At the interaction region,
the maximum magnetic field required for obtaining desired RF power at the respective
frequencies 170/204/236 GHz are 6.985/8.445/9.825 T and the generated magnetic field
profiles are shown in Figure 6.7. The dimensions of the magnetic coils along with the
number of turns and the coil currents at the respective operating frequencies are given
in Table 6.3. Electron beam trajectories are calculated for the desired operating frequen-
cies in the designed coaxial MIG and are shown in Figures 6.8-6.10. The dimensions of
the optimized electron gun geometry and the simulation results at all the three operating
frequencies are given in Table 6.4.
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Figure 6.6: Location of the magnetic coils along the electron gun geometry [176], [177].
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Figure 6.7: Magnetic field profiles obtained for the different operating frequencies [176].
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Figure 6.8: Electron beam trajectory in the designed coaxial MIG to support 170 GHz
operation [177].
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Table 6.4: Geometrical parameters and simulation results of the optimized coaxial
MIG [177].

Geometrical Parameters of Coaxial MIG

Cathode radius 78.00 mm
Cathode angle 21.00°
Mod. anode angle 20.50°
Axial width of emitter 4.5 mm
Cathode-mod. anode spacing 10.90 mm
Anode radius 100.60 mm
Input Parameters |
Frequency 170 GHz 204 GHz 236 GHz
Beam current 9 A 93 A 85 A
Accelerating voltage 103 kV 108 kV 110 kV
Mod. anode voltage 50.50 kV 44.90 kV 37.50 kV
Emitter current density | 3.5 A/cm? 3.5 Alem? 3.5 Alem?
Results
Magnetic field at emitter | 0.2318 T 0.2772'T 0.3180 T
Compression ratio 30.1337 30.4654 30.8962
Electric field at cathode | 4.50 kV/mm | 5.75 kV/mm | 6.10 kV/mm
Velocity ratio 1.34 1.30 1.30
Velocity spread (%) 3.10 3.50 3.45
Beam radius in cavity 13472mm | 13.411mm | 13.311 mm
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6.4 Time Dependent Multi-mode Simulations

Time dependent multi-mode simulations are carried out to understand, RF power growth
in the desired modes under the influence of the competing modes. The multi-mode cal-
culations for the triangular corrugated coaxial cavity gyrotron are carried out through the
SELF-T code with the mode eigenvalues obtained from GDS 2018. Multi-mode simu-
lations are performed for all the desired cavity modes at their respective operating fre-
quencies for the time period of 3000 ns with the time step of 0.01 ns. The electron beam
voltage (V}) is varying linearly up to 2500 ns and maintained at the constant value for
the last 500 ns. Other beam parameters (like the beam current (1), the electron veloc-
ity ratio (&) and maximum magnetic field at the interaction cavity (B,) are maintained
constant through out the simulation. In these calculation magnetic field profile is main-
tained constant throughout the interaction region. The nominal beam parameters used in
the time-dependent calculations for the three different operations are given in Table 6.5.
Simulation results obtained for the three different frequencies are shown in Figures 6.11-
6.13 and these results confirm that for the chosen nominal parameters RF output power in
the desired cavity modes reach the power level of ~ 3 MW at their respective operating

frequencies.

Table 6.5: Nominal parameters used in the time dependent multi-mode
calculations [176], [93]

Desul*\(/el(i dCeav1ty Va;;a(tll(o‘l;)m I,(A) | B, (T)| «
TE4627 - 60-103 90 6.985 | 1.34
TEss 3 60-108 93 8.445 | 1.30
TE¢437,— 60-110 85 9.825 | 1.30
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Figure 6.11: Time dependent multi-mode calculations for TE4¢ 27 — mode at 170 GHz
along with other competing modes with nominal beam parameters shown in Table 6.5.

In this output RF power, P,,; (kW) is illustrated in logarithmic scale [176], [93].
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Figure 6.12: Time dependent multi-mode calculations for TEss 3, — mode at 204 GHz
along with other competing modes with nominal beam parameters shown in Table 6.5.

In this output RF power, P,,; (kW) is illustrated in logarithmic scale [176], [93].
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Figure 6.13: Time dependent multi-mode calculations for TEg4 37— mode at 236 GHz
along with other competing modes with nominal beam parameters shown in Table 6.5.
In this output RF power, P,,; (kW) is illustrated in logarithmic scale [176], [93].

6.5 Start-up Calculations

In the start-up scenario of 236 GHz operation as shown in Figures 6.14-6.16, the beam
voltage (V) reduces from the accelerating voltage (V) of 110kV to 107.873kV, due
to the effect of space charge fields [178]. For these calculations, the beam parameters
are obtained from the MIG design studies with V}, raises from 58.012kV to 107.873kV
over the time period of 3000 ns, 5, and o are varying accordingly. A diode type of start-
up scenario is considered in which the modulation anode voltage varies along with the
cathode voltage [180]. The maximum magnetic field in the interaction cavity center (B,)
is optimized to 9.840 T. Excitation of the parasitic oscillations in the gyrotron interaction
cavity is mainly due to the after cavity interaction occurring in the up-taper section of
the cavity. The varying magnetic field profile in the interaction region is responsible for
the after cavity interactions [195]. To understand the effect of parasitic oscillations on
the startup scenario a nonuniform realistic magnetic field profile obtained from the MIG
design studies is used in this calculation. During the initial time of startup, the modes
with high relative coupling (larger than 80% of main operating mode) dominate and after
Vj, raises to 90kV the desired mode TEg4 37— dominates and remain stabilized.

In the long pulse operation, due to the neutralization of space charge, the beam volt-
age increases close towards the accelerating voltage (V) [184]. Start-up calculations

are carried out for both partial (60%-practical case) and complete space charge neutral-
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ization (100%-ideal case). Electron beam parameters used for the start-up calculations
are given in Tables 6.6- 6.11. In the 236 GHz operation, after space charge neutraliza-
tion, V}, raises from 107.873kV to 109.149kV for 60% neutralization (from 107.873 kV
to 110.00kV for 100% neutralization), ¢ reduces as the transverse momentum (yf3 ) of
the beam remains constant during the neutralization process [184]. From Figures 6.15 and
6.16, it can be noted that RF power in the desired cavity mode remains stable throughout
the neutralization process for both partial and complete space charge neutralization cases.
Similarly, for the other two operating frequencies (170/204 GHz), start-up calculations
are performed for before and after space charge neutralization and are shown in Figures
6.17-6.22. From the figures, it can be observed that at both operating frequencies, the par-
asitic modes dominate initially and once V), reaches to the favorable detuning condition,
the desired cavity mode starts to oscillate and dominate over the other competing modes.

For realizing the 3 MW operation in the present design studies higher order modes
are chosen, to control the ohmic wall loading. In [196], it is stated that in the multi mega
watt gyrotrons non-stationary oscillations occur for the operating cavity modes with the
azimuthal index higher than 46. However, this conclusion was drawn from the simulation
results which were calculated for the fixed value of beam parameters with the variation in
cyclotron resonance mismatch and normalized beam current.

In [197], a more detailed analysis of non-stationary oscillations occurring in the high
power gyrotrons was carried out. In this paper effects of azimuthal non-uniformity of the
electron emission and non-uniformity of RF wave envelope on the non-stationary process
of gyrotron operation were analyzed. Simulation studies were performed for understand-
ing these effects by varying different beam parameters and also initial assumptions. From
the simulation results, it was concluded that non-uniformity in the electron emission is
one of the prime reason for the azimuthal instabilities occurring in high power gyrotrons.
Furthermore, it was also concluded that the stable single-mode operation could be realized
in high power gyrotrons operating at higher order modes by properly choosing the beam
parameters and the external magnetic field. In 2013, design studies of a 4 MW coaxial
cavity gyrotron were performed in which stable single mode of operation was reported
for the chosen cavity mode of TEsj 31 at 170 GHz [169]. Results of the startup studies
of the present design confirm that stable operations are possible in all the three chosen

modes at the desired frequencies.
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Table 6.6: Electron beam parameters for the start-up behavior - before space charge
neutralization (170 GHz) [177].

Vacc (kV) Vm (kV) I b (A) Vb (kV) a ﬁj_
103 50.5 90.00 | 100.371 | 1.3416 | 0.4400
95 47.50 88.00 | 92.648 | 1.1039 | 0.3938
88 46.50 86.00 | 85.876 | 0.8987 | 0.3440
80 44.60 | 85.00 | 77.955 | 0.7468 | 0.2961
70 42.75 84.00 | 68.005 | 0.5851 | 0.2368
60 39.50 | 83.00 | 58.012 | 0.4062 | 0.1654

Table 6.7: Electron beam parameters - after space charge neutralization (170 GHz) [177].

. \ % 1
Scenario b b o

kY) A -
Before space charge neutralization 100.371 | 90 | 1.3417 | 0.4400

After 60% space charge neutralization | 101.948 | 90 | 1.3087 | 0.4388

After 100% space charge neutralization | 103.00 | 90 | 1.2893 | 0.4381

Table 6.8: Electron beam parameters for the start-up behavior - before space charge
neutralization (204 GHz) [177].

