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Kurzfassung

Gyrotrons sind Elektronenvakuumrdhren, die Millimeterwellen im Frequenzbe-
reich von 30 GHz bis 200 GHz mit Ausgangsleistungen im Megawattbereich (MW)
erzeugen. Aufgrund variabler Betriebsbedingungen und Rauschen schwankt die
Ausgangsfrequenz von Hochleistungsgyrotrons, was eine Herausforderung fiir
Anwendungen darstellt, die prizise und stabile Betriebsfrequenzen erfordern.
Beispiele hierfiir sind die Plasmadiagnostik mittels kollektiver Thomson-Streuung
(CTS) und die direkte Ionenheizung mit Schwebungswellen. Die Schwebungs-
wellen werden dabei aus der Differenzfrequenz, welche der lonenzyklotronfre-
quenz entspricht, von zwei Gyrotrons erzeugt. In dieser Arbeit wird gezeigt, dass
die Frequenz eines Hochleistungsgyrotrons mit einem Elektronenstrahlerzeuger
in Diodenausfiihrung mittels einer Phasenregelschleife (PLL) stabilisiert werden
kann.

Die Ausgangsfrequenz des Gyrotrons wird durch Anderung der Beschleunigungs-
spannung gesteuert, die zwischen der Anode und der Kathode des Elektronen-
strahlerzeugers anliegt. Fiir einen festen Arbeitspunkt wird die Frequenzab-
hingigkeit von der Beschleunigungsspannung linearisiert und das Gyrotron
wird als spannungsgesteuerter Oszillator betrachtet. Es wird ein PLL-System
entwickelt, das die Frequenz iiber die Beschleunigungsspannung regelt. Das
PLL-System wird experimentell an den Gyrotrons der Elektronen-Zyklotron-
Resonanzheizung (ECRH) am Wendelstein 7-X (W7-X) Stellarator demonstriert.

Bei Experimenten mit langen Pulsen (> 5 s) wird die Gyrotronfrequenz erfolgreich
zwischen s bis zum Ende des Pulses stabilisiert. Das PLL-System verringert
die Frequenzverdnderungen im MHz-Bereich, welche im freilaufenden Betrieb
beobachtet werden, erheblich. Das Frequenzspektrum weist ein ausgeprigtes



Maximum bei der eingestellten Frequenz auf und es wird eine volle —20 dB Band-
breite von unter 100 kHz erreicht. Das verbleibende Frequenzrauschen, das auf
Schwankungen der Kathodenspannungsversorgung zuriickzufiihren ist, erscheint
als Seitenbénder bei 3,3 kHz und 135 kHz neben der Hauptfrequenz. Im Gegen-
satz dazu erstreckt sich das Frequenzspektrum ohne die Frequenzstabilisierung
iber ein Frequenzband mit einer vollen —20 dB-Bandbreite tiber 1 MHz aus, ohne
dass es ein deutlich erkennbares Maximum bei einer Frequenz gibt.

Die CTS-Diagnostik am W7-X Stellarator benétigt einen frequenzstabilisierten
Betrieb eines 140 GHz ECRH-Gyrotrons bei 174 GHz fiir eine Pulsdauer von
9 ms. Der Betrieb bei 174 GHz wird theoretisch und experimentell untersucht. In
den Experimenten wird eine Ausgangsleistung von 300 kW bei 174 GHz erreicht.
Die grofite Herausforderungen fiir eine Frequenzstabilisierung bei einer Puls-
dauer von 9 ms stellt der 30 MHz Frequenzabfall dar, der durch die Ausdehnung
des Resonators aufgrund von Erwarmung und durch die Neutralisierung der Elek-
tronenstrahlraumladung entsteht. Das PLL-System wirkt dem Frequenzabfall
erfolgreich entgegen. Dariiber hinaus ist es moglich mit dem PLL-Systems eine
gewiinschte Gyrotronfrequenz prizise einzustellen und genau an das Kerbfilters
des CTS-Empfingers anzupassen.
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Abstract

Gyromonotron oscillators, also known as gyrotrons, are electron vacuum tubes ca-
pable of generating millimeter-wave (mm-wave) radiation in the frequency range
from 30 GHz up to 200 GHz with output power levels in the megawatt (MW)
range. The output frequency of MW-class gyrotron fluctuates due to varying op-
erating conditions and noise, posing challenges to applications which require well
defined and stable operating frequencies. Examples are the Collective Thomson
Scattering (CTS) diagnostic and direct ion heating with beat waves generated by
two gyrotrons. In this thesis, a novel approach is presented, demonstrating the
feasibility of stabilizing the frequency of MW-class gyrotrons with a diode-type
Magnetron Injection Gun (MIG) by using a Phase-Locked Loop (PLL) system.

The gyrotron output frequency is controlled by changing the accelerating volt-
age, which is applied between the anode and cathode of the diode-type MIG.
For a fixed operating point, the frequency dependence on the accelerating volt-
age is linearized, and the gyrotron is considered as Voltage Controlled Oscillator
(VCO). A PLL system is developed that controls the accelerating voltage with the
high-voltage body power supply, and its capabilities are experimentally demon-
strated with the Electron Cyclotron Resonance Heating (ECRH) gyrotrons at the
Wendelstein 7-X (W7-X) stellarator.

In long-pulse experiments (> 5 s), the gyrotron frequency is successfully stabilized
after 1 s until the end of the pulse. The PLL system significantly reduces long-term
frequency drifts in the MHz range observed in the free-running operation, where
no PLL system is implemented. The frequency spectrum has a distinct main peak
at the set frequency, and a full —20 dB bandwidth of below 100 kHz is achieved.
The remaining short-term frequency noise, attributed to cathode power supply
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fluctuations, appears as sidebands at 3.3kHz and 135 kHz from the main peak.
In contrast, without the frequency stabilization, the gyrotron frequency spectrum
spreads over a band of frequencies with a full —20dB bandwidth higher than
1 MHz, lacking a distinct peak at a single frequency.

To demonstrate its viability, the PLL system is implemented for the CTS diagnostic
at the W7-X stellarator, which requires a frequency stabilized operation of a
140 GHz ECRH gyrotron at 174 GHz for a pulse duration of 9 ms. The operation
at 174 GHz is theoretically and experimentally investigated, and an output power of
300 kW is achieved at 174 GHz in the experiments. Overcoming main challenges
related to short-pulse frequency stabilization, the developed PLL system effectively
counteracts the 30 MHz frequency drift observed for a duration of 9 ms, caused by
cavity expansion due to heating and by electron beam space charge neutralization.
In addition, the precision of the PLL system in matching the gyrotron frequency
to the notch filter of the CTS receiver allows to reduce the notch filter bandwidth,
which improves the CTS measurements.

iv
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1 Introduction

As the worldwide energy consumption grows [1], scientists are conducting re-
search to find new energy sources. With climate change [2], one of the major
challenges of the current century is to find alternative, emission-free and con-
tinuously working energy generation. Nuclear fusion promises to be a nearly
in-exhaustive, emission-free energy source. Over the last decades, a major effort
has been made to harness the huge potential of nuclear fusion energy.

One possible concept for a fusion power plant is to burn a plasma in toroidal
magnetic confinement devices, such as the tokamak or the stellarator [3]. In these
devices, the deuterium-tritium fuel for the fusion reaction is heated to extremely
high temperatures (in the range of 100 million °C) such that it transitions from a
gas into a plasma. In fusion experiments, there is significant focus on researching
the generation of a stable fusion plasma for future fusion power plants.

Electron Cyclotron Resonance Heating (ECRH) is a heating method that uses
electromagnetic waves in the millimeter-wave (mm-wave) regime to heat the elec-
trons in the plasma. Reaching the required plasma temperatures requires powerful
mm-wave sources. Currently, the only device that is capable to deliver contin-
uously high output power in the required mm-wave regime is the gyrotron [4],
which is an electron vacuum tube.

Due to varying operating conditions and noise, the output frequency of the gy-
rotron changes over time. There are applications that greatly benefit from a much
more stable frequency. For instance, the probing beam for Collective Thomson
Scattering (CTS) diagnostic requires a stable frequency [5], and direct ion heating
with beat waves requires precisely setting the frequency of two gyrotrons [6].
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The gyrotron can be considered as Voltage Controlled Oscillator (VCO). Phase-
Locked Loops (PLLs) [7] compare the phase and frequency of a VCO with a stable
reference, and apply a correction voltage to the VCO to counter any unwanted
frequency variations. Frequency stabilization with PLLs for low- and medium-
power gyrotrons with a triode-type Magnetron Injection Gun (MIG) has already
been achieved in [8], [9]. However, the frequency stabilization of megawatt (MW)-
class gyrotrons with diode-type MIG has not yet been demonstrated. Compared to
low-power gyrotrons, MW-class gyrotrons have higher frequency drifts due to the
cavity expansion from heating. Furthermore, a faster control of the accelerating
voltage is more complex due to the higher gyrotron capacitance from the larger
size. In this thesis, the frequency stabilization with a PLL for MW-class gyrotrons
with diode-type MIG is presented.

1.1  Nuclear Fusion

In a nuclear fusion reaction, two light nuclei collide, resulting in a heavier nucleus
and excess energy. A number of reactions are possible through this mechanism,
depending on the choice of light nuclei. The most promising reaction for future
fusion power plants is the fusion of deuterium (D) and tritium (T) into helium
(He) and a neutron (n) [10]:

D+4+3T - *He+n (1.1)

The total energy gained from this reaction is 17.6 MeV, which is carried by the
helium (3.5 MeV) and the neutron (14.1 MeV).

A major challenge for a fusion reactor lies in achieving the collisions of the
nuclei. To fuse together, the positively charged nuclei need to overcome the
repulsive Coulomb force between them until the strong nuclear force binds them
together. For this, the nuclei need high kinetic energy, which — for the D-T fusion
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reaction — requires temperatures in the range of 100 million °C [11]. At such
high temperatures, the deuterium-tritium fuel of the reactants becomes a plasma
with freely moving electrons and positively charged ions.

Achieving the plasma temperatures in magnetic confinement fusion devices re-
quires a powerful heating system. Possible heating methods include:

¢ Ohmic heating (only for start-up of tokamaks) [12]
* Neutral Beam Injection (NBI) [13]
¢ Jon Cyclotron Resonance Heating (ICRH) [14]

 Electron Cyclotron Resonance Heating (ECRH) [15]

Plasma heating with ECRH uses electromagnetic waves to transfer energy to the
electrons in the plasma based on the cyclotron interaction. The required frequency
of the electromagnetic wave for ECRH is directly linked to the magnetic field
strength in the plasma. An advantage of ECRH is the low-loss transmission of
the mm-wave radiation by using either waveguides [16] or quasi-optical systems
[17], which allow the mm-wave sources to be placed further away from the plasma
vessel. Another advantage of the mm-wave regime is the good coupling of the
electromagnetic waves into the plasma and the localized power deposition in the
plasma through remote steering launchers [18]. Additionally, the high power
density of ECRH results in a lower size of the ports into the plasma vessel [15].
Furthermore, heat deposition in the plasma is localized with ECRH, and the
location of the power deposition in the plasma can be controlled by steering the
launching mirrors of the mm-wave radiation.

Currently, the largest ECRH system in operation is installed at the Wendelstein 7-X
(W7-X) stellarator in Greifswald, Germany. It is designed to deliver up to 10 MW
heating power at 140 GHz for 30 minutes [15]. The W7-X ECRH system will
be upgraded to 15 MW [19]. In Cardache, France, the world “s largest tokamak
project ITER is currently under construction. Its ECRH system will provide
20 MW into the plasma at 170 GHz [20].
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Heating a fusion plasma with ECRH requires powerful mm-wave sources [15],
[21]. Until now, the only device that can deliver high Continuous Wave (CW)
output power in the required frequency range at high efficiency (target for ITER:
50 %) is the gyrotron oscillator (gyromontron), which belongs to the family of
gyro-devices [22]. While plasma heating through ECRH is the main application,
MW-class gyrotrons also have other fusion-related applications such as non-
inductive Electron Cyclotron Current Drive (ECCD) [23], plasma stability control
[24] and CTS plasma diagnostic [5].

1.2 The Wendelstein 7-X Stellarator

The W7-X stellarator is a fusion experiment, which is located at the Max-Planck-
Institute for Plasma Physics (IPP) in Greifswald, Germany. The main purpose of
W7-X is to demonstrate the viability of the stellarator concept for a fusion power
plant [25]-[27]. W7-X is designed and optimized for steady-state operation [28],
[29], and its major objective is to maintain a continuous plasma discharge up to
30 minutes.

The main feature of W7-X is its magnetic coil system, which generates the toroidal
and poloidal magnetic field. The uniqueness of the magnetic coil system are fifty
non-planar superconducting magnetic coils. The shape of the non-planar magnetic
coils is calculated such that the resulting magnetic field geometry complies seven
requirements [30]. Additionally, twenty planar coils allow to adjust the rotational
transform and change the radial position of the plasma [31]. The nominal magnetic
field strength on axis is 2.5 T [27]. The magnetic field has a five-fold symmetry
[31], and the plasma vessel consists of five nominally identical modules [29].

Two heating methods are currently in use at W7-X: ECRH and Neutral Beam
Injection (NBI). ECRH is the main heating system and is designed to provide a
total power of 10 MW for thirty minutes [32], [33]. During the Operational Phase
(OP) 1.2 in 2019, the ECRH system delivered a total power of 7.6 MW and the
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NBI system 3.6 MW [34]. Additionally, an Ion Cyclotron Resonance Heating
(ICRH) system is being commissioned to be installed that will provide 1 MW
[35].

The ECRH system at W7-X consists of ten MW-class gyrotrons. It operates at
the second electron cyclotron harmonic of the plasma, which corresponds with a
nominal magnetic field strength of 2.5 T in the plasma to a frequency of 140 GHz.
Nine of the ten W7-X gyrotrons were manufactured by THALES in France [36],
which are designated as TH1507 gyrotrons. The TH1507 gyrotrons were designed
by the Institute for Pulsed Power and Microwave Technology (IHM) at Karlsruhe
Insitute of Technology (KIT). An additional gyrotron was manufactured by CPI
in the USA [37], which is designated as VGT8141A gyrotron. As the ECRH
system is designed to accommodate twelve gyrotrons, two more gyrotrons can be
added to the ECRH-plant. Furthermore, a 1.5 MW gyrotron is in development
[38]. With the upgrade to twelve gyrotrons and with replacing existing gyrotrons
by gyrotrons with power levels above 1 MW, the ECRH system will deliver a total
power of 15 MW [19].

The structure of the W7-X ECRH system is shown in Figure 1.1. The gyrotrons
are located in the two gyrotrons halls 1 and 5, corresponding to the respective
module 1 and 5 of the plasma vessel. Each gyrotron hall has the capacity for six
gyrotrons. The gyrotron positions are labeled alphabetically from A to F with the
number 1 or 5 denoting the gyrotron hall. The W7-X labels and gyrotron serial
number is shown in Table 1.1. The two free positions are reserved for future
gyrotrons. During OP 1.2 and OP 2.1, the CTS receiver was located at the F5
position.

The mm-wave power from the gyrotrons is transmitted via a full quasi-optical
system to the plasma vessel [39], [40]. After the mm-wave beam exits the
gyrotron, it is transmitted through a tunnel from the gyrotron hall into the beam
duct, where the quasi-optical transmission line to the W7-X plasma vessel is
located [33].
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Figure 1.1: ECRH system with gyrotrons, CTS receiver and multi-beam transmission line to the W7-
X plasma vessel. The gyrotron mm-wave beam can also be directed into a Long-Pulse
Load (LPL) instead of into the plasma vessel.

Table 1.1: W7-X gyrotron labels and corresponding serial numbers

Label Serial Number Label Serial Number
Al THI1507 SN7i A5 THI1507 SN5i
B1 THI1507 Maquette B5 THI1507 SN2i
Cl1 THI1507 SN1 C5 THI1507 SN4
D1 THI1507 SN6 D5 Reserved
El THI1507 SN8 E5 VGT8141A SN3
F1 Reserved F5 THI1507 SN3

The transmission line has single-beam and multi-beam components. The single-
beam section consists of matching optics and polarizers to correct the mm-wave
beam of each gyrotron. In addition, each gyrotron has a Short-Pulse Load (SPL)
into which their mm-wave beam can be directed. The SPLs can be used for
experiments with a maximal pulse length of 100 ms.

A special feature of the transmission system are two multi-beam sections. The
individual mm-wave beams are combined through beam combining optics into two
multi-beams; each multi-beam section is designed to transmit six individual beams
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from the respective gyrotron hall (1 and 5). The multi-beams are transmitted via
mirrors to the W7-X plasma vessel. At the plasma vessel, the multi-beams are
divided into the individual gyrotron mm-wave beams, which are transmitted via
launchers into the plasma vessel.

Two Long-Pulse Loads (LPLs) are located in the beam duct for each multi-beam.
A gyrotron mm-wave beam can be directed into the LPL, which permits long-pulse
gyrotron experiments without transmitting the mm-wave into the W7-X plasma
vessel.

1.3 Applications for MW-Class Gyrotrons in
Fusion

Today, the main application for MW-class gyrotron is limited to plasma heating
and localized plasma stabilization. Precisely controlling the gyrotron frequency
would allow more elaborated transmission systems of the mm-wave beam to the
plasma with fast directional switches. Moreover, the frequency stabilization of
MW-class gyrotrons significantly improves measurements with the CTS diagnos-
tic, or even possible new applications such as direct ion heating with beat waves
could emerge from it.

Fast Directional Switch

The FAst DIrectional Switch (FADIS) is a narrow-band diplexer that directs a high-
power mm-wave beam to one of two output channels [41], [42]. The switching
is controlled electronically by small frequency variation of the mm-wave beam.
Thus, the mm-wave beam direction can be switched by changing the set frequency
of a frequency stabilized gyrotron. The advantage of such a switch is that no
mechanical parts are required, which makes it ideal for mm-wave switches at the
plasma vessel. For example, FADIS could be used in ECRH systems to share
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the installed power between different types of launchers or different applications
[43]. Experimental results with FADIS presented in [44] show that frequency-
controlled gyrotrons are required for real-world applications.

CTS Diagnostic

The bandwidth of the gyrotron mm-wave beam is important for the CTS diagnos-
tic. A notch filter cuts out the gyrotron signal to protect the sensitive CTS receiver
from the high-power gyrotron radiation. Therefore, the bandwidth of the notch
filter depends on the gyrotron bandwidth. The narrower the gyrotron bandwidth,
the narrower the notch filter bandwidth, and less information of the received CTS
spectrum is cut out. This significantly improves the CTS diagnostic accuracy and
enables the measurement of plasma parameters such as impurity concentration.
Depending on the notch filter bandwidth, the following improvements can be
achieved for CTS measurements at W7-X:

¢ A notch filter bandwidth of below 100 MHz results in a significant increase
in precision of the bulk ion and fast ion measurements.

¢ A notch filter bandwidth of below 50 MHz allows accurate measurements
of Ion Bernstein Wave (IBW) of the main plasma species (Hydrogen, Deu-
terium and Helium).

 Further reducing the notch filter bandwidth to below 10 MHz with a gyrotron
linewidth narrower than 0.5 MHz allows IBW measurements of impurities.

* Finally, a notch filter bandwidth of below 1 MHz and gyrotron linewidth
below 100 kHz makes plasma turbulence measurements possible [45].
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Direct lon Heating with Beat Waves

By introducing direct ion heating with beat waves, a new fusion-related applica-
tion could arise from frequency stabilized gyrotrons. With frequency stabilized
gyrotrons, the exact output frequency can be precisely set. Overlapping the mm-
wave beams of two gyrotrons with each having a different frequency creates power
modulations with a beat frequency at the overlap region. The beat frequency is
the difference between the two gyrotron frequencies. If the beat frequency is the
same as the ion cyclotron frequency in the plasma, direct ion heating using two
gyrotrons operating at the ECRH frequency is possible [6], [46], [47]. Because
the energy transfer is only in the one-per-mille range, it is unlikely to use this
method as main ion cyclotron plasma heating. However, it could be used for the
generation of energetic minority ions. Until now, such experiments have not been
possible due to the lack of frequency control of MW-class gyrotrons.

1.4 Motivation

Gyrotrons are oscillators used to generate mm-wave radiation at a single frequency.
However, due to changing operating conditions, the output frequency of gyrotrons
is not a single frequency, as there are frequency variations. Specifically for
megawatt-class gyrotrons, the frequency drift in the hundreds of MHz range
during the first 1 s of a gyrotron pulse is caused by cavity expansion due to heating
and electron beam neutralization [48]. Moreover, for pulse lengths longer than
1 s, the frequency drift is in the MHz range [49].

Ongoing research is conducted on three existing methods to frequency stabilize
gyrotrons [50]:

¢ Reflected wave from non-resonant or resonant loads [51]-[53]
e Injection locking [21], [54]-[60]

» Phase-Locked Loop [7], [55]



1 Introduction

Phase-Locked Loops (PLLs) using Phase Frequency Detectors (PFDs) to compare
the frequency of a VCO with the stable frequency of a given reference are widely
used circuits for frequency control [61] and can also be used on gyrotrons. The
gyrotron frequency depends on several operating parameters, such as the acceler-
ating voltage, the magnetic field strength at the cavity or the pitch factor. Thus,
the gyrotron can be considered as VCO for the PLL circuit. During operation,
the gyrotron frequency can be actively changed with the accelerating voltage for
gyrotrons with a diode-type MIG or with the pitch factor for gyrotrons with a
triode-type MIG [8].

A major challenge is that the gyrotron PLL circuit actively changes the gyrotron
operation. Particularly, controlling the frequency with the accelerating voltage
also changes the output power. Additionally, the control parameter with which
the gyrotron frequency is changed must be controlled fast enough to sufficiently
suppress the frequency drifts. The advantage of a PLL circuit is that it can be used
on existing gyrotrons and does not need a specific gyrotron design. For instance,
injection locking requires a suitable launcher in the gyrotron [62], [63].

The promising potential to stabilize the frequency of a low- to medium-power
gyrotron via the modulation anode voltage of a triode-type MIG using a PLL was
demonstrated in [8] and [9]. The output frequency was stabilized to a bandwidth
below 1 Hz with 100 W and below 2 Hz with 25 kW, respectively. Compared to
low-power and medium-power gyrotrons, MW-class gyrotrons have higher fre-
quency drifts due to the larger cavity expansion from ohmic wall losses and higher
noise in the high-power high-voltage supplies. Furthermore, a faster control of the
accelerating voltage is more complex due to the higher gyrotron capacitance from
the larger size [55]. Until now, no PLL-based frequency stabilization circuit has
been implemented for MW-class gyrotrons with a diode-type MIG. In this thesis,
the advantage of such a frequency stabilization system is exemplary demonstrated
on the gyrotrons at the W7-X stellarator.

The scope of this thesis is to design and implement a PLL-based frequency control
circuit for MW-class gyrotrons. The experimental validation of the PLL circuit is
performed with the gyrotrons at the W7-X stellarator. For the first time, it is shown
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that the frequency of MW-class gyrotrons can be stabilized with a PLL circuit.
Furthermore, this thesis focuses on the applications of frequency-stabilized MW-
class gyrotrons. Specifically, at W7-X, the newly developed CTS diagnostic at
174 GHz demands a stable gyrotron frequency to ensure precise measurements of
fast ion velocity distribution function. The possibility of conducting experiments
for direct ion heating with beat waves is also being considered, and specific
experiments are conducted to demonstrate the feasibility of the PLL frequency
control circuit for these applications.

1.5 Structure of This Thesis

This thesis is organized as follows. In Chapter 2, the gyrotron theory of operation
is presented, and the fundamentals for a frequency stabilization with a PLL are
given.

In Chapter 3, the implementation of the PLL circuit for MW-class gyrotrons
is presented. The operating parameters that affect the gyrotron frequency are
identified, and simulation results demonstrating how the frequency dependence
of the W7-X TH1507 gyrotron on different parameters are presented. The PLL
is theoretically investigated, and a model is established to analyze the PLL circuit
for MW-class gyrotrons.

In Chapter 4, the operation of a W7-X ECRH gyrotron for the CTS diagnostic
is investigated. Increasing the Signal-to-Noise Ratio (SNR) of the CTS receiver
requires a probing beam with a frequency between 170 GHz to 180 GHz. A new
7T magnetic system has been procured to allow the operation of a TH1507 gy-
rotron at the required CTS frequency. Experiments are conducted to demonstrate
the successful operation for the CTS diagnostic.

In Chapter 5, experiments are conducted with the W7-X gyrotrons using the
implemented PLL circuit. The experimental setup is explained, and frequency
stabilization experiments with the gyrotrons from manufacturer THALES and CPI

11



1 Introduction

are conducted. Specific experiments are performed to use thePLL circuit for its
intended applications at W7-X (CTS diagnostic and experiments with direct ion
heating through beat waves from two gyrotrons).

To extend the PLL circuit, the change to a triode-type MIG is considered in
Chapter 6. Theoretical investigations are conducted to determine the frequency
dependence on voltage of the modulation anode with a triode-type MIG for future
W7-X gyrotrons. Finally, a conclusion and outlook is given in Chapter 7.

12



2 Fundamentals

This chapter presents the fundamentals for a frequency stabilization of MW-
class gyrotrons with a PLL system. A general overview on gyrotron theory of
operation is presented, and the electron beam — electromagnetic wave interaction
is explained. The gyrotron key components are described. Furthermore, the
fundamentals to stabilize the frequency of a VCO with a PLL is given.

2.1 Gyrotron Theory of Operation

The main part of the gyrotron is the interaction region, where an annular electron
beam interacts with an electromagnetic wave, and the electrons transfer their
kinetic energy to the electromagnetic wave. The interaction takes place in a weakly
inhomogeneous waveguide, which forms a resonator. In this thesis, gyrotrons with
a hollow cylindrical waveguide structure are considered, and the interaction region
is referred to as the cavity. The electrons interact with Transverse Electric (TE)
modes in the cavity.

In Figure 2.1, the structure of a gyrotron with a diode-type MIG is shown. The
magnetic system consists of three superconducting magnets (main coil, compen-
sating coil and gun coil) and generates the static magnetic field. The magnetic
field strength along the z axis, which is in line with the gyrotron axial direction,
is also shown in Figure 2.1. The magnetic field strength has its maximum value at
the center of the cavity. The MIG generates an annular electron beam by thermal
emission. The electric potential difference between cathode and anode accelerates
the electrons. The emitted electrons are guided by the external static magnetic
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Figure 2.1: Gyrotron Structure

field through the beam tunnel into the cavity. There, the electrons interact with
a Transverse Electric (TE) mode. The electrons transfer part of their transverse
kinetic energy to the TE mode. Finally, the electron beam passes through the
launcher to the collector.

The excited TE mode needs to exit the gyrotron in a suitable way for the subsequent
external transmission line. In high-power gyrotrons, the mm-wave exits the
gyrotron via a quasi-optical system. At the launcher, the TE mode is converted
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2.1 Gyrotron Theory of Operation

into the Gaussian fundamental Transverse Electric Magnetic (TEM) mode. After
being reflected by mirrors, the resulting Gaussian TEMj o mode exits the gyrotron
radially through a diamond window.

2.1.1 Electron Beam Kinetics

The MIG generates an annular electron beam in which electrons gyrate around the
static magnetic field lines. The annular electron beam is described mathematically,
and the important electron beam parameters for the interaction in the cavity are
elaborated. Furthermore, other effects such as the electrostatic voltage depression
and the electron space charge neutralization are explained.

Electron Motion in a Static Magnetic Field

The trajectory of a charged particle in electric and magnetic fields is governed by

the Lorentz force F'y,:
Fi, =q(E+vxB) 2.1)

where E and B are, respectively, the electric and magnetic vector fields, and ¢
and v are, respectively, the charge and velocity vector of the particle.

The trajectory of an electron moving in a static magnetic field (without an electric
field) is a helical path [64]. The electron follows the magnetic field lines with a
circular motion in the transverse plane to the magnetic field line. The velocity
vector of the electron is divided into two components: v and v :

v = + v 2.2)

The subscripts || and L denote components parallel and transverse to the static
magnetic field. In the gyrotron cavity, the direction of the static magnetic field is
in the z-direction, in line with the axial direction.
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2 Fundamentals

The electrons gyrate with the electron cyclotron frequency f. [65]:

0. B BGH
AP fedcincs 2.3)

fc:%ZQW’ymeN v T

where e = 1.602 X 107! C is the elementary charge, m, = 9.109 x 103! kg is
the rest mass of an electron and B is the magnitude of the static magnetic field.
The relativistic Lorentz factor v is calculated with [66]:
1 Wiin Wiin
N —— ~1 2.4
T e T me T T Sk @4

2

where ¢ = 299 792458 m/s is the speed of light in vacuum, v is the magnitude of
the electron velocity and W, is the kinetic energy of the electron.

The radius of the circular motion is the Larmor radius 7, and is calculated with
[67]:

_ YMmevL
~ eB

- 2.5)

An important electron beam parameter is the pitch factor «, which is the ratio of
the transverse to the parallel velocity magnitudes [65]:

vy
Y|

o= (2.6)
For the interaction with the electromagnetic wave, the kinetic energy of the
transverse component is relevant, and a high « leads to possible higher interaction
efficiency [68]. In gyrotrons, typical values for « are between 1.1 to 1.3 [18].

A cross-section of the annular electron beam is shown in Figure 2.2. The center
of an electron cyclotron orbit is called the guiding center. The MIG generates
an annular hollow electron beam in which multiple electron cyclotron orbits are
distributed on a circle. The radius on which the guiding centers of the different
cyclotron orbits are located is the guiding center radius 75. The electrons each
have an initial phase with which they rotate. In Figure 2.2, the initial phases of
the electrons are randomly distributed.
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Figure 2.2: Cross-section of the annular electron beam. The centers of the electron cyclotron orbits
with Larmor radius 7y, are distributed on the guiding center radius 7g

In a real MIG, the electrons are not emitted at the same position and do not have
exactly the same velocity. To take statistical variations into account, the electron
beam parameters are described with their mean and spread values [64]. In the
following notation, the mean value of a beam parameters x is denoted with = and
its spread value with Ax. The spread values for the pitch factor, Lorentz factor
and kinetic energy are calculated with [18]:

1 1 N _\2
Ao = =\ nz::l (o, — @) 2.7
1 1 N _\2
Av=zil§ ; (Yon =) 238)
1 1 & =
AWiin = TN ; (Wiin,n — Wiin) 2.9)
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2 Fundamentals

where NN is the total number of electrons. The spread for the guiding center radius
is uniformly distributed and is defined as

ATg _ ;max — I'g,min (210)

where 7 max and 7g min are respectively the maximum and minimum 7 from all
electrons.

Adiabatic Approximation

The electron motion from the MIG to the cavity is considered under the adiabatic
approximation, which is only valid for small variations of the magnetic field [69].
Along the electron trajectory through the beam tunnel, the field strength from
the static magnetic field increases until it reaches its peak value at the center of
the cavity. According to the adiabatic approximation, the adiabatic moment is
invariant [70], [71]:

(’Ymevl)z

B

With constant Lorentz factor -, if the magnetic field strength increases, v, also

= constant (2.11)

increases to keep the adiabatic moment constant. Because the electron kinetic
energy does not change (the entire beam tunnel is at the same electric potential),
v|| decreases (Equation 2.2), and the pitch factor increases.

Additionally, the increasing static magnetic field results in a compression of the
field lines. Since the electrons follow the magnetic field lines, the guiding center
radius of the electrons decreases to the cavity center. According to the Bush
theorem [72], [73], the magnetic compression ratio b is

2
p— Beav _ (TgE> (2.12)

T'g cav

where By is the magnetic field strength at the emitter and 7, g and 7 cav the
guiding center radii at the emitter and the center of the cavity, respectively.
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2.1 Gyrotron Theory of Operation

Voltage Depression

The electrons are accelerated in the electron gun with the accelerating voltage U..
The electron space charge counteracts the accelerating voltage, and therefore, the
electrons do not experience the full accelerating voltage, but a decreased (or
depressed) voltage. The resulting voltage from the electron space charge is called
depression voltage Ugep, and is estimated for ideal vacuum conditions with [74]

I eam w
Uep = =250 Iy (T) 2.13)

2mequ)| Ty

The resulting kinetic energy for the electrons is

Wkin = —€ (Uacc + Udep) (214)

and
—e (Uacc + Udep)

=1
i + mec?

(2.15)

Space Charge Neutralization

The estimation for the depression voltage in Equation 2.13 is only valid for an ideal
vacuum inside the gyrotron. Although the gyrotron has an ultra-high vacuum of
< 1x10~®mbar [75], some residual gas is still present. During the gyrotron
operation, the electron beam ionizes the residual gas. The positively charged ions
are attracted to the electron beam. As a result, the electron beam space charge is
partially neutralized, which reduces the depression voltage [76], [77].
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The neutralization 7, indicates how much the space charge is neutralized. A
value of 0 % means that the electron beam is not neutralized and a value of 100 %
means that the electron beam is fully neutralized. The neutralization affects the
depression voltage and the neutralized depression voltage Udep is calculated with

ﬁdep =(1- nneut)Udep (2.16)

where Uygey, is the non-neutralized depression voltage and is calculated with Equa-
tion 2.13.

The neutralization process takes some time. At the start of a pulse, the electron
beam is not neutralized. After full ionization of the gas, the final value for the
neutralization is reached. Basic neutralization time estimations yield a time in
the order of 400 ms [78]. Therefore, for Short-Pulse (SP) operation (< 100 ms),
neutralization does not need to be considered. However, for Long-Pulse (LP)
(> 1s) or CW operation, the neutralization needs to be considered [79].

2.1.2 Interaction Mechanism

A detailed description of the gyrotron interaction mechanism is presented in
[64], [65], [67], [69]. When the frequency of the electromagnetic wave wey, 1S
equal to the electron cyclotron frequency €. in its reference frame, the electron
experiences a constant electric field. Some electrons are accelerated and gain
energy from the electromagnetic wave, while other electrons are decelerated and
transfer energy to the electromagnetic wave. The acceleration or deceleration of
an electron depends on the phase position of the electron cyclotron motion relative
to the rotating electric field, which is shown in Figure 2.3.

If the frequency of the electromagnetic wave is slightly higher than the electron
cyclotron frequency, the electrons lag behind the electric field. Electrons in the
decelerating phase decrease their kinetic energy and become lighter. With Equa-
tion 2.3, their electron cyclotron frequency increases. The difference between
Q. and wep, decreases, and (). approaches wey,. Thus, the decelerated electrons
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Figure 2.3: Electrons in the decelerating or accelerating phase depending on the angle between the
transverse velocity vector v | of the electron and the electric field vector E of an electro-
magnetic wave

remain longer in the favorable deceleration phase. Conversely, the electrons in
the accelerating phase increase their kinetic energy and become heavier. Their
electron cyclotron frequency decreases, which also increases the difference be-
tween wey, and ).. This results in accelerated electrons leaving the less favorable
accelerating phase faster until they reach the decelerating phase. Overall, the
electrons are accumulated in the decelerating phase. This mechanism is called
phase bunching [67].
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The initial phase of the electron cyclotron motion is randomly distributed among
the electrons that enter the interaction region. On average, as many electrons
are in the decelerating phase as in the accelerating phase, and no net energy is
transferred from the electron beam to the electromagnetic wave. Due to phase
bunching, a net energy transfer from the electron beam to the electromagnetic
wave is achieved.

The condition for which the electromagnetic wave is synchronized with the elec-
tron motion is called the resonance condition [80]:

Wem = 88 + kv (2.17)

where wey, is the angular frequency of the electromagnetic wave, k. is the compo-
nent of the wavevector of the electromagnetic wave parallel to the external static
magnetic field, v, is the electron velocity component parallel to the external static
magnetic field. The term kv accounts for the frequency Doppler shift due to
the moving electrons. The positive natural number s denotes the harmonic of the
electron cyclotron frequency.

2.1.3 Key Components

After the description of the electron beam and the explanation of the gyrotron
interaction, the different key components of a MW-class gyrotron are presented.

Magnetron Injection Gun

The Magnetron Injection Gun (MIG) generates the annular electron beam. Two
types of conventional MIGs exist: diode-type MIG and triode-type MIG. In
Figure 2.4, the structure of both MIG types is shown [81].

The main components of the diode-type MIG are the cathode and the anode. The
electric potential of the anode is higher than the one of the cathode, and electrons
in the cathode are attracted to the anode. The electrons leave the heated emitter
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Figure 2.4: Structure of diode-type and triode-type Magnetron Injection Guns (MIGs) [81]. The
applied voltages are the cathode voltage Ucatn, body voltage Uy oqy and modulation
anode voltage Up,oq.-

ring on the cathode by thermionic emission [82]. The beam current Ij,¢,,, depends
on the temperature of the emitter, and the saturated emission current density is
given by the Richardson—Dushman equation [83] including the Schottky effect
[22].

The potential difference between the cathode and anode is the accelerating voltage
Uacc- In Figure 2.4, the cathode is on the potential U,,41,, and the anode is on the
potential Uy,qy. The accelerating voltage is calculated with [49]:

Uacc — Ucath — Ubody (218)

The accelerating voltage is negative. In the following, absolute values for the
accelerating voltage are used and the negative sign is implied.

The transverse velocity of the electrons at the emitter v | g, is calculated with [65]:

_ Egcos(¢g)

Vg = 2.19)
1B 5B (
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where ¢ is the angle between the magnetic field at the emitter and the emitter
surface, g is the Lorentz factor at the emitter and E'g, the electric field strength
at the emitter. With Equation 2.11 and Equation 2.12, the transverse velocity at

the cavity v cay iS:

_ b3 Eg cos (¢5) (2.20)

V1 cav
Ycav Bcav

where 7.,y is the Lorentz factor at the cavity.

Triode-type MIGs have an additional modulation anode that can have a different
potential Uy,q than the anode potential [84], [85]. With the modulation anode,
it is possible to change the electric field at the emitter surface without changing
the kinetic energy of the electrons at the center of the cavity [81]. This additional
degree of freedom allows to change independently the pitch factor and guiding
center radius of the electron beam at the cavity.

Cavity

In hollow cylindrical waveguides, TE and Transverse Magnetic (TM) modes are
the eigenmode solutions of the Maxwell’s equation for the electric and magnetic
fields due to the constraints of the boundary conditions [86]. The gyrotron
interaction requires a phase velocity of the electromagnetic wave that is much
higher than the electron axial velocity [64]. Therefore, modes are excited near
their cut-off frequency. The interaction is efficient with TE modes, because they
only have transverse electric field components. The angular frequency is related
to the wavenumber k through

w=ck=c\Vk ?+k,>? (2.21)

where k| is the transverse wavenumber and k., the axial wavenumber. In a hollow
cylindrical waveguide, the transverse wavenumber k| of a TE,,, ,, mode is:

fy = Xmn (2.22)

T'w
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where X, is the n't root of J/, (x), J/, () is the derivative of the m'" Bessel
function and ry, is the radius of the waveguide.