Vace &V) | Vi (KV) | I, (A) |V, (KV) | o B,
108 4490 | 93.00 | 105.478 | 1.3078 | 0.4442
100 43.50 | 91.00 | 97.762 | 1.0640 | 0.3955
90 42.00 | 88.00 | 87.915 | 0.8523 | 0.3375
80 41.00 | 86.00 | 78.020 | 0.7087 | 0.2868
70 40.00 | 84.00 | 68.121 | 0.5388 | 0.2230
60 39.00 | 83.00 | 58.097 | 0.3542 | 0.1468

Table 6.9: Electron beam parameters - after space charge neutralization (204 GHz) [177].

Vi I
w | * | B
Before space charge neutralization 105.478 | 93 | 1.3078 | 0.4442
After 60% space charge neutralization | 106.991 | 93 | 1.2791 | 0.4431
After 100% space charge neutralization | 108.00 | 93 | 1.2629 | 0.4424

Scenario

Table 6.10: Electron beam parameters for the start-up behavior - before space charge
neutralization (236 GHz) [177].

Vaiee KY) | V), (KV) [ I, (A) |V, (kV) | « B.
110 37.50 | 85.00 | 107.873 | 1.30 | 0.4468
100 37.00 | 83.00 | 98.131 | 1.0159 | 0.3874
90 36.50 | 80.00 | 88.235 | 0.8571 | 0.3390
80 36.00 | 78.00 | 78.293 | 0.7392 | 0.2956
70 35.50 | 76.00 | 68.387 | 0.5511 | 0.2275
60 35.00 | 75.00 | 58.348 | 0.3938 | 0.1615
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Table 6.11: Electron beam parameters - after space charge neutralization
(236 GHz) [177].

Scenario

Vs
(kV)

I,
(A)

B.

Before space charge neutralization

107.873

85

1.30

0.4468

After 60% space charge neutralization

109.149

85

1.2754

0.4459

After 100% space charge neutralization

110.00

85

1.2605

0.4452
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Figure 6.14: Multi-mode calculations - Start-up behavior of the desired mode TE¢4 37, —
mode at 236 GHz before space charge neutralization with V;, = 58.348-107.873kV,
B,=9.840T, o and I, vary accordingly. In this output RF power, P,,; (kW) is illustrated
in logarithmic scale [176], [93].
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B,=9.840T, o and I, vary accordingly. In this output RF power, P,,; (kW) is illustrated
in logarithmic scale [176], [93].
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Figure 6.19: Multi-mode calculations - Start-up behavior of the desired mode TE4¢ 27 —
mode at 170 GHz after 100% space charge neutralization with V, =100.371-103.00kV,
B,=6.985T, o and I, vary accordingly. In this output RF power, P,,; (kW) is illustrated
in logarithmic scale [176], [93].
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Figure 6.20: Multi-mode calculations - Start-up behavior of the desired mode TEss 3, —
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6.6 Conclusions

The design studies of an advanced DEMO class coaxial cavity gyrotron with triangular
corrugated insert have been presented in this chapter. Output RF power of the proposed
gyrotron has been targeted to 3 MW for reducing the number of RF sources in the ECRH
system of a DEMO tokamak. To support this high power operation at the desired op-
erating frequency of 236 GHz the modes with the eigenvalue higher than 200 were con-
sidered. By considering all design constraints and multi-frequency operation capability,
the cavity modes have been selected as TE4¢ 27/ TEs5 32/TE¢4 37 at the respective fre-
quencies 170/204/236 GHz. The interaction cavity geometry has been optimized through
cold cavity calculation, and mode competition studies were performed. The initial beam
parameters and the magnetic field were optimized through single mode calculations. A
coaxial MIG has been designed for generating the required beam parameters to support
this multi-frequency operation. The start-up behavior calculations have been carried out
at all the three desirable frequencies with beam-space charge neutralization. These cal-
culations reveal that RF output power of 3 MW can be achieved at all the three desirable
frequencies of the proposed DEMO gyrotron.
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Chapter 7

Analysis of the RF Interaction Cavity
with Misaligned Triangular Corrugated

Coaxial Insert

7.1 Introduction

Compared to conventional cavity gyrotrons, coaxial cavity gyrotrons offer several ad-
vantages like reducing mode competition, operation at higher power levels because of
reduced voltage depression. However, practical development of coaxial cavity gyrotron
faces serious issues like proper cooling of the insert, mechanical support of insert as the
insert is extended from the cathode of the electron gun to the non-linear taper section.
Ideally in coaxial cavity gyrotrons, coaxial insert, annular electron beam and outer reso-
nant cavity all should lie in the same axis and should form concentric circles. However,
achieving perfect alignment practically is not possible, and there is always some misalign-
ment between either the axes of the insert and outer resonator or the axes of the electron
beam and the outer resonator or all the three axes. Additionally, in gyrotrons, magnetic
axis does not form a straight line due to the misalignment in the manufacture of different
superconducting coils. This leads to the radial displacement of the gyrating hollow beam.
However, in the assembling of gyrotrons, the electron beam can be aligned with the insert
axis or outer resonator axis. Proper alignment of the electron beam can also be achieved
by using dipole coils. All these misalignments will have serious effect on the operation
of gyrotron.

Misalignment in the electron beam creates an unequal voltage depression. This leads
to spread in the electron beam energy and consequently reduces the interaction efficiency.
Structural misalignment of the inner rod with the resonant cavity changes the field pattern
of the TE mode, and axisymmetry of the fields got affected. This changes the field maxi-
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mum of the TE mode to the different radial position. Due to misalignment in the electron
beam, the electron beam cannot be positioned at the field maximum position of the TE
mode. Thus all these misalignments together, reduce the interaction efficiency, output
RF power, and stability of the gyrotron. In this chapter, misalignment of the triangular
corrugated insert in a coaxial cavity gyrotron is discussed. First, the surface impedance
model (SIM) is used for the analysis of the fields in the misaligned system. In this case,
fields in the slots are assumed to be homogeneous with a condition that the number of
slots should be greater than twice the azimuthal index of the cavity mode. Later, the anal-
ysis of the misaligned system is extended for the general case using full wave approach,
spatial harmonics method (SHM). The mathematical formulation is derived for the dis-
persion relation of TE modes in the coaxial cavity with misaligned triangular corrugated
insert through both of the approach. Effect of insert misalignment on the eigenvalue and

the oscillating frequency of modes in the triangular corrugated coaxial cavity are studied.

7.2 Field Analysis using SIM

Earlier studies on the effect of insert misalignment on the fields of the TE modes in
the coaxial cavity were performed through point matching, finite differences, and trun-
cation of series [198], [199], [200], [201]. Later conformal transformation was used
in [202], [203] and the Helmholtz equation in the misaligned system was transformed
to a weighted Helmholtz equation in a perfect coaxial system. In 1997, Dumbrajs et al.
studied the effect of insert misalignment in a coaxial cavity gyrotron with rectangular
corrugated insert [204]. In this paper, the fields of the modes were represented through
azimuthal harmonics then Graff’s addition theorem was used in transforming the field
expressions of the mode in the misaligned system. In 2000, Zhang et al. performed the
insert misalignment studies in a coaxial cavity gyrotron with smooth wall insert [205]. In
this paper mathematical formulation for the dispersion relation of cavity modes in the mis-
aligned system was derived by using coordinate transformation through Graftf’s addition
theorem and superposition of cylindrical wave functions. In this section, field analysis of
the coaxial cavity with misaligned triangular corrugated insert is carried out using SIM

approach.

7.2.1 Cavity with Perfectly Aligned Corrugated Coaxial Insert

Figure 7.1 shows cross section of a coaxial cavity with misaligned insert and a perfect
coaxial cavity. For better understanding, coaxial cavity with misaligned insert is referred

as system A and perfect structure is referred as system B. Field quantities in system B
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YTIY
X W
d

(a) (b)

Figure 7.1: Cross section of a triangular corrugated coaxial cavity, (a) misaligned
structure (system A), (b) perfect cavity (system B) [74].

are represented by a prime. Field equations of the perfect structure are explained in this
section and that for the misaligned coaxial cavity are derived in the following section. R,
and R; are the radius of the outer cavity and of the inner rod, respectively. N is the number
of the triangular slots on the insert, R; is the depth of the slot and S is the width of the
slot. As the number of corrugations are greater than the twice of the azimuthal index of
the operating mode, fields inside the slots are homogeneous. Therefore, SIM approach
can be used for the field analysis of the coaxial cavity.

The fields inside the triangular slots are given by [74]

E, (r/,z) =0

slot

E, (r,2) =k Agdo(k, r WVnf:

¢slot
l . k/z ro A
stlot(r 2) = _]ﬁAOIJO(kJ_r )Wnnfz (7.1)
00

Axial magnetic field in the coaxial region of the cavity is given by

rot . klz o i NN
H,.(R,$,2)= Z_Jk/_}Angm(kJ_R )WVamexp(—jm¢ ) f; (7.2)
m 00

where
Zyw(k R) =Tp(k R ) + BunYn(k R

Viun 18 the maximum of axial field structure and fz is the normalized field structure.
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Applying the boundary condition at the outer cavity, B, is given by

Y, (%)
where ¥ = k’LRo is the eigenvalue of the mode.

By equating the impedance at the interface of the coaxial region and the slot region,
dispersion relation for the coaxial cavity with triangular corrugated insert is obtained and

is given by

T2 (Y /) +WYn(2/€)) =Y(2) (I /C)+ Win(x/©)) =0 (1.3)
where W is the normalized impedance at the insert surface and is given by

_ Lh(x/Ca) (7.4)
SJo(x/Ca)

and C; =R, /Ry.
Equation (7.3) is clearly emphasizing the well known fact that single mode can exist
in the perfect coaxial cavity with triangular corrugated insert and for different values of

azimuthal index m, eigenvalues are different.