The cut-off frequency is the frequency under which a TE,,, ,, mode cannot propa-
gate through the waveguide and is calculated with Equation 2.21 and Equation 2.22

for k, = 0:
C Xm,n

fcut = 2_ (223)
T Tw
The caustic radius of a TE,,, ,, modes is defined as [65]
re = —2 (2.24)
Xm,n

The typical structure of the gyrotron cavity is illustrated in Figure 2.5. The cavity
consists of a downtaper, a midsection and an uptaper. The midsection of the
cavity has a constant radius 7¢,y -

r Down
Taper

Up

: Mid Section : T
! ! aper

rcav

Oscillating Outcoupled
TE mode TE mode

Figure 2.5: Gyrotron cavity structure
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The downtaper at the entrance of the cavity reflects the excited TE mode back
into the midsection. As the cavity radius decreases, the cut-off frequency of the
TE mode increases. The point at which the cut-off frequency is greater than the
excited frequency is where the TE mode is reflected.

The uptaper at the end of the cavity couples out a part of the oscillating TE mode.
Since the uptaper results in a changing characteristic impedance, part of the TE
mode is reflected back into the cavity and part of it is transmitted to the launcher.
Therefore, the cavity is a resonator with diffraction losses, which are accounted
for with the diffraction quality factor Qg;if.

In a real cavity, the wall is not perfectly conducting and ohmic losses occur inside
the wall. The total quality factor of the cavity without the electron beam is [18]:

11,
Q Qdiﬁ Qohm

where Qqig and Qo are the quality factor for diffraction and the ohmic losses,

(2.25)

respectively. The calculations for Q ;g and Qo is described in [69].

The coupling of the electron beam with a specific TE,,, ,, mode depends on the
guiding center radius of the electron beam. The coupling factor for co-rotating
modes is defined as [87]

Jm-1 (kl,m,nrg)

Gmn:

)

(2.26)
I (Xm,n) ™ (X%’L,n - mz)

The optimal guiding center radius for the electron beam is where the coupling
factor reaches its maximum value and is calculated with:

Xm—1,1

(2.27)

Tg,opt = Tcav
m,n
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Quasi-Optical Output System

The quasi-optical output system system decouples the electromagnetic wave from
the electron beam, and is described in detail in [88]. The quasi-optical system
comprises the launcher and several mirrors. The launcher converts the operating
TE,,,, mode, which propagates in a cylindrical waveguide, into a linear polarized
Gaussian TEM( o mode. A summary and comparison between different launcher
designs is given in [89]. The resulting Gaussian mode is transmitted quasi-
optically via a mirror system to the gyrotron window. The electromagnetic wave
exits the gyrotron radially.

Output Window

After the conversion into a Gaussian like beam, the electromagnetic wave exits the
gyrotron through a window. In high-power gyrotrons, the window requires low
loss tangents and high thermal conductivity to allow the cooling system to remove
the heat from the losses. Diamond windows have the most suitable characteristics
for high-power gyrotrons. They are produced with the Chemical Vapor Deposition
(CVD) process [90].

In conventional high-power gyrotrons, the out-coupling of the electromagnetic
wave is based on the resonant window principle. Since the window has a different
dielectric permittivity e than the inside and outside of the gyrotron, the electro-
magnetic wave is reflected at when the electromagnetic wave enters the window
and when it exits the window. If the window thickness has the same length as
half of the wavelength of the electromagnetic wave, the reflected waves interfere
destructively at the entrance of the window. Thus, the window is resonant and
transparent for the electromagnetic wave. This also applies if the window lengths
is multiples of half of the wavelength.

The frequencies at which the window is resonant are [90]:

fres = (2.28)

C
NG
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where n is a positive natural number, €. the real part of the complex dielectric
permittivity €, = €. (1 — j tan (¢)) of the window material, tan (9) the loss angle
of the window material, and dyw the window thickness. For diamond windows,
€/~ 5.67 and tan (§) =~ 2x 1073 to 3 x 1073 [90].

If the electromagnetic wave has a different frequency, part of it is reflected at the
window. The amount which is reflected back is called reflection R and is defined
as [91], [92]:

R (1 = 2T cos (2B:dw)) Tg

R =
1-— 2R0T0 COS (256(1\]\7 - 2(;5) + R(%TOZ

(2.29)

where Ry = |p|*, ¢ = arg (p) and Ty = e~2%4W _q, and 3, are the respective
attenuation and phase constant of an electromagnetic wave, while p is the complex
reflection factor. They are calculated for a TEM wave by [92]:

e = %ko\/a tan () (2.30)
ﬁezko\/g\/;-i-;\/tan(éf-i-l (2.31)
_1-ve

Collector

After the separation from the electromagnetic wave, the electrons continue their
trajectory to the collector and hit the collector wall. Since the electrons have some
remaining kinetic energy after the interaction in the cavity, the collector wall
heats up. Therefore, cooling of the collector wall is required. To further prevent
thermal damage to the collector, a magnetic system sweeps the electron beam in
axial and transverse direction such that the electrons hit the entire collector wall
homogeneously [93]-[95].
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After the interaction, some of the remaining electron kinetic energy can be re-
covered by operating the gyrotron with a depressed collector. The principle is to
decelerate the electrons with a voltage at the collector. With a single-stage de-
pressed collector, the collector is at a different electric potential than the anode and
body of the gyrotron. Thus, the electrons do not experience the full accelerating
voltage U, at the collector and are slowed down. With single-stage depressed
collector, the total efficiency of high-power gyrotrons can be increased to up to
50 % [96]. Ongoing research is conducted on multi-stage depressed collectors to
further increase the total gyrotron efficiency [97], [98].

2.2 Phase-Locked Loops for Frequency
Stabilization

Phase-Locked Loop (PLL) systems [99] are widely used to control and stabilize
the output frequency of VCOs. The general principle of a PLL is shown in
Figure 2.6 [7]. A PLL consist of four components:

* Voltage Controlled Oscillator (VCO): The frequency f,., of the VCO
signal sy, linearly depends on its input voltage.

e N-divider: The N-divider divides the phase and frequency of the VCO:

* Phase Detector (PD): The PD compares the phase of the reference signal
Sref With sy, n. The output is an error signal s, that is proportional to
the phase difference of the two input signals.

* Loop Filter: The loop filter determines the stability of the control loop. It
filters the error signal from the PD and its output s.t,; controls the VCO
frequency. In conventional PLLs, the loop filter is a Proportional-Integral
filter (PI filter).
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Figure 2.6: General principle of a PLL

If the VCO has a different phase than the reference signal, the PD outputs an error
signal. After filtering of the error signal s, the loop filter applies the control
voltage sc¢y1 to the VCO such that the phase of the VCO equals the phase of the
reference signal.

For the VCO, the instantaneous frequency f is defined as the derivative of its
instantaneous phase ¢ [100]:

1d

= %aﬁﬁ (t) (2.33)

The PLL is also used for frequency stabilization. With the PLL from Figure 2.6,
the frequency of a VCO will always be controlled such that its frequency equals
to:

Jset = N fret (2.34)

where fs is the desired set frequency of the VCO. The set frequency can be
changed with the N-divider or the reference frequency.

Two categories of PLLs exist based on the N-divider type:

e Integer-N PLLs [101]

e Fractional-N PLLs [102]
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2.2.1 Linear Control Theory of PLLs

The fundamentals on linear PLL theory are described in [7], [61]. In the following,
the PLL is analyzed with linear control theory to investigate the stability of the
control system and to determine the optimal control parameters. While the linear
theory is only valid if the frequency of the VCO and reference signal are the
same, the results give useful insights on the dynamics and stability of the real
implemented PLL.

To determine the stability of the PLL control system, the open loop transfer
function is investigated in the Laplace domain. For the linear PLL, the transfer
functions of the PD, loop filter and VCO are determined. The transfer function of
the NV-divider has a constant gain

Hy (s) = — (2.35)

The output of the PD is a signal that is proportional to the phase difference between
the reference and the VCO. Thus, the transfer function of the PD is the constant
gain Kpq4:

de (S) = Kpd (236)

For the PI filter, the transfer function is

1 Kps+ K
Hpr (s) = Kp + K1 = % (2.37)

where Kp is the proportional gain and K7 the integral gain of the PI filter. As the
VCO integrates the phase, the VCO transfer function is

1
Hyeo (5) = cho; (2.38)
where K., is the VCO gain. The output frequency of the VCO is

1
fvco = chouin (239)
27
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where u;, is the input voltage of the VCO.

The open loop transfer function of the ideal PLL is the multiplication of the
transfer functions of its three components:

He (s) = Hpa (s) Hp1 (s) Hyeo () H ()

Kdevco (KPS + KI)

= N2 (2.40)
K S +2w1
5
where K is the total proportional gain
K de vcoK P
K=o veer s 241
v (2.41)
and K
1
= — 242
YIS T (2.42)

The stability of the closed loop is analyzed in the bode diagram of the open
loop transfer function [7]. An example of the bode diagram for H,; is shown in
Figure 2.7 with fx = % = 16kHz and f; = 5% = 1kHz. At frequencies below
f1, the amplitude of H decreases with a slope of —40dB per decade, and for
frequencies higher than fi, the slope of the amplitude is —20 dB per decade. At
fx . the amplitude has 0 dB. The phase of H, starts for low frequencies at —180°

and rises to —90°.

Stability of the closed loop is determined when the amplitude of H,; crosses 0 dB
[61]. A phase of H, below —180° results in a positive feedback. For amplitudes
higher than 0 dB, positive feedback guarantees instability of the closed loop. The
phase margin is defined as the difference between the phase at the 0 dB crossing
point and —180°, and a negative phase margin results in an unstable closed loop.
In Figure 2.7, the phase margin is 87°.
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Figure 2.7: Bode diagram of the ideal PLL open loop transfer function

For an ideal PLL, the phase of H, is never below 180°. Therefore, the ideal
PLL is always stable. However, real PLLs contain components with lowpass

characteristics that introduce phase shifts such that the phase of the open loop
transfer function becomes lower than —180°.

With the loop filter parameters Kp and K7, fx and f can be set to desired values.

In addition, fx is a measure of how quickly the PLL reacts to frequency noise
of the VCO [61]. When designing a real PLL, Kp and K7 are chosen such that
fx is high enough to counteract all unwanted frequency changes and such that a
sufficient phase margin for a stable closed loop is achieved.
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2.2.2 Frequency Down Conversion

The mm-wave signal of the gyrotron needs to be down converted to a more suitable
Intermediate Frequency (IF) range in which conventional PDs can operate. The
down conversion with a mixer requires a frequency stable Local Oscillator (LO)
at a fixed frequency f1,0. With low side injection, the resulting IF frequency of
the VCO frequency fyco is [18]:

fIF = fvco - fLO (243)
The VCO signal is
Sveo = €08 (27 fyco,0t + Kycolint) (2.44)

where u;y, is the input voltage of the VCO and fy. o the frequency at which the
VCO oscillates with 0 V input voltage. The LO generates a signal s, at a single
frequency with phase noise ¢poise:

sL0 = cos (27 fLot + Pnoise) (2.45)
An ideal mixer multiplies the two signals. The mixer output signal is
Smixer = €08 (27 fLot + @noise) €08 (27 frco,0t + Kvcollint)
= % (cos (277 (fLo = fvco,0t) + Pnoise — chouint> (2.46)

+cos (271— (fLO + fvco,O) t+ ¢noise - chouint))

The cosine term with fr,o + fyco,0 has a high frequency content. This content
can be suppressed with a lowpass filter. With Equation 2.43, the mixer output is

1
5 Cos (27TfIF,0 + chouint - ¢noise) (247)
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2.2 Phase-Locked Loops for Frequency Stabilization

which contains the wanted phase information needed for the PLL and the unwanted
phase noise of the LO.

With the frequency down conversion, the set frequency for the VCO is given by:

fset = fLO + Nfref (2.48)

2.2.3 Phase Frequency Detectors

A multitude of PDs are available for PLL systems [103]. PDs are optimal if the
VCO frequency and set frequency are the same. The pull-in range is defined
as the maximal frequency difference with which the PLL can still pull the VCO
frequency onto the set frequency [7]. PLL systems with a PD have a finite pull-
in range. For gyrotrons, the difference from the oscillating frequency and the
set frequency may be several MHz. Therefore, PDs are unsuitable for gyrotron
frequency stabilization.

Phase Frequency Detectors (PFDs) [104] not only detect phase differences, but
also frequency differences. If the VCO frequency is the same as the set frequency,
the PFD output is proportional to the phase difference between VCO and reference.
If the VCO frequency is different from the set frequency, the PFD guarantees that
the VCO reaches the set frequency. PLL systems with a PFD have theoretically
an infinite pull-in range, and are therefore suitable for gyrotron PLLs.

The schematic of a PFD is shown in Figure 2.8 [7]. The PFD uses digital logic
components. Two D-flipflops are triggered with the rising edges of the reference
signal s.o¢ and the VCO signal s, respectively. Therefore, a sinusoidal signal
needs to be transformed into a rectangular waveform that is suitable to trigger the
D-flipflop.
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1 —D
UP
Q &
Sref I
RST
+
[
_ Spfd
RST
1 —D
Q
DOWN
Svco —

Figure 2.8: Principle of Phase Frequency Detector

The PFD detects the time difference At between the rising edges of the s, and
Syeo- If reference and VCO have the same frequency, relating the time difference
to the reference period results in the phase difference of the two signals:

A¢ —or At _ Qﬂ_tref,J' - tvco,J’

(2.49)
Tref Tref

where ¢,c¢ r and tyco r are the points in time at which the reference and VCO have
a rising edge, respectively.

The time difference At is encoded in the pulse lengths of the UP and DOWN
signals. The separation into UP and DOWN signals allows to distinguish between
positive (VCO leads the reference) and negative (VCO lags behind the reference)
phase differences. Thus, the full range with which the PFD captures the phase
difference correctly is from —27 to 2. Due to phase wrapping, phase differences
larger than 27 are mapped onto the —27 to 27 range, leading to cycle slipping
(Section 2.2.4).
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2.2 Phase-Locked Loops for Frequency Stabilization

If the reference and VCO signal have the same frequency and a phase offset, the
PFD outputs pulses, where the length of the pulse is proportional to the phase
difference. If the VCO lags behind the reference, only DOWN pulses are generated
and if the VCO leads the reference, only UP pulses are generated. By taking the
average of the pulses, a signal that is directly proportional to the phase difference
is obtained. The UP and DOWN signal indicate into which direction (faster or
slower) the VCO needs to be changed to result in zero phase difference with the
reference.

If the frequency of the VCO frequency is higher than the reference frequency, the
UP signal is much longer high and has a non-linear dependence on the frequency
difference. The same applies for the DOWN signal, if the VCO frequency is lower
than the reference frequency.

2.2.4 Cycle Slipping

The linear theory described in Section 2.2.1 only applies if the VCO is already
phase-locked onto the reference [7]. Cycle slipping is a nonlinear effect [105],
and occurs if reference and VCO have different frequencies. It increases the time
until the VCO frequency is locked onto the set frequency.

In Figure 2.9, the dependence of the PFD output on the phase difference between

the VCO and the reference is shown. The output is linear from —27 to 2. If the

phase difference is outside of this range, phase wrapping occurs, leading to cycle
1

slipping. For example, a phase difference of gw is the same as 5.
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3 Phase-Locked Loop for
MW-Class Gyrotrons

To use a PLL system on MW-class gyrotrons, the frequency behavior of the
gyrotron on different operating parameters is analyzed in this chapter. At a fixed
operating point, the gyrotron frequency dependence on the accelerating voltage
can be linearized. Thus, the gyrotron can be considered as a VCO for the PLL
system.

The theory of PLL frequency stabilization from Section 2.2 is applied for MW-
class gyrotrons. The required components for the PLL system are characterized,
and a PLL system for the W7-X gyrotrons is designed. Finally, the implementation
of the frequency stabilization system for the W7-X gyrotrons is presented.

3.1 The Gyrotron as Voltage Controlled
Oscillator

Determining the exact frequency of the excited TE,, , mode requires solving the
self-consistent gyrotron differential equations [65], [67]. This section analyzes the
relevant operating parameters that change the excited frequency for the frequency
stabilization control system.

The gyrotron is a non-isochronous oscillator [106], and the oscillation frequency
depends on the oscillation amplitude. The electric field amplitude at the cavity
determines how much the electrons are decelerated or accelerated [67]. Thus, the
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phase bunching mechanism not only depends on the initial frequency difference
between the electromagnetic wave frequency and electron cyclotron frequency,
but also on the electric field amplitude in the interaction region.

The parameters that directly influence the interaction mechanism are presented.
However, these interaction parameters cannot be directly controlled and depend
on other external operating parameters, which can be used by a control system
to change the frequency. The frequency dependence on the different parameters
is investigated with simulations on the TH1507 gyrotron. Furthermore, the fre-
quency noise during the gyrotron operation is described, and the frequency down
shift at the start of a pulse is explained.

3.1.1 Frequency of the Excited TE Mode

The frequency of the excited TE,, ,, mode depends on:

e Cavity geometry

 Electron beam parameters

An important parameter of the cavity geometry is the radius of the cavity mid-
section 7.,y (Section 2.1.3), which changes the cut-off frequency of the excited
TE,,,, mode (Equation 2.22 and Equation 2.23). The cavity midsection radius
cannot be actively controlled during operation.

For the electron beam parameters at the cavity, the frequency depends on

¢ Electron cyclotron resonance frequency
e Electron pitch factor

¢ Electron beam current

The electron cyclotron resonance frequency mainly influences the frequency of
the excited TE,, ,, mode through the resonance condition as described by Equa-
tion 2.17. The magnetic field at the cavity and the electron kinetic energy change
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3.1 The Gyrotron as Voltage Controlled Oscillator

the electron cyclotron resonance frequency independently (Equation 2.3). There-
fore, the magnetic field strength and the electron kinetic energy could be used to
control the gyrotron frequency. The other electron beam parameters, which are
the pitch factor and the beam current, influence the interaction mechanism, and
could also be used for a frequency control system.

3.1.2 Control Parameters to Change the Frequency

The parameters in Section 3.1.1 cannot be directly controlled during gyrotron
operation and depend on other external parameters. In the following, the relevant
operating parameters are presented, and their suitability for use in a frequency
control system is discussed.

The accelerating voltage changes the electron kinetic energy (Equation 2.15) and
the pitch factor (Equation 2.20). The influence of the accelerating voltage on the
electron kinetic energy, pitch factor and excited frequency is investigated for diode-
type MIGs in Section 3.1.3. The high-voltage power supplies that are connected
to the cathode and to the anode generate the accelerating voltage (Equation 2.18).
These can be used for frequency control.

In diode-type MIGs, the electric field at the emitter Fy and U,.. cannot be
changed independently, whereas in triode-type MIGs, the Ex depends on the
modulation anode voltage, which can be independently varied by changing the
potential on the modulation anode (as described in Section 2.1.3 and Figure 2.4).
Thus, a frequency stabilization by changing the pitch factor is only possible for
gyrotrons with a triode-type MIG.

The magnetic field strength at the cavity depends on the magnet coil current.
The major challenge is the large time constant of the superconducting magnetic
system. The speed with which the coil current can be changed is determined
by the large inductance of the superconducting magnet [107]. The time scale to
change the magnetic field is in the range of 40 mT/s [108], [109].
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Due to the thermionic emission in MIGs, the beam current mainly depends on
the emitter temperature [82]. The emitter is heated with a filament, and the
filament temperature is controlled with the filament current /r. Changing the
gyrotron frequency with variation of filament current is unsuitable, as [r changes
the emitter temperature on a slow time scale [110]. Specifically, reducing the
temperature causes high time delays, because no active cooling of the emitter
is employed. In addition, two other effects cause changes of the electron beam
current, which lead to changes of the gyrotron output frequency:

* Due to the Schottky effect [22], [82], the electric field at the emitter changes
the beam current.

e Emission cooling [111], [112] reduces the temperature of the emitter and
the beam current.

3.1.3 Simulations on Gyrotron Frequency Dependence

The frequency dependence on the electron beam parameters is investigated by
simulating the W7-X-gyrotron TH1507 designed by KIT and manufactured
by THALES [36]. The simulations are calculated with the code package
EURIDICE [113], which is a time-dependent, multimode and self-consistent
interaction code. Because the frequency dependence of the main operating mode
TEssg g is investigated, interaction simulations are conducted in this section only
with the TEyg g, without consideration of other competitive modes.