7.2.2 Cavity with Misaligned Corrugated Coaxial Insert

In the coaxial cavity with misaligned insert, axis of the insert is misaligned with that of
the outer cavity by a distance of d and is shown in Figure 7.1(a). By using the coordinate
transformation, radial component of the fields in system A is related to that of system B
by [205
y [205] R
R=R+d (15)

Graff addition theorem is used for the transformation of the fields in system B to
system A. For the triangle AOPO' shown in Figure 7.2, Graff addition formulas are given
by [206]

[

In(k R ).exp(—jm(¢ —9)) = ¥ Jp(kid)msp(kiR).exp(—jp¢)
=

Y(k R ).exp(—jm(¢ — 9)) = f:ﬁﬂaﬁnwﬂhﬂ)mﬂ—HW) (7.6)
pe

For the transverse electric modes, axial magnetic field in the coaxial region of system B
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Figure 7.2: Coordinate system used for the analysis of the coaxial cavity with misaligned

inner rod.
is given as follows
Hzcoax <R7 ¢ ) Z) -
> k> .
Z Z _J'_LAanp (de)Zerp (kLR)an.exp(—j(m + P)‘P)fz (7.7)
m p=—oo kOZ()

By applying inner and outer boundary condition for system A, dispersion relation is

given by

Y Y 1o /Ro) [Ty ) (Va2 /) WH(2/C))

m p=-—oo

Yy (1) (02 /) + Win(2/©)) | =0 (7.8)

By letting m + p = i, eigenvalue equations for the transverse electric modes in the trian-

gular corrugated coaxial cavity with misaligned insert can be written as

133



Chapter 7. Analysis of a RF Interaction Cavity with Misaligned Triangular Corrugated
Coaxial Insert

Y Jin(2d/R) [9i(2) (Ya(2/C)+ WYal(2/C))

m

/(1) (/) + Win(2/C)) | =0
i=0,£1,£2,£3... (7.9)
When d = 0 in equation (7.9), the dispersion relation of the coaxial cavity with misaligned

insert is restored to equation (7.3), the dispersion relation of the perfect coaxial cavity, by

using the Bessel function properties and are given by [206]

Jiem(Xd/Ro) =1, for m=i
=0, for m#i

(7.10)

From equation (7.9), it is understood that in the misaligned coaxial cavity, single mode

eigenvalue solution cannot satisfy the boundary conditions.

7.2.3 Eigenvalue Calculations

A 170 GHz, 2MW triangular corrugated coaxial cavity gyrotron is considered for the
present analysis. Operating mode is chosen as TE34 0, the radius of the cavity is
29.54 mm and the mid-section length of the cavity is 16 mm. Figure 7.3 shows the eigen-
value curves for TE34 59 mode in the perfect coaxial cavity by solving equation (7.3) for
varying depth of slot. In a coaxial cavity with down tapered insert, operating C (=R, /R;)
range is selected such that, eigenvalue curve of the main mode lies in the constant region
and that of the competing modes lie in the negative slope region. Positive slope in the
eigenvalue curve is avoided since this increases the ohmic wall loading on the insert. In
the present design, insert radius at the midsection of the cavity is chosen as 7.81 mm,

width and the depth of the slots are 0.40 mm and 0.45 mm, respectively.

For C = 3.78, the effect of insert misalignment on the eigenvalue of the operating
mode TEjz4 50 is calculated using equation (7.9). In this calculation i varies from -6 to
+6. As shown in Figure 7.4, in a triangular corrugated coaxial cavity eigenvalue increases
with the insert misalignment, however in case of a non-corrugated insert (R; = 0.0 mm),
as shown in Figure 7.5, eigenvalue decreases with the misalignment. It is to be observed
that for C = 3.78, in case of triangular corrugated insert (R; = 0.45 mm), eigenvalue lies in
the negative slope region, but in case of non-corrugated insert (R; = 0.0 mm), eigenvalue

lies in the positive slope region.
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Figure 7.3: Eigenvalue of TE34 29 mode in a perfect coaxial cavity for varying slot depth.

The oscillating frequency of the TEy, , mode is given by

f=§\/ki+k§ (7.11)

where, k| and k; are the cutoff and axial wavenumber, respectively. k; is given by ¢7/L,
where, ¢ = 1,2,3,... and L is the midsection length of the cavity.

Figure 7.6 shows shift in eigenfrequency of the TE34 50 mode with insert misalign-
ment. From Figure 7.6, it is understood that eigenfrequency of the mode increases with

the insert misalignment in the coaxial cavity.
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Figure 7.4: Variation in eigenvalue of TE34 70 mode with insert misalignment in the
coaxial cavity with triangular corrugated insert (R; = 0.45 mm), where radii ratio
C =3.78.
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Figure 7.5: Variation in eigenvalue of TE34 9 mode with insert misalignment in the
coaxial cavity with non-corrugated corrugated insert (R; = 0.0 mm), where radii ratio
C=3.78.
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Figure 7.6: Shift in eigenfrequency of TE34 20 mode due to insert misalignment in the
triangular corrugated coaxial cavity (R; = 0.45 mm), where radii ratio C = 3.78.

7.3 Field Analysis using Full Wave Approach

Analysis of the coaxial cavity with misaligned insert carried out using SIM is simple and
effective. However, the assumptions of the homogeneous field in the slots is possible only
when the number of slots on the insert wall is greater than twice the azimuthal index of
the cavity mode. This condition cannot be achieved in all situations particularly when
the higher order mode is chosen as the operating cavity mode. Full wave analysis of
the corrugated coaxial cavity was carried out using the surface integral equation (SIE) in
which the assumption of homogeneity of the fields in the slots is not required [160]. Using
this SIE method, two different types of coaxial cavities one with wedge shape corrugations
on the insert wall and another with corrugations on the outer resonator wall were analyzed
in [96]. Another full wave technique that is popularly used is the space harmonics method
(SHM) in which fields are expressed in terms of spatial eigenfunctions [207]. Different
waveguide systems are analyzed using this SHM technique [207], [208]. Mathematical
formulation of the calculation of eigenvalue and ohmic losses in a coaxial cavity with
triangular corrugated insert using SHM was carried out in [163]. In this section, fields in
the triangular corrugated coaxial cavity with the misaligned insert are expanded through
space harmonics, and the dispersion relation for the cavity modes are derived by applying

proper boundary conditions.
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(2) (b)

Figure 7.7: Schematic of coaxial cavity with triangular corrugations on the insert slot
section [74].

7.3.1 Mathematical Formulation

Cross section of a triangular corrugated coaxial cavity with misaligned insert (system A)
and perfect coaxial cavity (system B) are shown in Figure 7.1 of the previous section. Vari-
ables representing the electromagnetic fields in the system B are indicated with prime. For
the better understanding schematic of the triangular corrugated coaxial cavity is redrawn
in Figure 7.7. R, is the outer cavity radius, R;, is the coaxial insert radius, N is the number
of triangular corrugations on the coaxial insert, R is the depth of a single corrugation /
is the slot opening and s be the period of a corrugation. ¢, and ¢ are the azimuthal vari-
ations of the slot, and the angular width of the slot is given by ¢;=¢.-¢. By the general
solution of Helmholtz equation for TE modes the axial magnetic field of system B is given
by [205],

)

;o . k o . AN
H, 0 (R, ,2) = Z_]k/_%AmZm(kJ_R VWamexp(jm¢ ) f; (7.12)
m 00

where
Zn(k R) = Jpu(k R ) + BynY(k R

V.un 18 the maximum of axial field structure, fz is the normalized field structure and B,,,,

is given by,
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In system A, the axis of the insert is shifted from the axis of the outer cavity by a dis-
placement of d as shown in Figure 7.1(a). For further calculations, the radial components
in system A and in system B should be related. This is done by using a coordinate trans-

formation [205] given as,

_)
R-—R+d (7.13)

In order to transform the field equations from coordinate system of system B to that of
system A, Graff addition theorem is used. For the triangle AOPO' shown in Figure 7.2,
Graff addition formulas are given by [206],

In(k R ).exp(jm@’) = i Ty (kyd) s p(k R).exp(j(m+p)o)
e

Vulk R ).exp(jmd ) = Y Jy(kod)Yep(k.R).cxp(j(m+ p))
R

Applying these transformations to equation (7.12), axial component of magnetic field in

the system A is given by,

H (R, 0,2) =

> k2 .
Z Z _jﬁAian(de>Zm+p(kLR}an-exP(j(m"’p)‘i))fz (7.14)

m pzfoo 0+~0

In the entire calculation, the fields in the slots are considered as the same as the case of
perfect system B. However, the fields in the coaxial region are modified and the boundary
conditions are also changed. The fields in the coaxial region of the misaligned system A

are given by,

Er e = Z]A Zintp(kLR)J (k@) Vi frexp(j(m+ p) o). (mTj_p)

E¢coax kJ— ZA m+p kJ—R J (de) man €xp( (m+p)¢)

]k
H =
Zcoax k Z

wZonsp (kL RV (K d)Vin frexp(i(m+p)0) (7,15

Here, p varies from —oo to 0. In this analysis, slot on the insert is considered as a sectoral
cylindrical waveguide of radius R; and the coordinate system for the slot region (r’, V,2)

is different from the coaxial region (R, ¢,z). The new R; due to the misalignment of the
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insert d, is given by,