In each simulation, the influence of the following parameters on the frequency of
the operating TE mode is analyzed:

* Static magnetic field strength
¢ Electron kinetic energy
e Electron pitch factor

e Accelerating voltage
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3.1 The Gyrotron as Voltage Controlled Oscillator

After the simulation has reached a stable point, an average of the last 150 ps is
calculated for the excited frequency values. The output power at the end of the
cavity for the different operating parameters is also shown.

Table 3.1: Operating point for interaction simulations with EURIDICE

Magnetic Field Beow 560 T
Kinetic Energy Wiin 80 keV
Beam Current Iheam 40 A
Pitch Factor « 1.3

Guiding Center Radius 1 10.1 mm

The operating point for the simulations is based on [36]. The input parameters
for the simulation are shown in Table 3.1. For the following simulations, the
corresponding parameter is swept, while the other parameters are kept constant.

Furthermore, simulations of the frequency dependence on the accelerating voltage
are conducted. The electron gun is simulated with the code package ESRAY [114]
to obtain the electron beam parameters, which are used for the interaction calcu-
lations with EURIDICE.

Sweep of Static Axial Magnetic Field Strength

For the simulations, the maximal field strength in the cavity is varied and the
magnetic field profile is scaled accordingly with EURIDICE. In Figure 3.1, the
power and frequency for different magnetic field strengths is shown. The magnetic
field strength was swept between 5.59T to 5.65T. The frequency dependence
is approximated linearly, which results in a slope of 1.05 MHz/mT. The output
power also changes with the magnetic field, and a change in frequency of 60 MHz
results in a power change of 400 kW.
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Figure 3.1: Calculated power and excited frequency with EURIDICE for different magnetic field
strengths Beay at the cavity

Sweep of Electron Kinetic Energy

The kinetic energy is swept between 70 keV to 82keV. In Figure 3.2, the power
and frequency for different kinetic energy values is shown. The frequency
dependence on small changes of the kinetic energy is linear with a slope of
—9.90 MHz/keV. The output power also depends on the kinetic energy. Chang-
ing the frequency with the kinetic energy by 10 MHz results in a power change of
150 kW.
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Figure 3.2: Calculated power and frequency of the TE2g g mode with EURIDICE for different electron
kinetic energy values Wip,

Sweep of Electron Pitch Factor

The pitch factor « is swept between 1.2 to 1.5. For the simulation, the parameters
from Table 3.1 were taken. In Figure 3.3, the power and exited frequency for
different kinetic energy values are shown. A linear regression results in a slope
of 166 MHz per unit of o. The output power varies by 40kW for a frequency
change of 10 MHz, which are lower power variations as with the kinetic energy.
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Figure 3.3: Calculated power and frequency of the TE2g g mode with EURIDICE for different pitch
factor values «

Sweep of Accelerating Voltage

The simulation studies made in the previous sections are interaction parameters
and influence independently the gyrotron frequency. The accelerating voltage is
an external operating parameter, and changes not only the electron kinetic energy,
but also the pitch factor (Equation 2.20). Specifically, in gyrotrons with diode-
type a MIG, the pitch factor cannot be varied independently. Therefore, the total
influence of the accelerating voltage on the frequency through the electron kinetic

energy and pitch factor is examined.

The electron beam parameters are calculated with ESRAY and are given as input
into EURIDICE. The magnet coil currents are calculated such that the same
electron beam parameters and magnetic field as in Table 3.1 are achieved. In
Figure 3.4, the kinetic energy, pitch factor, power and exited frequency for different
accelerating voltages are shown.

46



3.1 The Gyrotron as Voltage Controlled Oscillator

S 80
£

. 75
i

1.4

s 124

1.0 -

1000 |
=
)

& 500

140.30 -

S 140.28 |
jan)

© 140.26 |
S

140.24

[ [ [ [ [ [ [ [

T
0 72 74 76 78 80 82 84 86

Uace (kV)

-

Figure 3.4: Calculated electron beam parameters (with ESRAY), power and frequency of the TE2g, g
mode (with EURIDICE) for different accelerating voltages

Both, kinetic energy and pitch factor, depend on the accelerating voltage. The
frequency dependence on the kinetic energy has a negative slope (Figure 3.2),
while the one on the pitch factor has a positive slope (Figure 3.3). For the
frequency dependence on the accelerating voltage in Figure 3.4, the changes
from kinetic energy (negative slope, Figure 3.2) and pitch factor (positive slope,
Figure 3.3) counter each other. But the frequency change from the kinetic energy
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dominates and the resulting slope on the accelerating voltage is also negative.
The frequency dependence on the accelerating can still be linearized for small
changes. A linear regression results in a slope of —4.44 MHz/kV.

3.1.4 Frequency Noise of Gyrotrons

Under ideal conditions, the electron beam parameters and cavity radius remain
constant during the gyrotron pulse, and the excited TE mode oscillates at exactly
one frequency, resulting in a single peak at the specific frequency in the spectrum.
In a real MIG, the electrons do not have all exactly the same parameters (as
described in Section 2.1.1). With consideration of a statistical distribution of
the electron beam parameters (spread), the frequency spectrum of the excited TE
mode changes. In the spectrum, the spread of the electron beam parameters results
in a broadening of the frequency peak and a higher phase noise.

—— Without spreads
20 With spreads

Magnitude (dB)

140.1 140.15 140.2 140.25 140.3 140.35
f (GHz)

Figure 3.5: Spectrum of the excited TE2g,8 mode calculated with EURIDICE for the TH1507 gy-
rotron. The spectra are calculated without (blue) and with (orange) spreads of the electron
beam parameters, and are constant over the simulation time.

The broadening of the frequency peak due the spread of the electron beam pa-
rameters is exemplary shown in Figure 3.5. The excitation of the TE2g g mode is
simulated using EURIDICE without and with consideration of spread values for
the electron beam parameters. The simulation parameters are shown in Table 3.2.
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Table 3.2: Parameters used for the calculation with EURIDICE of the frequency spectrum. The
TE2g,s mode is excited in the TH1507 gyrotron

Bewe (T)  5.60
Ibeam (A) 40

Ty (mm) 10.1 Arg (%) 1.60
a 1.3 Aa (%) 5.0
1.157 Ay (%) 0.01

ol
Wiin (keV)  80.0

In Figure 3.5, the calculated spectra from EURIDICE are shown. The calculated
spectrum without the spread of the electron beam parameters has a clear main
peak at a single frequency. Larger spreads of the electron beam parameters result
in larger phase noise. A clear main peak at a specific frequency is still present.

The statistical distribution of the electron beam parameters does not consider a
change of their average values over time, which happens under real conditions
during a gyrotron pulse. These parameter variations over time result in an un-
wanted frequency modulation and frequency shifts, and deteriorate the long-term
frequency behavior.

The operating parameter changes over time result from noise of the gyrotron
auxiliary components such as power supplies. For example, the noise in the
power supply for the cathode voltage results in variations of the kinetic energy of
the electrons.

The depression voltage (Equation 2.13) changes the electron kinetic energy and
depends on the electron beam neutralization (as described by Equation 2.16).
Therefore, changes in the neutralization cause noise in the gyrotron frequency.
Furthermore, the cavity midsection radius changes over time due to heating from
ohmic losses, leading to unwanted frequency shifts. In the following, the influence
of the cavity midsection radius and electron beam neutralization on the gyrotron
frequency is investigated for the TH1507 gyrotrons with EURIDICE. For the
simulations, the operating point from Table 3.1 is used.
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Change of Cavity Midsection Radius

To change the cavity midsection radius, the existing cavity geometry of the
TH1507 gyrotron is scaled such that the cavity midsection radius corresponds
to the desired radius. In Figure 3.6, the excited frequency for different cavity radii
is shown. The cavity radius is swept from —10 um to 10 um around its nominal
value of 20.48 mm. The frequency dependence on small changes of the cavity ra-
dius can approximated linearly for the operating point. A linear regression results
in a slope of —6.5 MHz/um. Already changes in the um range result in frequency
variations in the MHz range. To achieve a frequency stability of 1 MHz during a
free-running operation, the cavity radius cannot vary more than 154 nm.

140.30

’g 140.25
<)

140.20

—10 -5 0 5 10
Areay (jm)

Figure 3.6: Frequency of the TE2g g mode for different cavity radii 7cay = 20.48 mm + Arcay

Change of Electron Beam Neutralization

In Figure 3.7, the excited frequency for different neutralization levels eyt Of
the electron beam is shown. The electron beam parameters are calculated with
ESRAY for the neutralization levels between 0 % to 85 %, and the frequency of the
TEog g is calculated with interaction simulations using EURIDICE. An increase
of the neutralization of 10 % results in a decrease of the frequency of 9 MHz.

50



3.1 The Gyrotron as Voltage Controlled Oscillator

140.30

140.28 —

140.26 —

f (GHz)

140.24 —

140.22 —

1 1 1 1 1
0 20 40 60 80

Tneut (0/0)

Figure 3.7: Excited frequency for different electron beam neutralization levels 7neut

3.1.5 Frequency Down Shift at Gyrotron Start-Up

At the beginning of a pulse, two phenomena occur inside the gyrotron which lead
to a large frequency down shift in the range of hundreds of MHz [48]:

e Cavity expansion due to wall heating

* Space charge neutralization of the electron beam

Because the gyrotron cavity wall is not an ideal conductor, ohmic losses occur
inside the cavity wall, as soon as the TE mode is excited. The ohmic losses heat
the cavity wall, which leads to expansion of the cavity wall and to an increased
cavity wall radius. A cooling system is installed inside the gyrotron to prevent the
cavity wall from overheating. However, specifically at the beginning of a pulse,
the cooling system needs time to react to the sudden temperature change of the
cavity wall. The cavity wall radius increases until the cooling system cools down
the cavity wall such that an equilibrium is reached.

The gyrotron frequency decreases with an increase of the cavity radius (as de-
scribed in Section 3.1). Therefore, the frequency shifts to lower frequencies until
the cavity wall radius stops increasing, which is after several hundreds of ms.
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Another parameter that changes during the gyrotron start-up is the electron beam
neutralization. Immediately at the start of the pulse, no ions are inside the
gyrotron and the electron beam is not neutralized. As some residual gas is inside
the gyrotron (Section 2.1.1), the residual gas gets ionized. The ions neutralize the
electron space charge, leading to a lower depression voltage and a higher electron
kinetic energy [78].

Due to the electron beam neutralization, the electron kinetic energy increases over
time (until the maximal neutralization is reached). As described in Section 3.1,
the gyrotron frequency decreases with an increase of the electron kinetic energy.
The frequency down shift from the electron beam neutralization is in the range of
tens of MHz.
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Figure 3.8: Frequency down shift of the VGT8141A gyrotron from manufacturer CPI during the first
500 ms of a pulse

Typically, the duration of both effects is in the hundreds of ms range and the
frequency down shift is in the range of hundreds of MHz. In Figure 3.8, an
example of the frequency down shift is shown. The frequency curve is mea-
sured experimentally for the VGT8141A gyrotron from manufacturer CPI. The
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VGT8141A gyrotron is operated at an accelerating voltage of 80 kV with a beam
current of 40 A. During the first 200 ms the frequency shifts exponentially from
140.175 GHz to 140.025 GHz.

3.1.6 Summary

The gyrotron frequency dependence on different parameters is analyzed. It is
shown that noise in the operating parameters, thermal expansion of the cavity or
different vacuum conditions lead to unwanted frequency variations of the free-
running gyrotron. Stabilizing the gyrotron frequency with an external control
system requires an operating parameter that can be controlled fast enough to
counter these frequency variations.

The most suitable parameter for a frequency stabilization system of gyrotrons with
a diode-type MIG is the accelerating voltage. Simulation on the TH1507 gyrotron
show that for a fixed operating point, the gyrotron frequency can be approximated
with a linear dependence on small variations of the accelerating voltage. Thus,
for a PLL-based frequency stabilization system, the gyrotron can be modeled as
VCO.

3.2 Design of the PLL System for W7-X
Gyrotrons

Although the gyrotron can be approximated as a VCO, the ideal PLL described
in Figure 2.6 can not be directly used as a frequency stabilization system for
MW-class gyrotrons. To determine the control parameters for the PLL system,
the high-voltage Power Supply (PS) system at W7-X is characterized.

The accelerating voltage of the gyrotron is controlled with: (i) the body PS and
(i1) the cathode power PS. The cathode PS provides the current of the electron
beam, which is in the range of 40 A. The body PS changes the potential of the
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gyrotron body, and needs to provide the currents that charge the capacity of the
gyrotron body as well as the cable capacity between the body PS and gyrotron. At
W7-X, the body voltage can be faster controlled than the cathode voltage, because
the high-power cathode PS also provides the electron beam current, which is up
to 50 A. Therefore, the gyrotron frequency is controlled via the body PS.

Cathode
PS
— U cath
- Gyrotron
MIG U
. Body Ubody ( o
ctrl PS :
Body :
R — -
Ce ___ - Che

Collector I

Figure 3.9: Structure of the power supplies for the W7-X gyrotrons. For the body PS, the gyrotron
can be viewed as a capacitive load with the capacitance Ch,g.

The structure of the high-voltage PS system is shown in Figure 3.9, and a detailed
description is presented in [115], [116]. For the PLL system, the body PS is
modulated with U.,;. The total capacitance seen from the body PS limits the
speed with which the body PS can modulate the body voltage Upoqy. The
gyrotron is a capacitive load for the body PS. The total capacitance Ciot is the
cable capacitance C'c in parallel with the gyrotron body capacitance Cy,g:

Ciot = Cc + Cbg (3.1
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3.2 Design of the PLL System for W7-X Gyrotrons

The cable capacitance at W7-X is rated with 50 pF/m. With a length of 9 m from
the body PS to the gyrotron, the total cable capacitance is 450 pF.

To calculate control parameters for the PLL system, the gyrotron capacitance is
determined, and the body PS is characterized. Furthermore, the final PLL system
is simulated with the optimal control parameters. Finally, the noise of the cathode
PS is characterized, since it adds noise to the PLL system.

3.2.1 Determination of the Gyrotron Capacity

Considering the electric components that describe the PLL system, a limiting part
of the gyrotron operation is the capacity between gyrotron body and ground. A
greater capacity needs higher current to charge it to the required voltage level. In
combination with the current limit given by the body PS, the gyrotron capacity
limits the speed with which the accelerating voltage can be changed.

The capacitance of the W7-X TH1507 gyrotron is theoretically investigated with
the FEMM software [117]. FEMM is a finite element solver for 2D and axisym-
metric electrostatic problems. With FEMM, the charges on the cathode, anode and
components on ground potential are calculated for the geometry of the TH1507
gyrotron. The potentials are set to: Ucaen = —55kV and Upqy = 25kV. The
capacitance between body and ground is

Qbody - Qground
(Ubody - Uground)

Chg = (3.2)

where Uground = 0 V. The obtained values for the charges from FEMM are:

Qbody =3.12uC
Qcath =171 ”C
Qground =141 MC

With Equation 3.2, the body-to-ground capacity is Cy,g is 90 pF.
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3 Phase-Locked Loop for MW-Class Gyrotrons

The calculated gyrotron capacity is lower than the capacitance of the cable, which
is 450 pF. Therefore, the cable capacitance is more significant for the body PS
than the gyrotron body capacitance. If a faster control of the body voltage is
required for the PLL system, a fast amplifier could be placed in series with the
body PS directly at the gyrotron such that the cable capacitance is avoided.

3.2.2 Characterization of the Body Power Supply

The Institut fiir Plasmaforschung (IPF) at Universitét Stuttgart designed and im-
plemented the body PS for W7-X gyrotrons using a high-voltage amplifier in
vacuum-tube technology. It serves the dual purpose of stabilizing the noise of
the cathode PS and modulating the accelerating voltage for gyrotron output power
modulation. A detailed description of the design and implementation of the body
PS can be found in [115], [116].

For the frequency stabilization system, the dynamics of the body PS are investi-
gated. A PSpice model of the W7-X body PS is available and described in detail
in [115]. To analyze the transfer function of the body PS, a bode diagram is
calculated using the PSpice model. In the simulation, a sinusoidal signal with 1 V
amplitude is applied to the input of the body PS. The output voltage body PS is
modulated in the range between 79 kV to 80kV, corresponding to a gain of 1000
(60dB).

The resulting bode diagram for amplitude and phase are shown in Figure 3.10.
At low frequencies, the body PS has the set gain of 60 dB and no phase offset
is between the input and the output voltage. The body PS exhibits lowpass
characteristics, and the gain significantly decreases for high frequencies. The
—3 dB cutoff frequency is 20 kHz, which is also described in [116].
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Figure 3.10: Bode diagram of the body power supply obtained with PSpice simulation

The transfer function of the body PS is approximated by a linear seventh order
system, and the coefficients are determined by curve fitting. The approximated
transfer function is shown in Figure 3.10. Differences between simulated and
approximated transfer functions only occur at higher frequencies (> 500 kHz) and
are negligible for the dynamics of the PLL.

3.2.3 Calculation of Control Parameters
With the approximation of the body PS transfer function in Section 3.2.2, a

stability analysis of the W7-X gyrotrons is conducted to determine the loop filter
parameters Kp and K7 for the PLL system. The W7-X gyrotrons are approximated
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3 Phase-Locked Loop for MW-Class Gyrotrons

as VCOs with the gain determined in Section 3.1.3. With the body PS, the PLL
open loop transfer function is given by

Hei (5) = Hpa Hp1Hpodyps Hveo

3.3)
o KptaKyeo (KPS + KI)H
= 3 bodyPS
s
Similar to Section 2.2.1, K is defined as
KotaKyeo Kp K,
K = =Pt (34

with the given gain factor K, = 1000. As long as fx = % is smaller than the
3-dB cut-off frequency of the body PS (20kHz), fx is the frequency at which
the open loop function crosses 0 dB. In Figure 3.10, the phase of the body PS
transfer function drops significantly. Therefore, values for f5 higher than 20 kHz
are unsuitable and result in an unstable control system.

For the calculation of the loop filter parameters during the experiments, first fx
is chosen. With Ky¢q and K¢, known, Kp is calculated. Then, fi is chosen
for sufficient phase margin. K7 is calculated with Equation 2.42. An example is
shown in Figure 3.11 with fx = 10kHz and different values for f;. The fast drop
of the phase after 20 kHz due to the body PS is significant and limits the values
for fx and fi.

3.2.4 Simulation of the PLL System with Body Power
Supply

Using Simulink [118] and PSpice [119], the full gyrotron PLL system with the
body PS is simulated in time domain and the step response to a | MHz jump is
investigated. Co-simulations with Simulink and PSpice using the body PS model
are conducted. The PLL system is modeled in Simulink with the PFD from
Section 2.2.3. The gyrotron is modeled as VCO. To restrain the requirements
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Figure 3.11: Bode diagram of the open loop transfer function of the gyrotron PLL including the body

power supply. The dots in the phase plot are the phase margins for different values of fr
with fxr = 10kHz.

on the temporal resolution of the simulations, the gyrotron VCO operates in the
MHz regime instead of 140 GHz. For the dynamic behavior of control system, the
frequency down conversion is not relevant and only the dynamics of the gyrotron
VCO K., are necessary (Section 2.2.2). The loop filter parameters are calculated
with Equation 3.4 and Equation 2.42 for specific fx and fi.