R; =d.cos¢ +\/R3, — d>.sin>¢

The fields inside the triangular slots are given by [163],

ZB Jk, k,.r )k sin [kl (l//+ %)] anfz

sl ot

Ey,. =ki ZB Jk kLr )cos [kl (l/H— WLH Vot

(o)

Zsl ot —

kLr cos [kl (l/H— ‘VLﬂ Vo

where ol
L
YL
and
v = 2sin”! {R—dsm%}

The slot angle y is given by [163],

_ -1 R,-sin((]) - (Pc)
y=tan (RiCOS(¢ —0c) — So)

Os + e
2

¢ =

So = Ricos(¢ — @) — \/R2 (Risin(9c — 5))*

(7.16)

(7.17)

B; is the field magnitude, V,,, is the maximum of axial field structure and fz is the

normalized field structure. The boundary conditions governing the interface between the

slot region and the coaxial region, is given by [163],

zwax( is Q) Z) zslo,< slots ¥, Z); [for . (PS < (P < (])e]

E‘z’coax (Ri7 ¢7Z) = El//.vlot (RSlOla W7Z>; [fOV . ¢S S ¢ S ¢€]

where,
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Ryior (W) = Ra — \/(RiSin(¢ — 0c) — Rysin(y))* + (Ricos(¢ — 9c) — Racos(y) — So)°

Substituting the corresponding field equations in the boundary condition (7.18) and

applying the mode orthogonality property by multiplying with cos [kl (l;/ + %)} ,
For every i'" slot,

Y AiJi(kid).R, =Bj.Ry, (7.20)

[—=—o0

Rk, —/ Zi,(kiRy).exp(jki @' ).cos [kl (l//—l— WLH v

_/ Ji, (k1 Rgior)-cos [kl (l//~|— WLH dy

where k, = m+1t.

Similarly, substituting the corresponding field equations in the boundary condition
(7.19) and applying the mode orthogonality property by multiplying with exp(— jk,¢)

where k, = m+u,

Ay dy(kid).Ry, —ZZBRk (7.21)
i=1l=

2r
Ry, = /O Zy,(k Rg)d¢

R, = /f T (k1 Ryt cos [k (w25 | exp(— jkud)dg

Substituting for B;' from equation (7.20) in equation (7.21) the final dispersion relation

is obtained as:

Y AD,=0 u=0,+1,42,....... , Foo (7.22)

[=—o0

Do _ N = (R R}
ut — t(kld) Z Z Rk - 5ut-Rku
l

i=11=0

where
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Oou=1, for u=t
=0, for u#t

For a non-trivial solution, the determinant of D,; must be zero. Solving this, the eigen-

value of a triangular corrugated coaxial cavity with misaligned insert can be obtained.

7.3.2 Eigenvalue Calculations

For the present studies, a 2 MW, 170 GHz coaxial cavity gyrotron operating with the cav-
ity mode of TE34 ¢ is considered. The coaxial cavity with triangular slots on the in-
sert wall is considered as the interaction cavity. The radius of the outer cavity (R,) is
29.54 mm, the depth of the triangular slots is 0.45 mm, and the midsection length of the
interaction region is 16 mm. Using the SHM approach, variation in the eigenvalue of
TE34 20 mode with the insert misalignment for the radii ratio C = 3.78 is calculated and
is shown in Figure 7.8. Shift in eigenfrequency of TE34 29 mode with insert misalignment
is shown in Figure 7.9. Variation in the eigenvalue of TE34 50 mode with insert misalign-
ment for the different number of slots on the insert is calculated using both approaches
SIM and SHM and are shown in Figures 7.10-7.12. From the figures, it can be observed
that as the number of slots increases eigenvalue calculated using SIM approaches the
eigenvalue calculated through SHM approach.
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Figure 7.8: Variation in eigenvalue (calculated by SHM approach) of TE34 20 mode with
insert misalignment in the triangular corrugated coaxial cavity (N =75) where radii ratio
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Figure 7.9: Shift in eigenfrequency (calculated by SHM approach) of TE34 20 mode with
insert misalignment in the triangular corrugated coaxial cavity (N =75) where radii ratio

C =3.78.
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105.230 ———rrrrrr — N N N

105.225 |

105.220 [

T

)]

T

<
I

105.215 |

\

105.210

Eigenvalue y

105.205 |-

105.200 | s . 1

105.195 Lot Ll Lo L N L
0.00 005 010 015 020 025 0.3

Insert Misalignment d (mm)
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cavity with insert misalignment for radii ratio C =3.78, N=125.

7.4 Conclusions

In the practical development of coaxial cavity gyrotron, there is always some misalign-
ment exist between the axes of the outer resonant cavity and the coaxial insert. Mis-
alignment in the insert changes the field structure of the operating cavity mode in the
interaction region, and these effects should be properly considered. In this chapter effect
of insert misalignment in the triangular corrugated coaxial cavity for megawatt class gy-
rotron has been carried out. Field analysis of the coaxial cavity with misaligned insert
has been carried out using SIM approach, and later the analysis has been extended for
the general case using full wave approach (SHM). The mathematical formulation for the
dispersion relation of the cavity modes in the misaligned system has been derived using
both the approaches. Effect of insert misalignment on the eigenvalue of the TE34 59 mode
in 170 GHz, 2 MW triangular corrugated coaxial cavity gyrotron has been studied. These
studies quantitatively describe the effect of insert misalignment in the cavity modes of the

triangular corrugated coaxial cavity gyrotron.
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Chapter 8

Conclusion and Future Scope

8.1 Major contributions of this thesis

The prototypes of next-generation commercial fusion tokamaks like DEMO power plant
are aimed for achieving stable operation over several hours and thereby increasing overall
machine gain. It is foreseen that ECRH&CD systems would be applied in the various
experimental stages of the fusion tokamaks. Initial design studies of the ECRH systems
for these future machines suggest that for the effective heating of plasma, RF power will
be required at the frequencies above 200 GHz. In the present work, feasibility analysis
of the coaxial cavity gyrotrons have been carried out with the aim that these gyrotrons
can find applications in the ECRH systems of the future fusion machines. Physical design
studies of the major sub-assemblies of these coaxial cavity gyrotrons have been performed
with the multifrequency operational capability to support multi-purpose applications. In
the coaxial cavity gyrotrons cooling of the insert is critical and hence, in all these design
studies coaxial cavity with triangular corrugated insert has been used as an interaction
cavity. Triangular corrugations on the insert reduce the problem of localized heating on
the insert walls. In addition, field analysis of the triangular corrugated coaxial cavity has
been carried out to qualitatively understand the effect of the insert misalignment.

General introduction to thermonuclear fusion, requirement of high power RF waves
in the fusion reactors for the ECRH application have been discussed in Chapter 1. Evo-
lution of fast wave devices for the plasma heating application in the fusion tokamaks and
different types of fast wave devices especially gyro-devices have also been in this chap-
ter. Basic interaction principle, major sub-assemblies of gyrotron and literature survey on
mega-watt class gyrotrons developed for plasma heating applications have been discussed
in Chapter 2.

Feasibility studies of a 2 MW, dual frequency coaxial cavity gyrotron have been car-

ried out in Chapter 3 and physical dimensions of the interaction cavity were determined
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through the RF behavior studies. Desired operating frequencies (220/251.5 GHz) were
chosen such that the designed gyrotron can be used for the multiple applications in the
future fusion tokamaks. In the proposed space-power grid, 220 GHz is selected as the
down link frequency and the designed gyrotron can also be considered as the millime-
ter wave source for the conversion of DC solar power into millimeter wave signal. By
considering dual frequency operational criteria of coaxial cavity gyrotron and other tech-
nical constraints of megawatt class operation, cavity modes for the chosen frequencies
(220/251.5 GHz) were selected as TE4g 30/TEss 34. Physical parameters of the interaction
cavity were optimized through cold cavity calculations and the calculated Q,; at the de-
sired frequencies were 1597/2012. To understand the mode competition, product of Q4
and coupling coefficient were calculated for the desired mode pair and competing modes
in the frequency range of £ 5 GHz around the desired frequencies. In the self-consistent
single mode calculations, beam parameters and the magnetic field were optimized for
maximum efficiency of ~35% with the desired output power of 2 MW at both the op-
erating frequencies. Time dependent multi mode calculations were performed in which
all competing modes were considered along with the operating mode and beam param-
eters were varied over time. Simulation results predicted that there was a stable growth
of RF power in the chosen cavity modes at the desired frequencies. Startup calculations
were carried out for both before and after space charge neutralization cases with realistic
beam parameters obtained from MIG studies. Startup calculation results confirmed that

the 2 MW, CW dual regime operation is feasible in the proposed coaxial cavity gyrotron.