In Figure 3.12, the step response of the gyrotron VCO frequency to a 1 MHz jump
of the reference signal is shown. The control loop parameters are fx = 16kHz
and fi = 4kHz. The reference signal changes its frequency from 1 MHz to
2MHz at 0s. The body PS changes its voltage correspondingly such that the
gyrotron VCO follows the frequency change of the reference. The step response
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Figure 3.12: Step response of the gyrotron PLL system with the loop parameters fx = 16 kHz and
f1 =4kHz

shows typical PI filter characteristics superimposed with cycle slipping behavior
(as described in Section 2.2.4) during the first 1 ms. With the chosen control
parameters, the VCO frequency fully settles on the set frequency after 3 ms.

Larger values for fx or fi increase the time until the VCO frequency reaches
the reference frequency. However, during the simulations, larger values for fx
or fr result in an unstable control system with the VCO frequency never settling
on the reference frequency, but oscillating around it. This is also expected from
linear PLL analysis in Section 3.2.3, where larger control parameter values result
in unsuitable phase margins and in an unstable control system.

3.2.5 Characterization of the Cathode Power Supply
The cathode PS is built on the Pulse Step Modulation (PSM) technology [120]

and was manufactured by Ampegon Power Electronics AG. The cathode PS is
designed to deliver up to 65kV with a current of 50 A in continuous operation.
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With the PSM technology, multiple identical power supply modules output a high
Direct Current (DC) voltage. These modules are switched, which introduces
high-frequency noise.
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Figure 3.13: Noise of cathode power supply voltage

The noise on the cathode PS is characterized as 500 V peak-to-peak [116]. Al-
though this is sufficient enough for the designed gyrotron ECRH operation at
W7-X, the noise of the cathode PS is further investigated for the frequency sta-
bilization circuit. Specifically, the frequency spectrum of the power supply is
characterized. For the characterization, the cathode PS is operated loaded, and
experiments with the gyrotron are conducted. The voltage of the cathode PS
is measured during operation of the VGT8141A gyrotron with an accelerating
voltage of 79.5kV and a beam current of 36 A.

The cathode PS is set to a constant output voltage of 59.25 kV. The resulting curve
is shown in Figure 3.13. The output voltage of the cathode PS is sampled with a
frequency of 15.625 MHz. In the cathode voltage, periodic amplitude variations
are present with a repetition rate of 0.3 ms (which corresponds to a frequency of
3.3kHz).

To analyze the spectral noise of the PS, a Fourier transform of the cathode voltage
is shown in Figure 3.14 from 0 kHz to 250 kHz and 0 kHz to 20 kHz. The cathode
PS voltage is sampled with a frequency 488 kHz for a duration of 33.5 ms, which
results in a frequency resolution of 29.8 Hz. In the lower frequency region, the
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Figure 3.14: Spectrum of the cathode power supply noise from 0 kHz to 250 kHz and 0 kHz to 20 kHz

highest spectral line is at 3.3 kHz of which the harmonics are also present in
the spectrum. The 3.3 kHz oscillations are also visible in the time domain in
Figure 3.13. Other high spectral lines are near 135kHz. Apart from the main
peak at 135 kHz, side-bands arise at frequencies that are multiples of 3.3 kHz away
from the main 135 kHz peak, which is a modulation of the 135 kHz oscillation
with 3.3 kHz.

These spectral lines arise from the switching of the modules of the cathode PS
and are inherent to the PSM technology. The same spectral lines at 3.3 kHz and
135 kHz are observed in all cathode power supplies at W7-X.
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3.3 Implementation of the PLL System for
W7-X

With the considerations in the previous section, a complete PLL system for the
W7-X gyrotrons is design and implemented. Besides the earlier considerations,
an easy integration into the W7-X systems is also important. An overview of
the frequency stabilization system is shown in Figure 3.15. First, the gyrotron
signal Sgyro is down converted from the mm-wave range to the required IF (in the
MHz range). The resulting IF signal sr is fed into the digital PLL system, which
outputs a control signal s.;1. The control signal is transmitted to the body PS and
changes the body voltage to counteract the frequency variations. Furthermore,
the IF signal is used to measure the gyrotron signal and determine the gyrotron
spectrum.

Sg s Sctrl
gyro Fr 0l IF L. ctr
RN equency Digital PLL ——>

Down Conversion

Figure 3.15: Overview of the implemented frequency control system

The core implementation of the frequency stabilization system is done digitally, via
a Field-Programmable Gate Array (FPGA). The digital implementation offers the
advantage to change the control parameters without any changes of the hardware.
Furthermore, the digital implementation also allows an easy integration into the
W7-X systems. Thus, it can be used during experimental campaigns with the
W7-X stellarator.

3.3.1 Frequency Down Conversion

A small part of the gyrotron mm-wave beam is picked up with a horn antenna
at the mm-wave beam duct. This mm-wave gyrotron signal is transmitted over
a waveguide system to the frequency down conversion system. In Figure 3.16, a
diagram of the frequency down conversion is shown.
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Figure 3.16: Frequency down conversion system

For the frequency down conversion, it is assumed that only the nominal TE mode
is excited. Only the signal of the nominal TE mode is present and no other signal
is in the image band of the frequency down conversion visible. Therefore, the
image band does not need to be filtered out, and without the restrictions of an
image band filter, the LO frequency can be placed as close as possible to the
gyrotron frequency. The IF ranges from 10 MHz to 90 MHz.

To prevent damage to the mixer, the gyrotron signal is attenuated with a variable
attenuator. The frequency down conversion is realized using a harmonic mixer.
Compared to fundamental mixers, harmonic mixers have higher conversion losses.
However, the frequency down conversion can afford higher losses, because the
gyrotron signal has high power. The main advantage of harmonic mixers is the
reduction on the requirements of the LO. Depending on the harmonic number, the
LO does not need to be implemented in the mm-wave range but only in the 10 GHz
to 20 GHz range. The frequency down conversion shall be used for the nominal
140 GHz operation and for the CTS diagnostic with a frequency at 174 GHz. A
LO with a variable output frequency in the 10 GHz to 20 GHz range allows to use
the same LO for the 140 GHz and 174 GHz operation.
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3.3 Implementation of the PLL System for W7-X

The final implementation uses a harmonic mixer from manufacturer RPG Ra-
diometer Physics GmbH. The harmonic mixer operates at the 12" harmonic and
is specified in D-band, ranging from 110 GHz to 170 GHz. However, since the
cut-off frequency of the next upper mode is at 181.583 GHz, this mixer is also
used for the 174 GHz gyrotron operation.

With the harmonic mixer operating at the twelfth harmonic, the LO needs a fre-
quency of 11.67 GHz and 14.50 GHz to down convert the 140 GHz and 174 GHz,
respectively. The Valon 5019 frequency synthesizer from manufacturer Valon
Technology is used. The Valon 5019 operates up to 20 GHz with a maximal
output power of 16 dBm.

After the harmonic mixer, the signal is amplified with a Low Noise Amplifier
(LNA) and subsequently lowpass filtered with a cut-off frequency of 90 MHz.

3.3.2 PLL Implementation

After the frequency down conversion, the gyrotron signal is fed into the PLL
system. The main components of the PLL system is the PFD and the PI filter.

The final system is implemented in a FPGA. Not only allows this for an easy
integration into the W7-X system, but also allows for a flexible change in the
control parameters. Moreover, the design can be changed for future advanced
control systems. The low-cost off-the-shelf CycloneV from manufacturer Intel is
used. The CycloneV is a System on Chip (SoC) combining FPGA and a Hard
Processor System (HPS) with the operating system Linux. The Linux system
allows to interface with the W7-X system and the PLL operating parameters are
communicated over the HPS into the FPGA system.

Because the IF signal is a sinusoidal signal, it needs to be converted into a
corresponding input signal for the FPGA. The input of the FPGA only accepts
digital signals, where logic low corresponds to 0 V and logic high to 3.3 V. For
the PFD, only the rising edges of the input signals are relevant. Therefore, the IF
sinusoidal signal is converted into a rectangular waveform between 0 V to 3.3 V.
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3 Phase-Locked Loop for MW-Class Gyrotrons

On the FPGA side of the CycloneV, the core of the PLL system is implemented:
the N-divider, PFD and PI filter. The N-divider is a counter, which divides the
frequency of the input signal by outputting a rising edge only every N*! rising
edge of the input signal. The PFD from Figure 2.8 is implemented with two
D-flip-flops. The duration of the UP and DOWN pulses from the PFD is captured
with a 600 MHz counter, and the PI filter operates at a frequency of 100 MHz.
After the PI filter, the signal is additionally lowpass filtered for the transmission
to the body PS.

For the W7-X system, the control signal needs to be transmitted over fiber optics
to the body PS. For this, a digital to fiber optics conversion is designed, which
transforms the output of the PI filter into the transmission protocol that is used at
W7-X.
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4 Operation of a 140 GHz W7-X
Gyrotron at 174 GHz for CTS
Diagnostic

A CTS diagnostic at W7-X is implemented and first successful experiments are
conducted for ion temperature measurements [121]. The CTS diagnostic uses
one of the ECRH gyrotrons at its nominal frequency of 140 GHz as probing
beam. During OP 1.2 at W7-X, the ion temperature measurements with the
CTS diagnostic at 140 GHz are in reasonable agreement with the ion temperature
measurements from the X-ray spectroscopy [121]. Operating the CTS diagnostic
at the ECRH frequency results in strong noise from the electron cyclotron emission
background (in the keV range), which deteriorates the SNR significantly [122].
Measuring other plasma parameters such as the fast ion velocity distribution
function requires a SNR higher than ten [122], which is difficult to achieve
with the electron cyclotron emission background at 140 GHz. Therefore, the
CTS diagnostic is upgraded to an operating frequency of 174 GHz at which the
electron cyclotron emission background is expected to be in the range of several
electronvolt [123].

With the move to 174 GHz, the gyrotron also needs to change its operational fre-
quency. Because the ECRH gyrotron is designed to operate at the plasma heating
frequency of 140 GHz, the new operation at 174 GHz needs careful theoretical
considerations. In [124], the operation at 174 GHz was theoretically investigated
with simulation tools, specifically with EURIDICE [113], Ariadne [125] and
KarLESSS [126].
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4 Operation of a 140 GHz W7-X Gyrotron at 174 GHz for CTS Diagnostic

Together with this, a new 7 T magnetic system is installed for the CTS gyrotron.
Simulations with the new magnetic field profile of the 7 T system are conducted
to find the optimal operating point, and the experimental results are presented.

4.1 Magnetic System for 174 GHz Operation

The new 7 T magnetic system is designed and manufactured by Cryomagnetics. A
schematic of the new magnetic system is shown in Figure 4.1. The system consists
of an Upper Main Coil (UMC), a Lower Main Coil (LMC), a High-field Main
Coil (HMC), a Compensating Main Coil (CMC) and a Gun Trim Coil (GTC).
The main difference to the existing magnetic system for the W7-X gyrotron is the
HMC, which is located at the cavity midsection.
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Figure 4.1: Coil configuration of the new 7 T magnetic system. The HMC coil is only added for the
gyrotron operation at 174 GHz

Operation at 140 GHz using the new magnetic system requires the same magnetic
field profile as with the originally used magnet. For the 140 GHz operation, the
HMC is not used and the magnetic coil configuration is similar to the previous
coil configuration. Thus, the magnetic field profile for the 140 GHz operation is
also similar to the original magnetic field profile.
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4.2 Selection of Operating Mode

For the 174 GHz operation, the LMC and UMC cannot provide the required field
strength of 7 T, and the HMC is included to obtain the required 7 T. The additional
coil makes the field profile steeper than the one used for the calculations in [124],
and simulations with the new magnetic system are conducted. The difference
between the original and new magnetic field profile for 174 GHz operation are
shown in Figure 4.2.
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Figure 4.2: Comparison of the magnetic profile for the original and new magnetic system for the 7 T
operation

4.2 Selection of Operating Mode

Possible operating modes for the 174 GHz operation are discussed in [124]. The
most suitable modes are the TE34 19 and TE35 190 modes. Additionally, the TE33 19
is also considered as candidate mode for the operation with the new magnetic
system.

The reflection R of the diamond window is calculated with Equation 2.29 for
the frequencies between 135 GHz to 180 GHz and is shown in Figure 4.3. The
window has a thickness of dw = 1.799 mm and is resonant for the frequencies
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4 Operation of a 140 GHz W7-X Gyrotron at 174 GHz for CTS Diagnostic

140 GHz and 175 GHz (as described with Equation 2.28). The cut-off frequency
of each candidate mode is also shown in Figure 4.3, and the reflection for each

candidate mode is evaluated.
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Figure 4.3: Reflection at the gyrotron window. The window is resonant for 140 GHz and 175 GHz.
The frequencies of the different candidate modes are shown with the vertical black lines

In Table 4.1, the cut-off frequency, reflection at the window for the respective
mode cut-off frequency and the relative caustic radius for each candidate mode
are shown. As areference, the mode parameters for the nominal 140 GHz TEqs g
are additionally given. The TE33 ;9 mode has the highest reflection at the window
with 11.152 %.

The launcher is designed to convert the TEog g mode into a Gaussian-like beam.
In order for the candidate modes to be optimally converted into a Gaussian-like
beam, their caustic radius must be close to the caustic radius of the TE»g g mode.
In Table 4.1, the relative caustic radius is defined as:

Tc

“.1)

Tcrel =
T¢,28,8
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where 7. is calculated with Equation 2.24 for each candidate mode and 7. 2s g
is the caustic radius of the TEog s mode. In Table 4.1, the caustic radius of the
TE35,10 mode is closest to the TEpg g mode compared to the other candidate
modes.

Table 4.1: Mode properties for nominal TE2g g mode and each candidate mode

TE2s 8 TE3z310 TE34,10 TEszs,10

Cut-off frequency at cavity (GHz) 140.022 170.841 173.718 176.587

Reflection at window (dB) -94.0 -19.1 -38.6 -34.0
Reflection at window (%) 0.002 11.152 1.176 1.996
Relative caustic radius 1 0.96 0.98 0.99

4.3 Simulation Results

The quasi-optical system is analyzed, and the results from [124] are verified
with simulations of the new magnetic system. The electron beam parameters are
calculated with ESRAY and the interaction is simulated with EURIDICE. The
magnetic coil currents are determined to optimize excitation of the candidate
modes inside the cavity, and the simulation results for each candidate mode are
presented.

4.3.1 TE Mode Conversion into Gaussian TEM Mode

The quasi-optical system is analyzed for the candidate modes TE33 109, TE34 10
and TE35 19 with KarLESSS. The candidate modes must fulfill two requirements:

¢ the Gaussian-like beam exists the gyrotron window through the center and
does not hit its copper cuff
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¢ the Gaussian-like beam passes through the tunnel into the beam duct without
hitting the tunnel wall

To determine if the two requirements are fulfilled, the electric field is evaluated
at two different planes: (a) the gyrotron window and (b) the exit of the tunnel
leading into the beam duct. The simulation setup is shown in Figure 4.4. The
geometries of the launcher and three mirrors are used for the calculations with
KarLESSS. For each simulation, the respective candidate mode is inserted at the
entrance of the launcher.
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Figure 4.4: Geometry for the simulations of the quasi-optical system with KarLESSS. The electric
field is evaluated at two different planes: (a) gyrotron window and (b) tunnel exit to beam
duct.
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In Figure 4.5, the calculated electric field distribution at the gyrotron window
plane is shown for the nominal TE2g g and the candidate modes. The electric field
profiles are normalized to the maximum value for each TE mode. The black ring
represents the copper cuff of the window.
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Figure 4.5: Calculated electric field distribution at the gyrotron window for different modes at the
launcher entrance. The black ring represents the window copper cuff.

The calculated profile of the candidate modes differs significantly from an ideal
Gaussian TEM o mode. For all candidate modes, the electric field is concentrated

inside the gyrotron window. The calculated beam does not hit the window copper
cuff, fulfilling the requirement.
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Table 4.2: Gaussian mode content for each candidate mode and nominal TE2g g mode at the gyrotron
window

TEog s TE33,10 TE34,10 TEz5,10

Gaussian mode content (%)  98.23 91.39 89.74  90.05
gy shift from center (mm) 0.45 0.61 1.29 2.90
z shift from center (mm) 0.44 1.09 11.14 13.76

The vector Gaussian Mode content is calculated by using the mode matching
analysis. The electric field amplitude and phase values of the Gaussian TEM o
mode is fitted to the electric field amplitude and phase values obtained by the
calculations from KarLESSS. With the fitting calculations, the y- and z-shift from
the center of the window are also obtained for the resulting TEMg o mode. The
calculated vector Gaussian mode content, y- and z-shift from the window center
for each TE mode is shown in Table 4.2.

In Figure 4.6, the resulting electric field distribution at the beam tunnel exit is
shown for the nominal TE,g g and the candidate modes. The electric fields are
normalized to their maximum value for each TE mode. The black ring represents
the beam duct tunnel wall. For all modes, the electric field is concentrated inside
the tunnel, and the Gaussian-like beam exits the tunnel without hitting the tunnel
border. As at the gyrotron window, the mm-wave beam of each candidate mode is
not at the center of the tunnel. The first mirror in the beam duct [33] can correct this
offset. Moreover, mode converting phase correcting mirrors with non-quadratic
surface contour function [127], [128], which are placed in the matching optics
unit in the beam duct, can further improve the quality of the mm-wave beam.

4.3.2 Optimum Guiding Center Radius
For each candidate mode, there exists a guiding center radius of the electron

beam for which the interaction is optimal [65]. The guiding center radius at the
cavity midsection is determined by the magnetic compression (as described with
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Figure 4.6: Calculated electric field distribution at the beam duct tunnel exit for different excited TE
modes at the launcher entrance. The black ring represents the tunnel wall.

Equation 2.12), which can be changed with the magnet coil currents. To find

the optimum magnet coil currents, the optimum guiding center radius for each
candidate mode is determined first.

The coupling between the electron beam and each candidate mode is calculated
with Equation 2.26. In Figure 4.7, the normalized coupling is shown for different
guiding center radii. The coupling factor is normalized to its maximum value for
each candidate mode. The optimal guiding center radius is where the coupling
factor is maximal and is calculated with Equation 2.27. In Table 4.3, the optimal
guiding center radius is shown for each candidate mode.
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Figure 4.7: Coupling factor and optimal guiding center radius for each candidate mode

Table 4.3: Optimal guiding center radius for each candidate mode

TE33,10 TE34,10 TEszs,10
Fgopt (mm) 9.67 979 991

4.3.3 Optimum Magnet Coil Currents

After the optimal guiding center radius is found, simulation of the MIG are
conducted to obtain the electron beam parameters at the cavity. First, an operating
point is defined for the electron gun simulations. The operating point serves as
starting point for the simulations. As in [124], a valid starting point is an electron
kinetic energy of 75keV and a electron beam current of 40 A. Because the
gyrotron shall operate for the CTS diagnostic with 10 ms pulses, the neutralization
of the electron beam can be neglected.

A first estimation for the required magnetic field strength at the center of the cavity
is calculated with Equation 2.3. The following assumptions are made:

 the TE modes are excited near their cutoff frequency [65]

e the required electron cyclotron frequency is 3 % lower than the excited
frequency [129]
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4.3 Simulation Results

The resulting magnetic field strength for each candidate mode is shown in Ta-
ble 4.4.

Table 4.4: Calculated optimal magnetic field strength at the cavity center Bcay for each candidate
mode

TE3310 TE34,10 TEzs,10
Beay (T) 6.800 6.915 7.029

With these settings, the magnet coil currents are the only remaining free parame-
ters that can be changed to obtain the desired electron beam parameters for each
candidate mode. The HMC coil current I1pyc is fixed at 77 A, as required by the
manufacturer Cryomagnetics. This leaves two parameters to sweep for finding
the optimal electron beam parameters for each candidate mode:

¢ the main coil current ;¢ of the LMC, UMC and CMC,

e the current IgTc of the GTC.