Physical design studies of the electron gun and output coupling system have been
carried out in Chapter 4 to support dual regime operation of the proposed coaxial cavity
gyrotron. RF behavior studies determined the beam parameters required for the stable
operation at the desired frequencies. A triode type coaxial MIG was designed along with
the magnetic guidance system for the generation of the required beam parameters and the
magnetic field profile. Initial geometrical parameters of the electron gun were determined
through Baird calculations and these were finally optimized along with the magnetic coils
through the beam trajectory simulations. The designed electron gun generates a hollow
electron beam with the beam radius of 10.838/10.834 mm, velocity ratio of 1.28/1.27,
velocity ratio spread of 2.5/3.8% at the frequencies 220/251.5 GHz, respectively. Output
coupling system of the gyrotron includes a nonlinear taper, a quasi-optical launcher and
a RF window. The NLT was designed with raised cosine profile and the geometrical pa-
rameters of the NLT were optimized through particle swarm optimization technique. The
designed NLT was analyzed through scattering matrix code. The transmission coefficient
of the designed NLT is greater than 99% for both the chosen modes at their respective

frequencies. The design studies of QOL were carried out through commercial tool LOT.
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The advanced dimple wall launcher was designed to convert the chosen cavity modes
into free space Gaussian like mode at their desired frequencies. The overall length of
the designed launcher is 325.00 mm and Gaussian content of the output beam coming
out of the launcher cut is greater than 95% for both the operating modes. A single disk
CVD diamond window was designed with the thickness of 2.00 mm and the window has
the transmission gap of 2 GHz around the desired frequencies. The transmission coeffi-
cient of the output beam passing through the common RF window at both the operating

frequencies is around 99.97%.

In Chapter 5, design studies have been carried out to explore the 2 MW, CW operation
at the third operating frequency of 283 GHz in an already designed dual regime coaxial
cavity gyrotron. The cavity mode chosen for 283 GHz operation was TEg) 33 so that the
same components of the gyrotron designed for the dual regime design studies can also be
used for this new operation. Cold cavity calculation, mode competition studies and self
consistent single mode calculations were performed for this 283 GHz operation. Time
dependent multi-mode calculations and startup behavior studies were carried out and the
results of these calculations confirmed that 2 MW CW operation is feasible at 283 GHz
with the interaction efficiency of ~33% in the already designed dual regime gyrotron. De-
sign studies of the electron gun and output coupling system have been performed to verify
whether the same physical components of the dual regime coaxial gyrotron can support
the new 283 GHz operation. By tuning the electrode potentials of the MIG and the cur-
rent in the magnetic coils, the hollow electron beam required for 283 GHz operation can
be generated with the beam radius of 10.824 mm, velocity ratio of 1.23 and velocity ra-
tio spread of 1.7%. For 283 GHz operation, transmission coefficient of the desired mode
TEg 35 in the designed NLT is greater than 99%. The common launcher converts the cav-
ity mode into free space mode at 283 GHz with the fundamental Gaussian mode content
of around 95.33%. The single disk CVD diamond window of thickness 2.00 mm already
designed for the dual regime operation also has the transmission gap of 2 GHz around the

desired frequency of 283 GHz.

Design studies of a triple frequency coaxial cavity gyrotron with the output RF power
targeted to 3MW have been carried out in Chapter 6. By increasing the single power
output of gyrotron to 3 MW, number of RF sources in the ECRH system can be reduced.
236 GHz was selected as the principle design frequency so that the designed gyrotron
could be used for plasma heating application in the DEMO tokamak. Other two lower
frequencies (170/204 GHz) were chosen such that the same gyrotron can be used for
other applications like plasma startup, bulk heating, and also in the upgraded systems
of the existing tokamaks like ITER. For the proposed gyrotron, a single disk CVD dia-

mond window of thickness 1.86 mm was designed to support the output transmission of
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the desired frequencies. As the cavity wall loading increases with frequency and output
RF power, for this 3 MW operation at 236 GHz, the modes with eigenvalue higher than
200 were considered. By considering multifrequency operational criteria, cavity modes
were chosen as TE46 27/TEss 30/TEg4 37 for the respective frequencies 170/204/236 GHz.
The interaction cavity dimensions were optimized through cold cavity simulations and
Q, calculated were 1231/1649/2212 for the respective frequencies 170/204/236 GHz. In
the mode competition studies, beam coupling coefficient were calculated for the oper-
ating main mode along with the competing modes around the desired frequencies. The
beam parameters and magnetic field at the interaction cavity center were optimized for
the 3 MW output RF power at the desired frequencies through the self-consistent single
mode calculation. Time dependent multi mode calculations were carried out for all the
three desired frequencies and simulation results confirmed that for the chosen nominal
parameters RF output power in the desired cavity modes reach the power level of 3 MW.
The common electron gun along with the magnetic guidance system was designed for the
generation of the electron beam with the nominal beam parameters required to support the
triple frequency operation. Startup calculations were carried out for the three frequencies
with beam parameters obtained from MIG design studies. The results of these calcula-
tions confirmed that 3 MW CW operation is feasible at all the three desired frequencies
(170/204/236 GHz).

Analysis of the triangular corrugated coaxial cavity with misaligned insert have been
carried out in Chapter 7. Misalignment in the insert changes the field structure in the
interaction region, and these effects should be properly considered. For the coaxial cavity
with misaligned insert, field analysis has been carried out using the SIM approach, and
later the analysis has been extended for the general case using full wave approach (SHM).
Using both approaches, dispersion relation has been derived for the cavity modes in the
misaligned system. Effect of insert misalignment on the eigenvalue of the TE34 29 mode
in a 170 GHz, 2 MW coaxial cavity gyrotron has been studied. From these studies, the
effect of insert misalignment on the cavity modes of the triangular corrugated coaxial
cavity gyrotron has been qualitatively understood.

In summary, this research work contributes towards the design studies of the major
components of coaxial cavity gyrotron supporting dual/multifrequency operation. These

gyrotrons can be used for the ECRH application in the future experimental tokamaks.

8.2 Future Scope

Coaxial cavity gyrotron offers several advantages over the conventional cavity gyrotrons
and are highly preferable for the ECRH application in the next generation fusion toka-
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maks. The following aspects can explored as the future scope of the present work.

1.

Start-up scenario considered in the design studies of this thesis is of diode type,
where the modulation anode voltage varies proportionally with the beam voltage.
For increasing the output RF power, triode type of startup can be explored. As the
mode competition is severe for the high power operation (>2 MW), these studies

should also investigate on the improved mode stability.

. In the long pulse operation of gyrotron, due to the presence of residual gases

plasma is formed in the interaction cavity and this affects the RF interaction mech-
anism of the gyrotron. Therefore, self consistent calculations should be carried out

for the plasma loaded coaxial interaction cavity of gyrotrons.

. Fast step-tunability of coaxial cavity gyrotron in steps of 2-3 GHz can be explored

at sub-THz wave range as this would be advantageous for stabilization of non-
classical tearing modes (NTM) in the fusion tokamaks by using non-steerable,
fixed launchers.

Misalignment in the hollow electron beam with the interaction cavity axis leads to
spread in the electron beam energy and consequently reduces the interaction effi-
ciency of the gyrotron. This effect should be qualitatively studied for the megawatt

class sub-THz wave coaxial cavity gyrotron.
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Appendix A

Basics considerations for interaction

cavity studies in gyrotrons

In the RF behavior studies of the gyrotron, dimensions of the interaction cavity and the
electron beam parameters are optimized for the required output RF power at the desired
frequency. For the chosen operating mode at the desired frequency, interaction cavity is
optimized through cold cavity approximation and the resonant frequency, Q factor are de-
termined for the chosen cavity mode. Initial optimization of beam parameters are carried
through the equation of motion for the particles with fixed cavity field profile (adiabatic
approximation). Further optimizations are performed through solving the equation of mo-
tion for the particles with the RF field equations (self-consistent calculations). Effects of
mode competition on the RF power growth of the desired mode in the interaction cav-
ity are understood through multi-mode calculations. The field expressions used in the

interaction cavity studies are presented in this appendix chapter.

A.1 Cold Cavity Approximation

The knowledge of the electromagnetic field structure, eigen-frequency (@) and quality
factor are essential for the design of the interaction region of the gyrotron. In the con-
ventional cavity gyrotrons, interaction region consists of input down taper, straight mid-
section and output up-taper. Interaction cavity of the gyrotron behaves as the resonant
circuit due to the reflection of RF fields at the taper regions. Field expressions of the
cavity are obtained by solving the maxwell’s equation in the cavity geometry. @ and Q
are determined through the radiation boundary condition at the output section of the inter-
action cavity. The interaction cavity can be considered as the open-ended resonator with
azimuthal field variation given by /9, temporal field variation as ¢/®’, where ® is given

by w,(1+ j/2Q). Maxwell’s equation is given by
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VxE=—joB (A.la)
VxH=J.+joD (A.1b)
V.D =p, (A.lc)
V.B=0 (A.1d)

For axisymmetrical systems like waveguides, wave equation is obtained from the
Maxwell’s equation
(V2 4+i2)h=0 (A.2)

where £ is the axillary function which satisfies the field expression of the TE/TM modes

in the waveguide. For cylindrical waveguide, V? is given by

02 19 1 92

Vie 4o A3
! 8r2+r8r+r2892 (A9

k; 1s the propagation wavenumber and is given by
K=Kk, (A4)

kpmp 1s the cut-off wavenumber and for cylindrical waveguide it is given by
kmp=Xmp/Ro- Xmp is the pth root of the function J,(¥mp) for TE modes (J,()mp) for
TM modes). 7 is the normal vector to the cavity surface and is given by

I’l9=0

n, = —cosBy

n, = sinBy

dR(z)

pE (A.S)

tanBgy, =

0, is the taper angle. Boundary conditions at the cavity wall can be written as
n.B=0

nxE=0 (A.6)
Radiation boundary conditions at the cavity output are given by

oE

— = —jk.E
aZ .]Z
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oH

— = —jk,H
az .]Z

(A.7)

For TE modes, transverse component of electric field can be written in terms of orthonor-

mal basis function as
E; = ZVmP<Z)€mP(r’ Z, 9)
mp

where e, 1s given as

o R(z)
/0 dO/O rdre,,-em'q = OpgOmm
emyp can be expressed in terms of scalar function (membrane function) as
emp =2 X VY,
The membrane function is given by
Yinp = Cmme(kmpr)e*jme
The membrane function () satisfies the following equation
(Vt2 + krznp)l//mp =0

kmp is given by X,/R(z). For the TE mode, G, is given as

Cr;; =/ n(%r%tp _mz)-]m(%mp)

From the equation (A.1b), we obtain

8H9 jm
—jweE, —J, =20 My
0z r
weEg —Jg = OH, _oH,
J 0770 o 0z

(A.8)

(A.9)

(A.10)

(A.11)

(A.12)

Multiplying (A.11) by (e, ) and (A.12) by (e}, )9, adding and integrating over the trans-

verse surface of the interaction region the following second order differential equation is
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obtained for V,,,,

d*Vyg 0 dVinp dr1y,
a2 <—2 —kmq> Ving+ ). (ZTJZd—Z +Vmpd—z>

¢ P
2 (—) Y ViupTo + (—) Vi | ! |
P R 3 (%%q —m?)

2 (11)2 y Zinp Vi
R b7 [(lr%w —m?) (Xf%w —m?)] 2
. {4%,3”,%,3” —2m* (X2, + Xmg) (A.13)
(xp _%%qy
[1 _Ltmim 1)/xmpxmq] }
Xmg — Xmp

4 (X + Ling)
(%1121(1 - XI121]7)2

2jm R\ dU,, (R’
=Y 2~ — U
’ \/%}%q_n’ﬂ;[ (R> dz R "

+m |1

= JOU g
The mode coupling coefficient is given by
R Jde
T =27 /O remq.%dr, (A.14)
and
R
Img = /de/o rémq-Jdr (A.15)

Ving must also satisfies radiation boundary condition at the cavity output and is given
by

av, ,
—d’:q = — jk:Ving (A.16)

When the taper angles are less than 10°, coupling of power to other modes are negli-
gible and hence the equation (A.13) reduces to the single mode Vlasov’s equation which

is given by

d*Vig (a)2
12
C

yemil G k3nq> Ving = +j®Jng (A.17)

For integrating the above equation (A.17), initial values are determined through the
boundary condition at the input of the interaction cavity. The radiation boundary condition

at the cavity output is re-modeled as
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dv :
o+ jkvV
R| = 4 T inimum (A.18)
dv .
az ~ Ik

In absence of external sources, the equation (A.17) reduces to homogeneous wave equa-
tion with @ = @, (1 + j/2Q) being the complex quantity. Imaginary part of @ denotes the
radiating fields coming out of the resonator. Homogeneous case of equation (A.17) can
be solved through Numerov algorithm and ®,, Q are calculated for the desired mode in
the designed interaction cavity. Longitudinal electric field profile of the desired TE mode

in the interaction cavity can be obtained by solving the homogeneous Vlasov’s equation.

A.2 Adiabatic Approximation

The output RF power and efficiency are calculated through the equation of motion for the
electrons traveling in the electric and magnetic fields and computing energy loss or gain
by the electron particles. The efficiency is calculated by averaging over the energy of
particles. The equation of motion for charge particles in the electric and magnetic fields

is given by,
dp

= —¢(E+vxB) (A.19a)

I —eFE.v (A.19b)

where p = ym,v, € = ymec?, and y = 1/+/1 —v2/c2. By using dimensionless variables
(u = yv/c, ), equations (A.19) become,

dy e u

ar_ _ B A.20

dt mec ( y) ( 2
du e (E—i—u><§> (A.20b)
dt MeC Y

In the uniform axial magnetic field (B,), the particles gyrate around the guiding center

with the cyclotron frequency (®.) and is given by
W, = eB,/m,y =,y (A.21)

The lamour radius or gyration radius is given by

CUy
rp = —
Q,
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Since, the RF power growth occurs only when the gyrating frequency of the electron
is equal to the RF frequency, equation of electron motion can be reduced through slow-
variable transformation. Introducing slow time variables as

'Q,
Y= | —dt+¢—9, (A.22)
o YV

Transverse motion of the electrons can be expressed in complex phasor form by using
the slow-time variables as
_dl/l[ (dql QO

el It ~ —f(E, + jEg)e/ 0¥
I~ 5 y)uz il (Er+ jEg)e

Jneuz dBo (o j(6.—¥)
Ty 4z (Ree +n)

(A.23)

where 7] =e/m,c. Transverse electric field components in the above equation (A.23) can

be represented in terms of orthonormal basis function as

FE; = ZVmP(Z)emp(raza 9)
mp

Slow varying part of gyrophase A is given by A = @, — ¥, where @, is the averag-
ing frequency. Substituting the expressions for E¢, introducing A and by using Graff’s

addition theorem, equation (A.23) is transformed as

du[ . dA QO - ﬁcquL dBO
dt +J(w” dt Y)”’_+< 2y ) dz
_g ZCmPkaVmaxfmp (Z)Jsfl (kmprL) (A24a)
mp

Xej(comp—sa)a)t+js(/\+0€)]m_s (kmpRe) e—jmﬂe

du, _(New ) dB, (A.24b)
dt 2vrL ) dz '

A+9€)

Assuming P= jute_j( and changing the independent variable from ¢ to z as

z= f,f) c—;,‘za’t, the above equation (A.24) becomes

dP Q i dB, P
__{_& ) P:+ﬂ °o___
dz = cu; 2 dz £,

+ﬂlcm,,kmpvmax < Jip(2) ) (A.252)

2 ug (s—1)!

ko pP* s—1
20,

XIm—s (kmpRe) (
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du; _ (ﬁC”f’L) dB, (A.25b)

dz Uz dz
By neglecting magnetic field tapering in the above equation (A.25), the equation of motion

for electrons becomes a single differential equation which is given by

dP + ]a) ( y QO ) P - ﬂlC’mPlePVWIaJC ( fmp(Z) )

d_Z B0 %_ (7 2 ug (s—1)! ] (A.262)
ckupP*\°™
XJm—s (kmpR =P )
sl (220
u, =~ constant (A.26Db)

The factor J,,_g (kmpRe) is usually denoted as G, and is related to the RF electron beam
coupling coefficient. The above equation (A.26) is the adiabatic approximation of equa-
tion of motion for electron particles in the electric and magnetic fields. This equation is
derived by neglecting the RF magnetic field as the gyrotron operates in the TE mode close
to cutoff frequency and by neglecting the guiding center drift of the electron beam as the
axial magnetic field is uniform through out the interaction region. The effect of space
charge fields are neglected in the above approximation as these effect would not greatly
affect the RF interaction efficiency. By including the space charge effect in the equation

of motion, equation (A.26) becomes

() ()
dz cBo Yo @Y%

n v 2
= (Eu_) ConpIm—s (kmpRe) kimp finp (2)Vinax (A.27a)
Z0

(&)@

where @), is the plasma frequency and is given by:

w2 ~ 2nl, Q,c
P 8500 4nR. B, B,

The electronic efficiency n,; is given by

_f Yo— (Y(zour))
Net = (T) (A.28)

The electronic efficiency can also be calculated by integrating the equation of electron

motion and is given by
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e

Nel = <m> Cmmepkmmeax(mp) <

e

1m<f;:mP<z>f*mp<z>dz>) (A.29)

Uz (Yo —1)

A.3 Self-Consistent Calculations

In the adiabatic approximation, the equation of electron motion are solved using the fixed
field approximation and the output RF power and efficiency are calculated for the given
beam parameters. However, effect of the electron beam on the RF field profile is not in-
cluded in the adiabatic approximation. To include these effects, the single mode Vlasov’s
equation should be solved simultaneously with the equation of motion of electron beam.
The current density term in the right hand side of the Vlasov’s equation is modeled to in-

clude the influence of electron beam on the field profile and the equation (A.17) becomes

Vg (0>, CongkmgG 0 — jickmg \ !
— kg | Ving = —Z,1, | — 1L 4 "4 Py (A30
dz? +(c2 mq) " ""{ (s—1)! Cllz, 2Q, () (A-30)

The equation of motion for electrons is re-written as

dP jo Q i1}
ar.J (l _ “% ) pP— ﬂlcmpkmmep
dz B \ % Y% 2 Uy (A31)
Vmp(z) CkaP* s—1 .
1022 "\ 2Q,
The output RF power is given by
1 N 2
P, =Re o Ky [Vinp (Zour) | (A.32)

To cross verify the self-consistent calculations, determined output power must be equal to
Pour = neonlo

Coupled equations are solved numerically by leap frog algorithm for integrating the equa-

tion (A.30) and using predictor-corrector method for (A.31).

A.4 Multi-Mode Calculations

When the gyrotrons are operated in higher volume modes, mode competition would be

severe as the mode spectrum is dense and the beam current is also higher than the start-

160



A.4. Multi-Mode Calculations

ing current of the most of the competing modes. To understand the mode competition,
equation of motion for the particles in the RF fields, which are represented as the super-
position of several modes, is derived. Later, energy transfer from the electron beam to the
individual modes are calculated and the equilibrium state is determined.