The parameters of the electron beam at the middle of the cavity are calculated
with ESRAY. The accelerating voltage between anode and cathode is set to 80kV,
the beam current to 40 A and the electron space charge neutralization to 0 %. The
optimal values for the magnet coil currents are determined with the guiding center
radius and the magnetic field at the center of the cavity for each candidate mode,
which are shown in Figure 4.8.

The magnet coil currents Iyic and Igtc for each candidate modes are chosen
as follows. The mean guiding center radius does not change significantly for
different /;c values and mainly depends on IgTc. Therefore, IgTc is chosen
to obtain the optimal guiding center radius, which is shown in Table 4.3 for each
candidate mode. Then, Iyic is chosen to obtain the required calculated magnetic
field strength at the cavity center (Table 4.4), because B, depends on Iyic.
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Figure 4.8: Mean electron beam guiding center radius, magnetic field strength, and mean pitch factor
at the center of the cavity for different magnet coil currents

The pitch factor « is an important electron beam parameter for the interaction with
the TE mode in the cavity. It determines the energy transfer from the electrons
to the TE mode in the transverse plane. Overall, in Figure 4.8, the mean pitch
factor is below 1.1, which is below the typical value of 1.1 to 1.3. In gyrotrons
with diode-type MIG, the pitch factor cannot be changed independently, and the
excitation of each candidate mode must be investigated for the resulting pitch
factor value.

In Table 4.5, the optimal magnet coil currents and the resulting electron beam
parameters at the center of the cavity are shown for each candidate mode. The
guiding center radius and magnetic field strength coincide with their calculated
optimal values from Table 4.4 and Table 4.3.
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Table 4.5: Electron beam parameters at the cavity center from optimal magnet coil currents for each
candidate mode

TEs3,10 TEss10 TEss 10
Ivic (A) 83.14 85.03 86.73
Icte (A) —1533 —1422 —13.10
Iive (A) 7700 7700 77.00
Beaw (T) 680 692 7.03
7y (mm) 966 979 991
Arg (%) 1.60 1.58 1.52
@ 1.11 0.97 0.88
A« (%) 3.45 4.33 5.16
5 1.146 1.147 1.148
A~y (%) 0.023 0.023 0.027
Wiin (keV)  74.63 75.10 75.40

4.3.4 Interaction Simulations

After the determination of the optimal operating points and the calculation of
the electron beam parameters at the cavity, interaction simulations are conducted
with EURIDICE to analyze the excitation of each candidate mode. The start-up
scenario considers the increase of the accelerating voltage increases over time,
and soft excitation of the TE modes.

For the start-up scenario, the electron beam parameters are calculated for different
accelerating voltages. Iyic and IgTc are kept constant as specified in Table 4.5
for each candidate mode. The electron beam parameters for the interaction
simulations with EURIDICE are calculated in ESRAY for the corresponding
accelerating voltages.

The interaction simulations with EURIDICE are carried out with 1300 electrons
and with consideration of statistical variations of the electron beam parameters
by including the spread values obtained from ESRAY. Furthermore, 42 possible
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competitive TE modes are included in the interaction simulations for each candi-
date mode. Modes are taken into account as competitors if their relative coupling
with the electron beam is greater than 0.5 and their cut-off frequency is in the
range between —5 % to 10 % of the candidate mode frequency.
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Figure 4.9: Multimode interaction simulation with EURIDICE at the calculated optimal operating
point for the candidate TE33, 10 mode
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Figure 4.10: Multimode interaction simulation with EURIDICE at the calculated optimal operating
point for the candidate TE34,10 mode
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Figure 4.11: Multimode interaction simulation with EURIDICE at the calculated optimal operating
point for the candidate TE35,10 mode

In Figure 4.9, Figure 4.9 and Figure 4.9, the results of the simulations with
EURIDICE are shown. For each candidate TE mode, the respective optimal
operating point calculated in Section 4.3.3 is taken. The nominal accelerating
voltage is 80kV. In the interaction simulations, the TE33 19 and TE34 19 modes
are successfully excited without any other competitive modes at the operating
point. The TE35 19 mode is not excited at the operating point from Table 4.5.
Instead, the TE34 19 mode is excited at 80 kV. A higher magnetic field is required
to excite the TE35 10 at 80k V.

4.4 Gyrotron Operation for CTS Diagnostic

At W7-X, the new 7 T magnet system was delivered and installed for the TH1507
Magquette tube. Experiments are conducted to excite the TE34 19 and TE3z5 19
modes that were predicted in [124]. Additionally, the TEs3 19 mode is also
excited during the experiments. The results and operating parameters obtained in
Section 4.3 are used to find the excitation of the candidate TE modes.
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During the experiments, it was not possible to excite the TEs5 19 mode. Of all
three candidate modes, the electron beam for the TE35,19 mode has the lowest
pitch factor. Its excitation requires a higher beam current and higher magnetic
field, which could not be achieved in the experiments. Specifically, the 7 T magnet
is operated until its maximal rated current value for Iy;c, resulting in the highest
possible magnetic field for the TE35 19 mode.

4.4.1 Profile of the Gyrotron Output Beam

To determine if a candidate mode is excited, a target is placed at the exit of the
tunnel leading into the beam duct. The location of the target is shown in Figure 4.4
at position (b). An infrared camera records the target surface temperature, which
allows to determine the shape of the excited mm-wave beam.

24.0
23.5
23.0
_‘q_‘q"—‘——\__‘_ -
: 22.5
22.0
21.5
-

Temperature [°C]

21.0

b

Figure 4.12: Shape of the gyrotron mm-wave output beam at the beam duct for the TE33,10

82



4.4 Gyrotron Operation for CTS Diagnostic

The operating parameters from Section 4.3.3 are used as starting point to excite the
TE33,10 and TEs34 10 modes. Short-pulses with a duration of 1 ms are conducted
and the magnet coil currents are varied until the mm-wave beam is seen at the
target.
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Figure 4.13: Shape of the gyrotron mm-wave output beam at the beam duct for the TE34, 19 mode

In Figure 4.12, the profile of the mm-wave beam at the exit of the beam duct
tunnel is shown for the TE33 19 mode. The mm-wave beam is concentrated in the
middle of the tunnel, and does not hit the tunnel wall. The measured frequency
of mm-wave beam is 171.04 GHz, which is consistent with the simulation results
for the TE33,10 mode.

In Figure 4.13, the profile of the gyrotron mm-wave beam at the exit of the beam
duct tunnel is shown for the TE34 19 mode. The mm-wave beam exits the tunnel

and does not hit the tunnel wall. The measured frequency of mm-wave beam is
173.91 GHz.
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4.4.2 Determination of the Optimum Operating Point

In Section 4.4.1, the TE33 19 and TE34, 10 modes are successfully excited. Both
mm-wave beams do not exit the tunnel through the center. The offset from
the center is corrected by the first mirror in the beam duct [33]. For power
measurements, the mm-wave beam is transmitted to the short pulse load in the
beam duct. For the TE33 10 and TE34,10 modes, the operating point that obtains
the maximum output power is determined. Experiments with pulse lengths of
10 ms are conducted.

Output Power of the TE3319 Mode

The optimum values for the magnet coil currents during the experiments are:
Ivic = 84 A and Igrc = —14.75A. The beam current is set to 40 A for all
pulses. The output power at the short-pulse load for different accelerating voltages
during the experiments is shown in Figure 4.14 for the TE33 19 mode. The highest
output power is 550 kW, which is obtained with an accelerating voltage of 84 kV.
With an accelerating voltage higher than 84.5kV, the TE33 19 mode could not no
longer be excited.

With a frequency of 171.04 GHz, the reflection of the mm-wave beam at the
gyrotron window is significantly high (11 %). The experiments with the TE33 19
mode show that it is still possible to operate the gyrotron for pulse duration up to
10 ms.

Output Power of the TE34,10 Mode
The optimal values for the magnet coil currents during the experiments are:

Ivc = 86.3A and Igrc = —14.0A. The beam current is 40 A for all pulses.
The output power at the short-pulse load for different accelerating voltages during
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Figure 4.14: Measured output power of the operation with the TE33,10 mode excitation at different
accelerating voltages

the experiments is shown in Figure 4.15 for the TE34 1o mode. The highest output
power is 330 kW, which is obtained with an accelerating voltage of 82kV. The
TE34,10 mode excitation is lost with an accelerating voltage higher than 83 kV.
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Figure 4.15: Measured output power of the operation with the TE34,19 mode excitation at different
accelerating voltages
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4.5 Summary

The new 7 T magnetic system was successfully installed for the TH1507 Maquette
gyrotron. Simulation results show that the candidate modes from [124] could be
excited with the magnetic profile from the new 7T magnet system. The new
TE33,10 candidate mode is also investigated.

Optimal operating points are theoretically investigated and the operating param-
eters for the experiments are determined. These theoretical optimal operating
points serve as starting point for the experiments. The TE33 19 and TE34 190 mode
are successfully excited during the experiments, while the TE35 19 mode could
not be excited. The obtained maximum output power is 550kW at 171.04 GHz
for the operation with TE33 19 mode and 300 kW at 173.91 GHz for the operation
with the TE34 19 mode.

Although the excitation of the TEs3 19 mode achieved a higher output power than
the TEs34 10 mode, the reflection at the gyrotron window is significantly higher.
Moreover, the mm-wave beam needs to pass through another window to get into
the W7-X plasma vessel. There, the reflection is also 11 %, resulting in even
higher losses, and reflections into the beam duct. Therefore, the TE34 19 mode is
chosen as operating mode for the CTS diagnostic system. The reflection is with
1.176 % much lower, and the output power of 300 kW is sufficient for the CTS
diagnostic.
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5 Experiments with Frequency
Stabilized MW-Class Gyrotrons

Experiments are conducted with the implemented PLL frequency stabilization
system presented in Section 3.3 to investigate how accurate the gyrotron fre-
quency can be stabilized. The setup is explained in Section 5.1. Experiments
are conducted with the VGT8141A gyrotron from manufacturer CPI and TH1507
gyrotrons from manufacturer THALES. The experimental results for both Long-
Pulse (LP) operation (> 1s) and Short-Pulse (SP) operation (10 ms) are shown.
For the long-pulse experiments, the frequency stabilization starts after the full
frequency down shift at the beginning of the pulse. For the short-pulse experi-
ments, the main objective is to determine if and for how long the frequency down
shift can be counteracted.

5.1 Experimental Setup

The experimental setup for the gyrotron frequency stabilization is shown in Fig-
ure 5.1. The gyrotrons are located in the gyrotron hall (as shown in Figure 1.1),
and their mm-wave beam is directed into either the LPL or SPL. A small part of
the mm-wave beam is coupled out with a horn antenna. This mm-wave signal is
transmitted through a waveguide system to the control room, where the frequency
down conversion, the PLL frequency stabilization system and the measurement
systems are located. After the frequency down conversion, the gyrotron IF signal
goes into the PLL system and an oscilloscope. The PLL system outputs a control
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voltage to keep the gyrotron mm-wave beam at the set frequency. The value of the
control voltage is transmitted digitally via fiber optics to the body power supply
(Section 3.3.2).

At the body power supply, the digital control voltage is converted by an Analog-
to-Digital Converter (ADC) into a voltage between 0 V to 5 V. For safety reasons,
fixed upper and lower limits of the body voltage are set, preventing the PLL
system from applying unsuitable body voltage during gyrotron operation. The
maximal body voltage range with which the PLL system can modulate is SkV.
For example, if the minimum body voltage is set to 22 kV and the maximum is set
to 27kV, a control voltage of 5V results in a body voltage of 22 kV and a control
voltage of OV results in a body voltage of 27 kV.

To measure the frequency of the gyrotron, two methods are used:

* Frequency Time Analyzer (FTA) that is a custom made system for IPP

e Capturing the IF signal in time domain with an oscilloscope

The FTA operates in the frequency range from 139.5 GHz to 141.5 GHz, and can
not be used for the gyrotron CTS operation at 174 GHz. Internally, the FTA
mixes the gyrotron signal down to a suitable IF band and further divides the
frequency. Then, the FTA measures the period of the signal by counting the
time between each rising zero crossing. The frequency accuracy is 152kHz at
139.5 GHz and 305 kHz at 141.5 GHz. The output of the FTA is a voltage signal
that is proportional to the gyrotron frequency. The FTA signal is continuously
available during the gyrotron operation for all pulse lengths.

The second measurement system is an oscilloscope that captures the down con-
verted gyrotron IF signal. The gyrotron IF signal is between 10 MHz to 100 MHz
and is captured by the oscilloscope with a sampling rate of 250 MHz. Since the
oscilloscope has only a maximal storage of twenty million samples, not more
than 80 ms can be captured for each pulse. During the long-pulse experiments,
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Figure 5.1: Experimental setup for the frequency stabilization experiments

the last 80 ms are captured. The obtained signal is digitally analyzed, and the
gyrotron frequency spectrum is obtained with a Fast Fourier Transform (FFT) of
the gyrotron IF signal.

The gyrotron operating parameters are also measured with the already existing
measurement systems at W7-X. The following quantities are measured:

Cathode voltage The cathode voltage is measured to analyze the noise
of the cathode power supply.
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Body voltage The frequency control system modulates the body voltage
to stabilize the gyrotron frequency. A measurement of the body voltage
allows to see how well the signal of the frequency stabilization system are
translated to the gyrotron body potential.

Output power The mm-wave output power over time is measured with
a diode. A small part of the gyrotron mm-wave beam is coupled out in the
beam duct and is transmitted to the measurement diode.

5.2 Experiments with VGT8141A Gyrotron

In this section, the LP and SP frequency stabilization experiments with the
VGTS8141A gyrotron from manufacturer CPI are presented. For each frequency
stabilization experiment, a nominal gyrotron operating point is chosen, which
includes fixed values for the static magnetic field, the cathode voltage and the
beam current. The behavior of the PLL system is analyzed in the long-pulse
experiments, and the gyrotron frequency spectrum using the PLL is determined.
Furthermore, proof-of-principle experiments are conducted for the CTS diagnos-
tic.

5.2.1 Long-Pulse Frequency Stabilization

Counteracting the frequency down shift at the start of the gyrotron pulse requires
an accelerating voltage change larger than 10kV, which would result in loss of
excitation of the operating mode. Therefore, the frequency stabilization system is
enabled after the frequency down shift, when the frequency variation of the free-
running gyrotron is only in the MHz range. Frequency stabilization experiments
are conducted with a pulse duration of 5s and 60s. The gyrotron frequency
spectrum is analyzed. The control parameters are changed, and the stability of the
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PLL system is evaluated. Furthermore, the gyrotron set frequency is changed and
the influence of the set frequency on the output power is investigated. Finally, the
gyrotron set frequency is changed during a pulse with a triangular modulation.

Stabilization to a Single Frequency

In Table 5.1, the operating parameters for the experiment are shown. A free-
running gyrotron operation is conducted to compare it to a frequency stabilized
gyrotron operation, and the body PS is set to a constant output voltage of 21 kV.
In Figure 5.2, the body voltage, gyrotron frequency and output power over time are
shown for the free-running operation. After 1s, the frequency down shift from
start-up has finished and the excited frequency settles at around 139.976 GHz.
However, still smaller frequency variations in the MHz range are present.

Table 5.1: Operating parameters for frequency stabilization

Body voltage 16-21 kV
Cathode voltage 60 kV
Cathode current 40 A
Main coil current 86 A
Gun coil current 1.6 A

For the operation using the frequency stabilization, the body voltage is varied
from 16kV up to 21kV. The results for the frequency stabilized operation are
shown in Figure 5.2.

From the start of the pulse until 1s, the body voltage is set to 19.75kV. After
500 ms, the gyrotron frequency settles at 139.99 GHz, which is higher compared
to the frequency obtained with a body voltage of 21 kV.

After 1s, the PLL system is switched on, and the gyrotron is stabilized to a set
frequency of 139.98 MHz. The PLL system detects that the actual frequency is
higher than the set frequency, and immediately increases the body voltage to lower
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Figure 5.2: Free-running and frequency stabilized operation of the VGT8141A gyrotron. The set
frequency for the frequency stabilization is 139.98 MHz

the gyrotron frequency. For a short time, the body voltage is a at the maximal
value of 21 kV. However, the gyrotron frequency does not reach the set frequency
immediately. Instead, it jumps at 1s to 139.985MHz and then exponentially
reaches the set frequency of 139.98 MHz. The maximal body voltage of 21 kV is
not sufficient for the gyrotron frequency to immediately reach the set frequency.
However, due to the increase in body voltage, the output power also increases at
1's. This increase is sufficient enough to heat the cavity, resulting in a frequency
down shift as at the beginning of the pulse (as described in Section 3.1.5). Thus,
the frequency dependence on the output power increases the capture range of the
gyrotron PLL system.
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When the gyrotron frequency reaches the set frequency, the PLL system starts
decreasing the body voltage to prevent a further shift of the gyrotron frequency.
After 1.1 ms, the gyrotron frequency remains stable at the set frequency, and
compared to the free-running frequency, the stabilized frequency has no shifts in
the MHz range.

When the frequency is stable, changes of the body voltage relate to frequency
changes that would have happened with the free-running gyrotron frequency.
For example, at 1.5s, the body voltage increases, indicating that the gyrotron
frequency would also have increased if the PLL would be disabled. Thus, with
observing the body voltage (or control signal from the PLL), a conclusion of the
gyrotron frequency behavior can be drawn, which could be used in more advanced
control systems. Particularly, the PLL system could be used in combination with
the automated mode recovery system described in [130], and the identification of
a precursor signal before mode loss could be further investigated.

Although the PLL system controls the accelerating voltage, large power fluctu-
ations do not occur during the stabilized operation. Only if the PLL system
is enabled at 1s, the jump of the body voltage results in a jump of the power.
Afterwards, the power fluctuations are similar to the ones during free-running
operation, because the average value of the body voltage does not change signif-
icantly. However, changing the set frequency results in a different average body
voltage and output power.

Analysis of the Stabilized Frequency Spectrum

In Figure 5.3, the spectrum of free-running and frequency stabilized VGT8141A
gyrotron is shown between —1 MHz to 1 MHz and —70kHz to 70 kHz around the
gyrotron set frequency. The spectrum is obtained with a Fourier transform of the
gyrotron IF signal during the last 38 ms of the 5 s pulses from Figure 5.2.

The spectrum for the free-running operation is centered at 139.976 GHz, while
the spectrum of the frequency stabilized operation is centered at 139.980 GHz.
The magnitude of the frequency-stabilized spectrum is normalized to its highest

93



5 Experiments with Frequency Stabilized MW-Class Gyrotrons

O I I -
Free-running

_20 —— Stabilized

—60

Magnitude (dB)

—100

—120
-1 -08 —-06 —-04 -02 0 02 04 06 038 1
Af (MHz)

—20 ' |

Magnitude (dB)

—40 4

I'l‘ T

1 1 1
—60 —40 —20 0 20 40 60

Af (kHz)

Figure 5.3: Spectrum of the free-running and frequency stabilized VGT8141A gyrotron. The free-
running spectrum is centered at 139.976 GHz. The gyrotron is stabilized to a frequency
of 139.980 GHz, where the main peak in the spectrum is located. A detailed frequency
stabilized spectrum around the main peak from —70 kHz to 70 kHz is also shown.

frequency peak. To compare the free-running spectrum with the frequency stabi-
lized spectrum, the free-running spectrum is normalized such that it has the same
noise floor as the frequency stabilized spectrum.
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For the free-running operation, not a single clear main peak is visible at a spe-
cific frequency in the spectrum, and the frequencies are spread over a band of
frequencies with a full —20 dB bandwidth of 1 MHz. Since the spectrum is only
calculated during the last 38 ms of the pulse shown in Figure 5.2, the spectrum is
narrower than it would be over the whole pulse. Not accounting for the frequency
down shift at the beginning of the pulse, the frequency for the free-running op-
eration has larger frequency variations than in the captured 38 ms time period
(frequency over time curve in Figure 5.2). Thus, the frequency spectrum over a
time period of 1s would be even broader than the one shown in Figure 5.3.

In comparison, a distinct main peak at exactly the set frequency of 139.980 GHz
is present for the frequency stabilized operation. The width of the main peak is
as narrow as one sample and has therefore the frequency resolution of the FFT,
which is 381ms = 26.3Hz. The next higher peak is 430 Hz from the main peak
with a magnitude 10 dB lower than the main peak. More broadening noise arises
15 dB lower than the main peak. A full —20 dB bandwidth of below 100 kHz is

achieved.

Furthermore, clear sidebands arise in the stabilized spectrum. These sidebands
arise for different operating parameters and for different frequency stabilization
parameters. Thus, these sidebands are inherent to the system. The analysis of the
power supply noise in Section 3.2.5 shows that the same frequencies are present
in the cathode power supply noise.

With the gyrotron IF signal, a frequency over time curve is calculated by taking
the time between the positive zero crossings of the IF signal. In Figure 5.4,
the spectrum of the resulting frequency over time curve is shown. Since the
spectrum is obtained from the frequency over time curve of the gyrotron IF signal,
the spectrum shows the frequency modulation of the gyrotron. In Figure 5.4,
harmonics of 3.3 kHz are present as well as a high peak at 135 kHz. The spectrum
is similar to the spectrum form the cathode power supply noise (see Figure 3.14),
which also has harmonics of 3.3 kHz and a high peak at 135 kHz.
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Figure 5.4: Spectrum of the f-vs-t gyrotron signal

The comparison shows that the PLL system is able to counteract the long-term
frequency shifts. The remaining sidebands at 3.3 MHz and 135 MHz in the
frequency spectrum, attributed to the cathode power supply fluctuations, cannot
be compensated as the control bandwidth with the body PS is too low. To further
improve the frequency stability of the gyrotron, the cathode PS noise must be
reduced or the PLL control bandwidth increased.

Stability Analysis of Control Loop

The PLL control loop is stable with the control parameters fx = 16kHz and
fi = 4kHz during the experiments. To further improve the stabilized gyrotron
spectrum, the control loop requires to be faster, resulting in a higher control
loop parameter fx (see Section 2.2.1). However, with the body power supply
dynamics, fx = 16kHz is already at the upper limit and further increasing fx it
results in unstable operation.
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Figure 5.5: Gyrotron frequency with PLL control parameters fr = 21 kHz and f; = 5 kHz resulting
in unstable operation

In Figure 5.5, the frequency over time for 2.5 ms of a pulse is shown. The control
parameters are fx = 21kHz and f; = 5kHz. Oscillations of the gyrotron
frequency occur and the PLL operation is unstable. The gyrotron frequency
oscillations have a depth of 3 MHz and a frequency of 8.7 kHz.

Operation with Pulse Length of 60 s

To demonstrate that the PLL system stabilizes the gyrotron frequency also for
longer pulses, experiments are conducted with a pulse duration of 60s. In Fig-
ure 5.6, the body voltage, frequency and output power VGT8141A gyrotron
(free-running and frequency stabilized) is shown for 60s. For the free-running
operation, the body voltage is constant at 20.8 kV. This results with a cathode
voltage of 60kV in an accelerating voltage of 80.8 kV.

During the free-running operation, the gyrotron frequency settles at 139.965 GHz
after the frequency down shift. The output power increases from 650kW at 5s to
700 kW at 20 s, where it remains until the end of the pulse. The change in output
power results in a change of the frequency due to cavity expansion. During the
entire pulse, frequency variations in the MHz range are present.

For the operation with the PLL system, the gyrotron frequency is stabilized to
139.975 GHz after 1s. At 1s, the PLL system decreases the body voltage to pull
the excited frequency from 139.969 GHz to the set frequency of 139.975 GHz.
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Figure 5.6: Body voltage, frequency and power of the free-running and frequency stabilized
VGT8141A gyrotron for a 60 s pulse

After the excited frequency has reached the set frequency, it is stable until the
end of the pulse (as with 5s pulse in Figure 5.2). Compared to the free-running
operation, the PLL system is a significant improvement of the gyrotron frequency
during the entire 60 s pulse is achieved. The spectrum of the frequency stabilized
gyrotron at the end of the pulse is similar to the one in Figure 5.3, and the distinct
main peak at the set frequency is present. The sidebands at 3.3 kHz and 135 kHz
are also present.

The change in accelerating voltage for the frequency stabilization results in a
different output power than in the free-running operation. After 1s, the body
voltage is set to 20.5kV, which results in an output power of 550kW (150 kW
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less than with the free-running operation with 20.8kV). After 10s, the body
voltage changes further to 20.2 kV to counteract the down shift of the free-running
frequency. The lower output results from the choice of the set frequency for which
a lower accelerating voltage than in the free-running operation is required.

Change of the Set Frequency

Experiments are conducted to determine the frequency range in which the gyrotron
frequency can be stabilized. The PLL system only changes the accelerating
voltage, while the static magnetic field in the cavity remains the same for each
pulse. Therefore, for the stationary case, changing the set frequency changes the
average accelerating voltage and output power.

In Figure 5.7, the gyrotron accelerating voltage, frequency and output power over
time are shown for different set frequency values. The pulse duration is 5s and
the same operating parameters from Table 5.1 are used. The set frequency is
changed from 139.96 GHz to 140.01 GHz. The average body voltage changes
correspondingly, from 22.5kV at 139.96 GHz to 19kV at 140.01 GHz. The
output power also varies with the change of the accelerating voltage; however, the
changes are not as expected. The average output power decreases with increasing
accelerating voltage, resulting in a reduction of the efficiency. Only at the lowest
set frequency and at the highest accelerating voltage, the output power is at its
highest (700 kW). The experiments show the importance of finding an optimal
operating point. The same effect is observed in Figure 5.8, when the set frequency
is modulated during a pulse.

Although the observed output power does not change as expected, the experiments
show the dependence of the output power on the set frequency for PLL systems
controlling the accelerating voltage. Setting the gyrotron to a specific set frequency
also fixes the output power. However, this effect can be mitigated by changing
other operating parameters that change the output power, such as the beam current
or the static magnetic field (Section 3.1.3).
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Figure 5.7: Frequency stabilization of the VGT8141A gyrotron with different set frequencies

Triangular Frequency Modulation
With the frequency stabilization system it is not only possible to stabilize the

gyrotron frequency to a single set frequency, but also to precisely modulate the
gyrotron frequency. This is done with modulating the PLL reference frequency.
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Figure 5.8: Triangular frequency modulation of the VGT8141A gyrotron

In Figure 5.8, the triangular frequency modulation of the VGT8141A gyrotron is
shown. The PLL reference frequency is triangular frequency modulated with a
modulation frequency of 1 Hz. The modulation depth of the gyrotron frequency
is 8 MHz.

After 1 s, the gyrotron PLL is enabled and the gyrotron frequency is locked onto
the reference frequency. The gyrotron frequency follows exactly a triangular
shape. The body voltage is correspondingly controlled and is also a triangular.
Because an increase in body voltage results in a decrease in frequency, the body
voltage curve is the inverse of the frequency. The triangular shape of the body
voltage curve is also distorted to counteract unwanted frequency changes during
operation.
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Under ideal conditions, the output power increases with the body voltage (higher
accelerating voltage). However, the output power in Figure 5.8 does not follow
the triangular modulation. For example, at 2.9 s and 3.9 s, the body voltage has
reached its highest point (20.9 kV), but the output power is not at its highest point.
Instead, the highest output power is reached at 2.7 s and 3.7 s, where the body
voltage has 20.4 kV. Parasitic effects inside the gyrotron lead to a less favorable
operating condition such that the output power deteriorates. This is also observed
in Figure 5.7, where the set frequency is changed for different pulses. Overall, the
average output power is 530 kW.

5.2.2 Short-Pulse Frequency Stabilization

After the successful frequency stabilization for long-pulse operation, short-pulse
stabilization experiments are conducted with the VGT8141A gyrotron. The suc-
cessful short-pulse frequency stabilization is an essential requirement for the CTS
diagnostic. Although the TH1507 Maquette gyrotron at 174 GHz is used for
the CTS diagnostic, proof-of-principle experiments are made at 140 GHz with
the VGT8141A gyrotron. The main challenge is to counteract the frequency
down shift for which the frequency stabilization control system needs to react fast
enough. Furthermore, it is determined how fast the gyrotron frequency can be
locked onto the set frequency.

Frequency Stabilization of Pulses with 10 ms Duration

The stabilization of the frequency down shift due to cavity heating and electron
beam neutralization is analyzed with the SP experiments. The gyrotron pulses
have a duration of 10 ms and the frequency stabilization is enabled immediately
at the beginning of the pulse. The free-running gyrotron frequency is determined
directly at the start of the pulse for the given operation point. For a fast frequency
stabilization at the start of a pulse, the set frequency for the PLL is chosen close
to the frequency excited immediately at the beginning of the pulse.
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Figure 5.9: Body voltage, frequency and power of the free-running and frequency stabilized
VGT8141A gyrotron for 10 ms

In Figure 5.9, the body voltage, frequency and power of the free-running and
frequency stabilized VGT8141A gyrotron is shown for 10 ms. The body voltage
for the free-running operation has a constant value of 20.5kV and the gyrotron
frequency starts at 140.165 GHz. For the frequency stabilized operation, a set
frequency of 140.16 GHz is chosen.

At the start of the pulse, the PLL system measures that the excited frequency
is higher than the set frequency, and increases the body voltage to lower the
excited frequency until it reaches the set frequency (at 0.5 ms). Afterwards, the
excited frequency would still decrease because of the cavity expansion and electron
beam neutralization. However, the frequency stabilization system counteracts the
frequency down shift by lowering the body voltage. The exited frequency is

103



5 Experiments with Frequency Stabilized MW-Class Gyrotrons

stabilized until 4 ms. Then, the body voltage has reached its lower limit of 17 kV
and the frequency stabilization system can no longer counteract the frequency
down shift. Thus, the duration of the frequency stabilization depends on the
limits of the body voltage.

In Figure 5.9, the frequency is stabilized for 3.5 ms. Compared to the free-running
operation, a frequency down shift of 15 MHz is counteracted with the PLL system.

The time at which the frequency is stabilized depends on:

* the excited frequency at the beginning of the pulse
e the set frequency

e how fast the frequency down shifts due to cavity expansion and electron
beam neutralization

The set frequency needs to be determined correspondingly to achieve a stable
excited frequency directly at the beginning of the pulse.

Because the body voltage is decreased, the output power also decreases compared
to the free-running operation. However, the output power remains above 600 kW
when the exited frequency is stable. Since a stable frequency is more important
for the CTS diagnostic than higher output power, the obtained output power with
the PLL system is sufficient. Additionally, power variations are not significant
for the CTS diagnostic, because the final CTS spectrum is averaged over multiple
pulses.

To counteract the frequency down shift for a longer duration, the body voltage
needs to decrease further. This would bring the gyrotron out of its nominal
operating point, less output would be achieved, and even loss of the nominal TE
mode excitation would occur.
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Frequency Stabilization of Multiple Consecutive Short-Pulses

After the successful stabilization of a single short-pulse, the scenario for the CTS
diagnostic is repeated for multiple pulses. For the CTS, the probing beam gyrotron
shall emit multiple short-pulses into the plasma. In the following experiments, the
frequency stabilization for multiple short-pulses is analyzed. For short-pulses, the
main challenge for the frequency stabilization system is to determine the excited
gyrotron frequency at the start of the pulse. The cavity heats up due to losses
during each pulse. Depending on the pulse repetition period, the cavity has not
enough time to fully cool down to its initial state when the next pulse starts. Thus,
the cavity temperature at the start of each pulse increases over time, resulting in
an decrease of the excited frequency at the start of the pulse. At some point in
time, a thermal equilibrium is reached and the cavity has the same temperature at
the start of each pulse.

For the frequency stabilized operation, the same set frequency is chosen for all
pulses. By choosing the frequency stabilization close to the thermal equilibrium
frequency, the gyrotron stabilized correctly for almost all pulses except the first
ones. Since the first pulses have a higher starting frequency, it takes longer until
the excited frequency reaches the set frequency. Thus, for the first pulses, the
frequency is not stabilized directly at the start of the pulse, but later it is.

In Figure 5.10, the body voltage, free-running frequency and output power for
four consecutive short-pulses is shown. The body voltage is constant with 21 kV,
resulting in an accelerating voltage of 81 kV. The pulses have a duration of 10 ms
and are repeated every 50 ms, which corresponds to a duty cycle of 20%. In
Figure 5.10, the free-running frequency is lower for each consecutive pulse. For
the first pulse, the free-running frequency starts at 140.160 GHz, for the second
at 140.150 GHz, for the third at 140.140 GHz and for the fourth at 140.137 GHz.
While for the first three pulses, the frequency at the start of the pulse is 10 MHz
lower than the pulse before, the change of the fourth pulse is with 3 MHz already
much lower. As with the frequency stabilization of a single short-pulse (see
Figure 5.9), the duration of the frequency stabilization depends on the limits of
the body voltage.
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Figure 5.10: Body voltage, frequency and power of the frequency stabilized VGT8141A gyrotron for
multiple short-pulses. The gyrotron is stabilized to a frequency of 140.151 GHz and the
gray areas indicate when the gyrotron is frequency stabilized.

The experiments show that after four consecutive pulses, the cavity has reached
its thermal equilibrium, and the frequency at the start of the pulse does not change
significantly. The PLL system successfully stabilizes the gyrotron frequency
during the first 3 ms of each consecutive pulse. Thus, the PLL system can be used
for the CTS diagnostics.
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5.3 Experiments with TH1507 Gyrotron

After the successful frequency stabilization experiments with the VGT8141A
gyrotron, the PLL system is used with the TH1507 gyrotrons. During the free-
running operation of the TH1507 gyrotrons, sudden frequency jumps are observed
in [49], [131]. These sudden frequency jumps are analyzed, because their behavior
disturbs the frequency stabilization with the PLL system. The main challenge is
to avoid the frequency jumps and to have a stable gyrotron frequency during the
whole pulse. In addition, short-pulse experiments at 174 GHz are conducted that
are relevant for the CTS diagnostic.

5.3.1 Frequency Jumps of the TH1507 gyrotron

The frequency jumps in the TH1507 gyrotron were already described in [49],
[131]. These frequency jumps are also observed in all nine TH1507 gyrotrons at
W7-X. In Figure 5.11, the frequency jumps are shown for the gyrotrons TH1507
SN7i (A1) and TH1507 SN1 (C1). The labeling of the gyrotrons is explained in
Section 1.2.

During the frequency down shift at the start of the pulse, the frequency does
not shift down continuously, but jumps down. After the frequency down shift
(0.8 8), the frequency jumps up and down. These frequency jumps occur until
the end of the pulse, and different jump heights (ranging from 1 MHz to 10 MHz)
are observed. Furthermore, the frequency shifts up during the first 5s, which is
most prominent for the C1 gyrotron in Figure 5.11. After the frequency down
shift at start-up, the C1 gyrotron frequency settles at 139.950 GHz. The gyrotron
frequency jumps up and down around 139.950 GHz until 3 s. Then, the frequency
jumps from 139.950 GHz to 139.980 GHz in multiple steps, which is a frequency
change of 50 MHz. The frequency of the Al gyrotron changes by 10 MHz from
I's to 5. In comparison, the frequency of the VGT8141A gyrotron changes less
than 5 MHz after 1 s.
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Figure 5.11: Frequency jumps of TH1507 SN7i (A1) and TH1507 SN1 (C1) gyrotrons for a 5 s pulse

The frequency jumps also occur during the 174 GHz operation of the TH1507
Magquette (B1) gyrotron. In Figure 5.12, the frequency over time of the gyrotron
is shown for the first 10 ms. The gyrotron frequency changes from 173.934 GHz
to 173.912 GHz, resulting in a frequency change of 22 MHz during 10 ms. The
frequency down shift is not continuous and distinct frequency jumps appear at
0.2ms, 3.8 ms, 5.0 ms and 6.5 ms. The frequency jumps have a height of 3 MHz.

A detailed look of a single frequency jump is shown in Figure 5.12 (a). The
frequency jump happens on a fast time scale, in the range of us. In Figure 5.12 (b),
multiple jumps occur consecutively. The jump period is 7.399 ps, which results in
a frequency of 135 kHz. The frequency jumps do not appear regularly and some
jump periods are missed. The jump period coincides with the 135 kHz cathode
power supply noise. However, in the cathode power supply noise, such sudden
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jumps in voltage are not observed. The frequency variations due to the 135 kHz
cathode PS noise are shown in Figure 5.12 (a) (before and after the jump). These
frequency variations are below 1 MHz, which is much smaller compared to the

3 MHz jumps. For a direct causality, the cathode voltage requires to have distinct
jumps in the ps regime, which is not observed. Nevertheless, the jump repetition

in Figure 5.12 (b) is an indication that the cathode power supply noise indirectly

triggers the frequency jumps.
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Figure 5.12: Frequency jumps at 174 GHz of the TH1507 Maquette gyrotron (B1) during the first
10 ms of a pulse. (a) and (b) show the frequency jumps more detailed.
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5.3.2 Short-Pulse Experiments at 174 GHz

The new 7 T magnet allows the gyrotron operation at 174 GHz (Chapter 4). The
operation with the PLL system at 174 GHz is similar to 140 GHz operation. Only
the LO frequency of the mixer needs to be changed for the frequency stabilized
operation at 174 GHz.

In Figure 5.13, the frequency stabilization of a 10 ms pulse is shown and compared
to the free-running operation. The operating parameters are shown in Table 5.2.
For the free-running operation, the frequency down shifts during the 10 ms by
45 MHz (from 173.950 GHz to 173.915 GHz). The frequency jumps described in
Section 5.3.1 also appear.

Table 5.2: Operating parameters for frequency stabilization at 174 GHz

Cathode voltage 60 kV
Cathode current 40 A
Main coil current 86

Center coil current 77

> > >

Gun coil current 1.6

For the frequency stabilized operation, the gyrotron frequency is stabilized to
173.945 GHz. The PLL system is enabled directly at the start of the pulse. At the
start of the pulse, the gyrotron frequency is excited at 173.955 GHz. Until 1.8 ms,
the PLL system increases the body voltage to decrease the gyrotron frequency
and at 1.8 ms, the gyrotron frequency reaches the set frequency of 173.945 GHz.
Afterwards, the PLL system decreases the body voltage such that the gyrotron
frequency remains at 173.9415 GHz. In Figure 5.13, the gyrotron frequency is
stable from 1.8 ms until the end of the pulse, which is a significant improvement
compared to the 35 MHz frequency down shift during the free-running operation
(from 1.8 ms until the end of the pulse).
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Figure 5.13: Free-running and frequency stabilized (to 173.9415 GHz) operation of the TH1507
Magquette gyrotron (B1) at 174 GHz for 10 ms

In Figure 5.13, no frequency jumps occur during the frequency stabilized oper-
ation. However, changing the gyrotron set frequency leads to frequency jumps
with the PLL system. In Figure 5.14, frequency jumps during the PLL stabilized
gyrotron operation are shown. The set frequency for the gyrotron is 173.940 GHz,
which is reached after 2.25 ms. The PLL system tries to stabilize the gyrotron fre-
quency to the set frequency. However, the gyrotron frequency does not reach the set
frequency of 173.940 GHz. Instead, the frequency oscillates around 173.940 GHz
(between 173.939 GHz and 173.941 GHz).

The body voltage has similar oscillations, which are caused by the PLL system
due to the frequency jumps. The PLL system controls the body voltage with
which it attempts to stabilize the gyrotron frequency to 173.940 GHz. As soon
as the PLL system pulls the gyrotron frequency near 173.940 GHz, the frequency
immediately jumps to another frequency. As the gyrotron frequency repeatedly
jumps to another frequency and does not remain at 173.940 GHz, the PLL system
attempts to counteract the frequency jumps, resulting in the oscillations of the
body voltage and the gyrotron frequency around 173.940 GHz.
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Figure 5.14: Frequency stabilized operation to 173.940 GHz of the TH1507 Maquette gyrotron (B1).