The equation of motion in presence of superposition of several modes is given by

d_P j(l)a l . QO _ _’)/a)a n []wm }
dz " B0 <'Yo (Da}/o) P=-j ZFmmeP(Z)e P

cu
ome 1 (A33)
JckmpP™ \ "™
2Q,
where F,, and y,,;, are given by
Fmp = evmaxmp Cmp Gmp Ckmp ! and
2mec? Uy,  @g (Smp—1)!
Yinp = (Omp — Smp®@q) t + (Smp £ Mpp) 6e
The field equation is given by
szmpfAmp wr%tp 2 A CmpkaGmP
dz? + 2 kmp Fnpfmp = —Zolo m
] (A.34)
wmp _jCkmp Smp S .
P _ _
(&) (Hp) ™ Pewl-itvm )

where

Yinp — Y1 = (wmp_ (L)1>t+ (ml _mmp) 0.

Generally, when the system is in steady state, time dependence variation of the field am-
plitude is not considered. However, during startup or beam space charge neutralization,
when the nominal beam parameters are varying it is better to consider the time depen-

dence of the field amplitude and the field equation is given by

d*Fyp f, Op, 5 . 207, 0 R
TEC TP + ( Cn;p _kmp Fmpfmp - Tmp_ (Fmpfmp)

dz? ot
g [CowkmpGonp | (O (= dkimp ™ (A.35)
70 (smp—1)! Clizg 20,

(Prexp[—j(Ymp = ¥1)])

The equations (A.33) and (A.35) are solved simultaneously and the power transfer from

electron beam to the RF fields of different modes are calculated. The rate of energy
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transfer to the jth mode is given by

dy; e uc

=——FFE; — A.
dt mec 7y (A.36)
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Appendix B

Gyrotron Design Suite 2018 (GDS 2018)

To perform the design studies of major sub-assemblies of the gyrotron, MATLAB code
package have been developed by our research group, named as “GDS 2018 (Gyrotron
Design Suite 2018)”. GDS 2018 is the updated version of the GDS 2016, which incorpo-
rates the features to perform the design studies of the components coaxial cavity gyrotron
along with conventional cavity gyrotron. The main window of GDS 2018 is shown in

Figure B.1.

B.1 Conventional Cavity Gyrotron

GDS 2018 includes design modules like mode selection procedure, starting current calcu-
lations, RF interaction studies (including cold cavity computations, Single mode calcula-
tions, time dependent multi mode calculations) to perform design studies of the conven-
tional cavity gyrotron. In addition, initial design studies of the electron gun and magnetic
coil design can be carried out through this package. This package also includes the codes
to perform output system design of the gyrotron. Initial design studies of launcher, design
studies of non-linear taper through particle swarm optimization technique, Single disk
and double disk RF window design can be carried out through this package. The pack-
age also features modules to calculate the phase of the output RF beam and to synthesis
the surface profiles of metallic mirrors to transform off-axis beam into desired Gaussian
beam. The design tools available for the conventional gyrotron case are shown in Figure
B.2. Figure B.3 shows the generated mirror profiles and Gaussian output beam obtained
from the ‘Mirror Synthesis’module of GDS 2018.
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Gyrotron Design Suite 2018

Fle Edt View Inset Toos Desktop Window Help

GDS 2018
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Gyrotron Design Suit 2018
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‘ Conventional Cavity Gyrotron ‘

| Coaxial Cavity Gyrotron

Figure B.1: Basic layout of main window of GDS 2018 with option of choosing
conventional or coaxial cavity gyrotron design studies.
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Figure B.2: Complete design options available in GDS 2018 for conventional cavity
gyrotron case.
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B.2. Design expressions used in different modules of
GDS 2018 (Conventional Cavity Gyrotron)

GDS 2018

Gyrotron Design Suit 2018
a Figure 7 o H | Figue10
Fle Edt View Inset Toos Deskiop Window Help % Fle Edt View et Took Deskop Window Help
DEWS (KRB EL-(2[0E =D DEdS [k ODEL-[B[08|aD
Mode Selection Procedure Mirror 1
Starting Current Calculations
Gun Synthesis
Coils
Cavity Geometry
Cold Cavity Computations
Single Mode Analysis
Multi Mode Analysis
Launcher
RF Window
Phase Retrieval

Mirror Synthesis

Figure B.3: Generated mirror profiles and output Gaussian beam in ‘Mirror
Synthesis’tool of GDS 2018.

B.2 Design expressions used in different modules of
GDS 2018 (Conventional Cavity Gyrotron)

B.2.1 Mode Selection Procedure

In this module, operating cavity mode for gyrotron is selected by considering the follow-

ing conditions:

e For the chosen mode (TE, p), the peak ohmic wall loading of the cavity should
be less than 2kW /cm? at the desired output power levels. The peak ohmic wall
loading is given by

dPlOSSN 6 2
dA  \4nu,o

where 0 is the skin depth of the conducting wall, R, is the radius of the cavity, X,

dz

1 m?
K Vi |* + =5
(x,%p—mz)] ( mprmPL T R2

is the eigenvalue of the cavity mode, V), is the the electric field amplitude of the
chosen mode.
e Voltage depression of the beam for the chosen mode should be less than 10% of the

applied accelerating voltage. Voltage depression of the beam is given by

AV ~ 6021 <&)
B: \Re
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where I, is the beam current, R, is the electron beam radius and 3, is the normalized
axial velocity of the electron beam.

For the stable operation of the gyrotron, operational beam current should be less
than half of the limiting current. Limiting current is the maximum value of current

beyond which mirroring of electron beam occurs (i.e. B, ~ 0) and is given by

(%0) % [1— (1- 30)1/3}3/2
I =
In (%)

where 7, is the relativistic factor of the electron beam. For the chosen operating

mode, limiting current should be as high as possible so that gyrotron can be oper-

ated with higher beam current.

Multifrequency Operation

This module also features mode selection procedure for the multifrequency operation of

the gyrotron. In addition to the previously mentioned conditions, mode selection for the

multifrequency operation of gyrotron is carried out by considering the following criteria:

1. For the given cavity radius, the resonant frequency of the chosen modes should be

around the transparent frequencies of the designed RF window.

. The beam radius of the modes selected must be close to the each other so that the

designed electron gun can support the stable oscillation conditions at all operating

frequencies.

. The relative caustic radius of the modes selected must approximately be same so

that a common output coupling system can be used for converting cavity modes

into Gaussian like mode.

B.2.2 Start Current Calculations

Starting current (/i) for the desired mode along with the competing modes are de-

termined through this module for the chosen magnetic field range. Starting current is the

minimum value of beam current required for the operating mode to start oscillating. The

mathematical expression for the starting current is given by
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B.2. Design expressions used in different modules of
GDS 2018 (Conventional Cavity Gyrotron)

In the above expression Ay is given by

Az) =2 (1 - %>

%

f(z) is the normalized field amplitude and for the Gaussian field profile,

2 I’z

~ ——exp

4

L .
/ f(Z)elASZdZ
0 8

<ASL>2]

where L is length of the mid-section.

B.2.3 Gun Synthesis

Initial design studies of the electron gun are carried out through the Gun Synthe-
sis module to determine the electron gun parameters like cathode radius, cathode-anode
spacing, emitter current density, electric field at cathode, and cathode slant angle. These
studies are performed through the Baird expressions which are derived under adiabatic
approximation. Baird expressions are given by
—> Emitter radius (R,)

where b is the magnetic compression ratio which is given by B, /B, and the emitter radius

thickness can be calculated from
AR. = VbAR,

= Emitter Length (/,) can be determined through the total beam current and is given
by
I, = (2nR.15) J,

—> Cathode electric field (E,) is given by

Bo YoV 1o

E.cos@, = 7

where ¢, is the cathode slant angle.

— The cathode-anode spacing (d) is calculated through

rLoDrl

d=R
“ cos.

where 7y, is the Larmor radius, D is the cathode-anode spacing factor (Dr should be
greater than 2), u is given by it = 1/1/(rg0/rr0)> — 1 and rg, is the guiding center radius
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at the interaction cavity.

B.2.4 Magnetic Coil Design

In this module, axial magnetic field profile can be optimized through the magnetic
coil data. The axial magnetic field for a solenoid containing N number of turns, carrying

current / is given by
1IN

2 txw

B(z)

[t21 +122]

where 1,1, 17 are given by

Tmax T \/ryzngx + (Zmax - Z>2

2 2
Ymin + \/rmin + (Zmax - Z)

1 = (Zmax - Z) * log

Tmax + \/ryznax + (Z - Zmin)2

2 2
Ymin + \/rmin + (Z - Zmin)

122 = (2 — Zmin) *l0g

where Zyaxs Zmins T'max> 'min are the maximum and minimum positions of the coil in axial
and radial directions.  is the thickness of the coil in radial direction and w is the width of

the coil in axial direction.

B.2.5 Cold Cavity Computations

Geometry of the interaction cavity is optimized by solving the homogeneous Vlasov’s

equation and is given by

AV, (0>,
iz " <c_2 - k”“’) Yma =9
The resonant frequency and diffractive Q factor are calculated for the desired mode in the

designed interaction cavity through this design module.

B.2.6 Single Mode Analysis

The electron beam parameters and the magnetic field at the interaction region are op-
timized by simultaneously solving equation of electron motion and single mode Vlasov’s
equation in this design module. The expressions for equation of motion for electron beam

is given by

dP jo (v £, Jn vy

— 4+ - — P="="0C,,kn,G

dz = cB <7’0 0)’}’0) 2 uy PEImp P
Viup(2) ( chmpP*\* !
1022 "\ 290,

168



B.2. Design expressions used in different modules of
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The single mode field equation is given by

Vg (0 ConghingGmg ] (@ — jckmg \*
M (S — KR ) Vg = —Z,1, | —2ammama | (g g P’
dz> +(c2 ’"‘1) " ”"{ (s—1)! ](cuzo 20, ()

The output RF power and efficiency are determined by self-consistently solving the above

equations.

B.2.7 Multi-Mode Analysis

In the time dependent multi-mode analysis, the beam parameters are varied over the
time and RF power growth in the desired mode along with the competing modes are
calculated. The equation of electron motion in presence of superposition of several modes

is given by

Z Fmpfmp (Z) e[ju’mp}

Clizo o
JckmpP* s—1
20,

The above equation is solved self-consistently with the field equation which is given
by

dP .(Da QO . w{l
dz Cﬁzo Yo OaY

d2Fp f, > . 202 9 .
B ( cn;p _krznp> Enpfmp = Tmpa (Enpfnp)

dz?
7L (smp—1)! Cllzo 2Q,

(Pexpl—j(Ymp — v1)])

These equations are solved simultaneously and the power transfer from electron beam to
the RF fields of different modes are calculated.

B.2.8 NLT

In this module, the raised cosine nonlinear taper (NLT) is synthesized using particle
swarm optimization techniques and the transmission coefficients of the different modes in

the NLT are calculated using scattering matrix analysis. The expressions for the synthesis
of the NLT are given by:
i\7
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rh—r 1 rh—r
r(z) = 22 1-(Ot+%sin(7ra)>+ 22 !

r=r1+r(z)

where ry, r, are the input and output radius of the nonlinear taper. 7 is the parameter

affecting the transmission characteristics of the nonlinear taper.

B.2.9 Launcher

The initial design studies of the quasi optical launcher are carried out using this mod-

ule of GDS 2018. The minimum launcher cut length (L.) is given by

B ) 1= (m/ omp)”

_ 2
L. =27R; ( gy (m /%mp)

%mp

where f3 is the propagation constant of the mode.

B.2.10 RF window

Transmission and reflection coefficients of RF output beam along the frequency are
determined for single disk and double disk RF window through this module. The trans-
parent frequency (f;) of RF window of thickness ‘d’is given by

C
NG

where &, is the dielectric constant of the RF window and N is an integer.

B.2.11 Phase Retrieval

fi= N

In this module, the phase of the output RF beam is calculated using iterative phase
retrieval algorithm (IPRA) [209], [210]. The design flow of the algorithm is shown in
Figure B 4.

1. Initially, amplitude of output RF beam are measured at two planes (A1,A;) sepa-

rated by some distance. The phase of beam at plane 1 is assumed as ¢;.

2. The field at the plane 1 is determined by

N (xay) :Al<x7y>exp[j¢l (X,y)]

The field at the plane 2 is calculated through propagation algorithm and is given
by

falw,y) = F~Hexplj(ea —z)ke] x FIfi(x,y)]}
where F and F~! are the Fourier and inverse Fourier transform.

3. At plane 2, amplitude and phase of the beam are determined as A», ¢,. Now
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Figure B.4: Phase retrieval algorithm used in GDS 2018 [209], [210].

amplitude of beam is replaced by A, from A, and the beam is back propagated
using same propagation algorithm.
Now, at plane 1 amplitude and phase of back propagated beam are calculated. A;
is compared with original measured A; through the error function which is given
by

E= /S Ay — A " ds

If the error function is minimum then ¢; is the phase of the RF beam at the plane
1. Otherwise, the calculations are repeated with the new phase value ¢;, with the
amplitude of the beam as A;.

The propagator algorithm used in this module is Huygens-Fresnel which is given

by
1

Az xz—ky2
hisyi(x,y) = — or—— 4 i
%J(x y) ]/I Zexp{] 7rA } exp{]n Az

where Az = (z; — z;).
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B.2.12 Mirror Synthesis

In this module, matching optics system consisting of beam-shaping mirrors can be de-
signed which can transform the off-axis Gaussian like beam into desired Gaussian beam
to support the output coupling system of gyrotron. The fundamental Gaussian beam prop-

agating along z direction is given by

2 2
Uoo = 2 exp (—(x_)zco) _(y_)270) _]¢>

Twywy wg wy

where wy and w) are the beam waist in x and y direction, x, and y, are the centroid
positions of the beam. The phase distribution of incident beam and reflected desired

Gaussian beam on the mirror surface are given by

oxin 1+ Qoyin
(Pin - (])cin ‘l’A(pin - (%) —kZ

k ((x—xo)2 N (y—yo)z)

2 inn Ryin

Pein = —ch—l—% (tan1 [LZZ‘”“”)} tan ! [LZZ”W’)])

TTW oxin nwoyin

_|._
Gous = Geo + Aous = (%) ke

_E((x—xo)2+(y—yo)2)

2 Ryour Ryout
! 1| Aze—z 1 [ Aze—z
‘Pcout = —ch + — | tan 1 {M tan 1 M
2 TWoxout ﬂ’-woyout

where R, and R, are the beam radius in x and y direction. z. is the z-coordinate at the
centroid point (x,,y,). The mirror surface deformation to achieve the desired Gaussian

beam is given by

(‘Pout - ¢cout) - (¢m - ¢cin>
2kcosf

S(x,y,2) =
where £ is the free space wave number and f3 is the propagation constant of the wave.

B.3 Coaxial Cavity Gyrotron

GDS 2018 features the modules to perform the design studies of the coaxial cavity gy-
rotrons. Figure B.5 shows the options available in GDS to perform design studies using
coaxial interaction cavity with rectangular corrugated insert and triangular corrugated in-

sert. Modules available in GDS 2018 to perform coaxial cavity gyrotron design studies
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are shown in Figure B.6.

GDS 2018

Gyrotron Design Suit 2018 Dashboard

R

Procedure

Rectangular Corrugated Insert

Triangular Corrugated Insert

Figure B.5: Option of choosing rectangular or triangular corrugated insert of the coaxial
cavity gyrotron.
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Gyrotron Design Suit 2018 p==e

Results
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Starting Current Calculations
Gun Synthesis
Magnetic Coil Design
Geometry Synthesis
Eigenvalue Calculations
Cold Cavity Computations
Single Mode Analysis
Multi Mode Analysis

RF Window Design

Figure B.6: Complete design options available in GDS 2018 for the coaxial cavity
gyrotron case.
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B.4 Design expressions used in different modules of
GDS 2018 (Coaxial Cavity Gyrotron)

To perform the design studies of coaxial cavity gyrotrons in GDS 2018, major changes are
incorporated in the design modules such as Mode Selection Procedure, Eigenvalue Cal-
culations and Cold Cavity Computations. Design expressions used in the other modules

are similar to that of conventional cavity gyrotron case.

B.4.1 Mode Selection Procedure

In coaxial cavity gyrotrons, operating cavity modes are selected with relative caustic ra-
dius of 0.3, so that mode competition can better controlled by the coaxial insert. Apart
from the condition on relative caustic radius, other conditions related to mode selection
procedure for coaxial cavity gyrotron case is similar to that of conventional gyrotron case.

The voltage depression of the electron beam in the coaxial cavity gyrotron is given by

(i)
AV ~ 60210 (&) ki
B.: \Re) | (%)

where R; is the coaxial insert radius. Limiting current /7, is given by

G [1-(-p2)"] "

in(%) in(%)

REG
l

It is to be noted from the above expressions that voltage depression of the electron beam

I =

is reduced due to the presence of insert and hence, the value of limiting current is high.

Thus, the coaxial cavity gyrotrons can be operated at higher power levels.

B.4.2 Eigenvalue Calculations

The eigenvalue of cavity mode () in coaxial cavity is dependent on the radii ratio C =
R,/R;. Using this module, eigenvalue of the main mode and other competing modes in
the coaxial cavity are determined. The dispersion relation for the coaxial cavity with

rectangular corrugated insert is given by

T2 (Y 0/ ©) + WYn(2/C) ) = ¥ (1) (Jon(/C) + Wn(2/C) ) =0
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where W is the normalized surface impedance and is given by

W= d
= —tan | y—
s\ Xr

[ is the spacing between the slot, d is the depth of the slot and S is the period of the
slots given by S=27R;/N. The dispersion relation for the coaxial cavity with triangular

corrugated insert is given by

T 00) (Yn(2/C) + Wn(2/C)) = ¥ () (In(2/€) + Wn(2/C) ) =0

While the normalized surface impedance W is given by

_ i-]l (xd/Ro)
SJO(xd/Ro)

where Jy and J; are the Bessel function of the order O and 1, respectively.

B.4.3 Cold Cavity Computations

In this module, the resonant frequency and diffractive Q factor are calculated for the

desired mode in the coaxial cavity by solving the Vlasov’s equation given by

dZqu (02 )
a7 g ) Vi =0

c2

where cutoff wave number (k) is given by

k}%w = (X/Ro)z -2 <X/R0)2
5 AR, 1_€d_% +ARi 1_€d_x
R, xdC) R ¥ dC

Z% is the slope of the eigenvalue curve along the cavity.
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