The PLL system cannot stabilize the gyrotron frequency to 173.940 GHz due to frequency
jumps, resulting in oscillations of the gyrotron frequency around 173.940 GHz.

To further investigate the oscillations and frequency jumps, the body voltage and
gyrotron frequency at 3.8 ms in Figure 5.14 is analyzed. At 3.8 ms, the gyrotron
frequency is at 173.941 GHz. The PLL system evaluates that the measured fre-
quency is higher than the set frequency (173.940 GHz) and increases the body
voltage. With the increasing body voltage, the gyrotron frequency decreases.
Without the frequency jumps, the PLL system increases the body voltage until the
gyrotron frequency reaches the set frequency. However, in Figure 5.14, the gy-
rotron frequency does not reach 173.940 GHz, but jumps to 173.939 GHz. Now,
the PLL system evaluates that the gyrotron frequency is lower than the set fre-
quency and decreases the body voltage to increase the gyrotron frequency. Again,
the gyrotron frequency does not reach 173.940 GHz, but jumps to 173.941 GHz
and the process repeats itself.

The PLL system does not cause the oscillations of the gyrotron frequency around
173.940 GHz in Figure 5.14. Oscillations due to control parameters that lead to
an unstable operation are excluded. The control parameters used for the gyrotron
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pulse in Figure 5.14 are the same as the ones used for the gyrotron pulse in
Figure 5.13. Moreover, the exact gyrotron operating parameters are used for both
gyrotron pulses. Only the set frequency of the PLL system was changed.

Several experiments are conducted to analyze when the frequency jumps occur
with the PLL system. It is concluded that the gyrotron frequency can be stabilized
without any frequency jumps as in Figure 5.13 when choosing a suitable set
frequency. This is a strong indication that the operating TE mode in the TH1507
gyrotron does not oscillate at some specific frequencies. If the gyrotron frequency
reaches these frequencies, the frequency jumps to a frequency that has better
oscillation conditions.

5.3.3 Long-Pulse Experiments

The short-pulse frequency stabilization from Section 5.3.2 shows that it is possible
to frequency stabilize the TH1507 gyrotron without frequency jumps by using an
appropriate set gyrotron frequency. The following experiments conducted with
the TH1507 gyrotron investigate whether no frequency jumps occur with the PLL
system for long pulses (> 1 s) by choosing a suitable set frequency.

In Figure 5.15, the frequency stabilized operation of the TH1507 gyrotron (A1)
for a 5s pulse is shown. When the PLL system is enabled at 1 s, the gyrotron
frequency is too low and the PLL system controls the body voltage to stabilize
the gyrotron frequency to 140.000 GHz. However, frequency jumps occur during
the entire pulse duration, and cause significant interference with the PLL system.
Only during certain time periods no frequency jumps occur, and the gyrotron
frequency is stable.

The frequency jumps occur consecutively as with the short-pulse experiments
when an unfavorable set frequency is chosen. Distinct frequency jump series are
visible in Figure 5.15. An example of a frequency jump series is at 1.75s. The
frequency jumps up and down around the set frequency, because the PLL system
tries to stabilize the gyrotron frequency onto the set frequency (as explained in
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Figure 5.15: Frequency stabilized operation to 140.000 GHz of the TH1507 gyrotron (Al) with
frequency jumps

Section 5.3.2). The first frequency onto which the gyrotron jumps to is 4.5 MHz
higher than the set frequency. With each consecutive frequency jump, the upper
and lower jump frequencies decrease. When the jump frequency reaches the set
frequency, the frequency jumps disappear and the gyrotron frequency is stable
until a new frequency jump series starts again.

Several experiments are conducted and it was not possible to find a suitable set
frequency at which no frequency jumps appear for the entire pulse.

5.3.4 Discussion

In this section, the frequency stabilization of the TH1507 gyrotrons is investigated.
As opposed to the VGT8141A gyrotron, the main challenges are the frequency
jumps that are only observed with the TH1507 gyrotrons. For the short-pulse op-
eration, the frequency is stabilized successfully as with the VGT8141A gyrotron.
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This fulfills the requirements for the CTS diagnostic. If a suitable set frequency
is chosen, the frequency of the TH1507 gyrotron at 174 GHz is stabilized for the
last 8 ms of the pulse and no frequency jumps occur.

With the PLL system, the frequency jumps of the TH1507 gyrotrons are further
analyzed and new insights into the frequency jumps are obtained. The short-
pulse experiments in Section 5.3.2 show that the TH1507 gyrotrons prefer to
oscillate on some frequencies and avoid oscillations on other frequencies. If the
gyrotron frequency reaches the frequencies at which the gyrotron avoids excitation,
frequency jumps occur. With the PLL system, these frequency jumps are enforced
if a suitable set frequency is chosen (Figure 5.14). A reasonable explanation for
why the sudden frequency jumps occur and how they behave has not yet been
found.

5.4 Summary

The implemented PLL system from Section 3.3.2 is successfully applied to the
W7-X gyrotrons. The experiments show a significant increase in the frequency
stability of the W7-X gyrotrons. During LP experiments, the VGT8141A gyrotron
was frequency stabilized onto a desired set frequency. In the frequency spectrum,
a clear main peak is visible at the set frequency and a full —20 dB bandwidth of
below 100 kHz was achieved.

For the CTS diagnostic, the TH1507 Maquette gyrotron is successfully frequency
stabilized at 174 GHz during 10 ms. The frequency jumps of the TH1507 gy-
rotrons are investigated, and can be avoided during the frequency stabilized short-
pulse operation. Frequency jumps do not occur with the TH1507 Maquette
gyrotron during the first 10 ms if a suitable set frequency is chosen. The require-
ments for the CTS diagnostics are fulfilled and the CTS diagnostic uses the PLL
system in the W7-X OP 2.1.
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6 Considerations on Triode-Type
Operation for TH1507U Gyrotron

So far, the implemented frequency stabilization system has been designed for
gyrotrons with a diode-type MIG, but it can also be used for gyrotrons with a
triode-type MIG. Instead of controlling the body voltage, the frequency of the
gyrotron is changed by controlling the modulation anode voltage. An advantage
of the triode-type MIG is that the pitch factor can be independently changed.
Thus, it is possible to change the output power and frequency of the gyrotron
independently. For future gyrotron operation, a more advanced control system
can be used to control output power and frequency. Furthermore, the capacitance
of the modulation anode is smaller than the capacitance of the body [55]. This
allows a faster control of the modulation anode, because smaller currents are
needed to charge the modulation anode capacitance.

Design changes are not required for the PLL system. however, the control voltage
from the PLL system needs to be applied on the modulation anode, and a suitable
power supply needs to be available. Furthermore, the control parameters need to
be changed for the new setup. To find the optimal control parameters, the gyrotron
frequency behavior on the modulation anode is investigated.

The theoretical investigations on the triode-type operation are conducted on the
W7-X upgrade gyrotron TH1507U [38]. The current design of the TH1507U
gyrotron has a diode-type MIG. Changes on the existing diode-type MIG of the
TH1507U gyrotrons are investigated to modify it into a triode-type MIG. The
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influence of the altered MIG on the electron beam parameter and interaction is
analyzed by using ESRAY and EURIDICE. Finally, the frequency behavior on the
modulation anode is theoretically determined.

6.1 Changes on the Electron Gun of the
TH1507U Gyrotron

The design of the TH1507U gyrotron is presented in [38]. The TH1507U gyrotron
has an output power of 1.5 MW and its oscillating mode is the TE»g 1o mode. In
Figure 6.1a, the geometry from the diode-type MIG to the middle of the cavity is
shown.

In atriode-type MIG, the anode is divided into an additional modulation anode and
the main anode. The electric potential of the modulation anode and main anode
are changed independently, giving an additional degree of freedom for the gyrotron
operation. While the potential difference between the cathode and main anode
determines the kinetic energy of the electrons at the cavity, the potential of the
modulation anode is used to change the pitch factor of the electrons independently.

To achieve different potentials between modulation anode and main anode, an
insulation is needed. For triode-type configuration of the TH1507U gyrotron,
the possible insulator positions between the anode and the start of the cavity are
investigated.

To keep a consistent notation with the diode-type configuration, the following
terminology is used :

* Cathode: The cathode remains as is. The cathode potential is denoted
with Ucath.
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* Body: All gyrotron sub-components that have the same potential as the
cavity are referred to as body. The body potential is denoted with Uy,o4, and
determines (with the cathode potential) the kinetic energy of the electrons
at the cavity. The accelerating voltage is the difference between cathode
and body potential.

* Modulation anode: The modulation anode for the triode-type MIG can
have a different potential than the cavity. The potential of the modulation
anode is denoted with Uy,oq. Umod can also be used for power modulations.

Furthermore, the TH1507U gyrotron has a depressed collector, which is on ground
potential.

To change the TH1507U diode-type MIG to a triode-type MIG, the new design
shall be as close to the design with diode-type MIG to ensure a similar operation.
Moreover, if the Uy,oq is the same as Uy,oqy for the triode-type MIG, the electron
beam parameters at the center of the cavity shall be the same as for the diode-type
MIG. Without changing the geometry of the THI507U gyrotron, the only free
parameter for the triode-type configuration is the position of the insulator.

In this chapter, two positions are investigated that are also suitable to implement
for the TH1507U gyrotron:

* Between the beam tunnel and the cavity. With this position, the beam
tunnel has the same potential as the modulation anode.

* Between the anode and beam tunnel. With this position, the beam tunnel
has the same potential as cavity.

In Figure 6.1, the position for the insulator is shown for both cases. As a reference,
the diode-type geometry is also shown. The geometry shown in Figure 6.1 is used
for the simulation of the electron beam parameters. The insulation is simulated by
a gap. The position of the insulation is investigated and its impact on the electron
beam parameters is determined.
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Figure 6.1: Geometry from the MIG to the center of the cavity of the THI507U gyrotron for the
diode-type MIG and triode-type MIG with different insulator positions

6.2 Simulations of the Triode-Type MIG

The MIG is simulated using ESRAY for the diode-type and triode-type config-
uration with the two insulator positions. The influence of different modulation
anode voltages on the electron beam parameters is investigated. The operating
parameters for all simulations are shown in Table 6.1.

First the electron beam parameters along the trajectory of the electrons are ana-
lyzed for different values of Up,oq. In the simulation, the operating parameters
from Table 6.1 are used, only the modulation anode voltage U o4 is changed. The
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Table 6.1: Operating parameters

Main coil current Iyi¢ 87.20 A
Gun coil current  Igre —1.07 A
Magnetic field Beay 5.56 T
Cathode potential Ugyg, —55.00  kV
Body potential Upoay 2775 kV
Beam current Theam 55 A

Neutralization Nneut 67 %

influence of the different insulator positions on the mean electron kinetic energy
Wiin and mean pitch factor o along the electron trajectory from the emitter to
the center of the cavity is shown in Figure 6.2. For comparison, Wy;, and « are
also shown from the diode-type configuration. The different values for the Uyyoq
are shown for the triode-type configurations. The U,y,,q has the values 22.75kV
(dash dotted), 27.75kV (dashed) and 32.75kV, while the body voltage Uyoay
has always 27.75kV. In Figure 6.2, the trajectory of the electrons is from the
emitter (—30 mm) to the center of the cavity (350 mm). Both insulator positions
are marked with the gray areas.

If in both triode-type configurations the Uy,q is equal to Uyoqy, the curves of
Wiin and « follow without any significant difference the curves of the diode-type
configuration. Therefore, with equal Up,oq and Upeqy, the insulator has does not
change the electron beam parameters, and the triode-type configurations behave
as the diode-type configuration.

With different values for Up,q, the curves of the kinetic energy and pitch factor
change along the electron trajectory. At the cavity center, the electron beam has
always similar mean Wy, (80keV), because the cavity is for all configurations
at the same potential (Upoqy = 27.75kV). The kinetic energy along the electron
trajectory depends on the insulator position. If Uy,eq is different than Uygqy,
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Figure 6.2: Mean electron beam parameters for different MIG configurations along the electron tra-
jectory from emitter (—30 mm) to the center of the cavity (350 mm): Wy, and a.
Diode-type configuration is shown in blue, insulator position 1 in orange and insulator
position 2 in green. The body voltage U4y is 27.75kV and the electron beam parame-
ters for different modulation anode voltages are shown.

the kinetic energy is also different from the diode-type configuration until the
insulator position. The position at which Wy;, changes in Figure 6.2 is at the
respective insulator position.

While the kinetic energy at the cavity center does not change for different Uy,,0q
values, the pitch factor at the cavity center depends on Up,oq. Along the electron
trajectory, the pitch factor also jumps at the insulator position, as with Wiy, .

At the cavity center, the electron beam parameters differ not significantly for the
two insulator positions if the same U,y,0q4 and Uy,oqy is applied. Other simulations
with different insulator positions show the same results. As long as the insulator
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position is not too close to the cathode, the insulator position does not change the
electron beam parameters at the cavity. Therefore, in the following simulations,
only the results of insulator position 2 are shown.
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Figure 6.3: Electron beam parameters at the center of the cavity for different values of U},qy and
Umod
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The dependence of the electron beam parameters at the cavity on the modulation
anode voltage is further investigated. In Figure 6.3, the mean kinetic energy,
mean pitch factor «, pitch factor spread and mean guiding center radius at the
cavity for different Uy,,oq are shown. The U4 is varied between 21 kV to 35kV.
Furthermore, the influence of Uy,oqy is also shown in Figure 6.3 and the electron
beam parameters are evaluated for body voltages of 26.5kV, 27kV and 27.5kV.

In Figure 6.3, the guiding center radius 7, does not dependent on U,oq. 7 Only
depends on the magnet coil currents, which are constant in these simulations. On
the other hand, the value for « at the center of the cavity clearly changes with
Ummod- This allows to vary « independently of the other electron beam parameters,
and provides an additional degree of freedom for the gyrotron operation.

The influence of Uyy,eq on the pitch factor is high and «v increases with increasing
Umoa. A linear regression of the curve results in a linear dependence of the pitch
factor on Uy,oq With a slope of 0.047/kV. Furthermore, the pitch factor mainly
depends on Upeq and the influence of the body voltage on the pitch factor is
negligible.

The pitch factor spread also depends on Uy,oq. However, the pitch factor spread
increases only significantly for U,,,q values above 32kV, where the mean pitch
factor is above 1.5. The pitch factor spread for U,,,q between 22kV to 30kV is
nearly constant and below 4.5 %.

The mean kinetic energy is also influenced by U,,,,q and decreases with increasing
Umoa (With Uyeay potential). The dependence of the mean kinetic energy on
Umod 1s indirect. Because the pitch factor changes, the electron beam charge also
changes. The voltage depression of the electron beam is higher for higher pitch
factor (Equation 2.13), resulting in a lower electron kinetic energy. The mean
electron kinetic energy changes by 0.5 keV if Uy,oq changes by 7kV.
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6.3 Interaction Simulations

With the electron beam parameters from Section 6.2, the interaction with the nom-
inal TE2g 19 mode is analyzed by using EURIDICE. The interaction simulations
with EURIDICE are conducted as single mode simulations and the operating pa-
rameters from Table 6.1 with the electron beam parameters calculated by ESRAY
are used. The TEog 19 mode is excited with different electron beam parameters,
that are obtained for different Uy,oqy and Upoq values. The power at the output of
the cavity and the excited frequencies are obtained by averaging over time when

the TE2g 19 mode is excited.

Ubody (kV)
—27.00 2775  —— 2850
2000 /’/
i 1800 |
1y
1600
140.4
T 14038
g o
™ 140.36
140.34 ‘ ‘ ‘ ‘
27 28 29 30 31 32
Umod (kV)

Figure 6.4: Output power at the end of the cavity and frequency for different Uy, oq and Upody
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In Figure 6.4, the output power and frequency for different Uy,oq and Upoqy is
shown. For modulation anode voltages below 25 kV, the TE2g 19 mode could not
be excited, because the pitch factor changes to values that are too low excitation
(< 1.1). Increasing the U},,q from 25 kV to 28 kV results in a higher output power,
which is expected due to the increasing pitch factor. However, further increasing
Umoa decreases the output power. Even though the pitch factor increases, the
kinetic energy also decreases. At some point, the pitch factor does not increase
enough to compensate for the decrease in kinetic energy, resulting in a lower
output power.

For the frequency stabilization system, the dependence of the excited frequency
on Up,eq is important. In Figure 6.4, the excited frequency depends nearly linearly
on Upeq between 25kV to 31 kV. The linear dependence also does not change
with different body voltages. In Table 6.2, the slope of the linear regression of the
frequency dependence on Uyy,oq is shown for different values of Upoqy .

Table 6.2: Linear frequency dependence on Uyy,oq

Unoay (V) Slope (MHZ)
82.00 8.8
82.75 8.2
83.50 8.3

For the nominal body voltage of 27.75kV, the power varies by 100kW for
modulation anode voltages between 27kV to 32kV. In this Uy,oq range, the
frequency can be changed in a range of 40 MHz. In comparison, changing the
set frequency through the accelerating voltage with a diode-type MIG results in
larger power changes.
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6.4 Summary

The step towards a triode-type MIG for the W7-X TH1507U gyrotron has been
theoretically analyzed. For a triode-type MIG, an insulation between modulation
anode and cavity is necessary. The position of the insulator was investigated.
Changing the position of the insulator does not change the electron beam parame-
ters at the cavity for the same operating point. The simulations with ESRAY show
that the pitch factor of the electrons can be changed independently from the other
electron beam parameters.

For the frequency stabilization system, the frequency dependence on the modu-
lation anode voltage was analyzed. At the nominal operating point with a body
voltage of 27.75kV, the frequency dependence on the modulation anode voltage
is 8.2 MHz/kV. The main advantage of controlling the frequency with the body
voltage is that the gyrotron output power depends much less on the modulation
anode voltage. Furthermore, the additional degree of freedom can be used to de-
couple the output frequency from the output power. Thus, more elaborated control
systems that control the gyrotron output power and frequency simultaneously are
possible.
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7 Conclusion and Outlook

For the first time, a PLL based frequency stabilization system for megawatt-class
gyrotrons with a diode-type MIG has been developed and experimentally tested.
The experiments demonstrate its capabilities and future challenges. The intro-
duction of frequency-stabilized gyrotrons using PLL systems paves the way for
a significant technological advance in applications using MW-class gyrotrons.
The PLL system not only enhances the performance of the CTS diagnostic by
providing a stable, narrowband gyrotron frequency, but it also enables new appli-
cations such as plasma experiments with direct ion heating via beat waves with
two gyrotrons.

To use a PLL on MW-class gyrotrons, the frequency dependence of gyrotrons
on several operating parameters is investigated. For gyrotrons with a diode-type
MIG, the most suitable operating parameter for frequency stabilization is the
accelerating voltage, as it can be adjusted faster than the magnetic field strength.
The frequency dependence on the accelerating voltage is linearized for a fixed
operating point, and the gyrotron is modeled as a VCO for the PLL system.

The PLL system has been implemented for the ECRH gyrotrons at the W7-X
stellarator to demonstrate its capabilities. The frequency is controlled with the
body high-voltage power supply, which allows modulating the accelerating voltage
with frequencies of up to 20 kHz. Frequency stabilization experiments with the
gyrotrons VGT8141A from manufacturer CPI and TH1507 from manufacturer
THALES are conducted.

In long-pulse experiments, the VGT8141A gyrotron is frequency stabilized after
1 s for up to 60s. When operated free-running, the frequency of the VGT8141A
gyrotron drifts during this time period in the range of 5 MHz. The PLL system
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substantially reduces these long-term frequency drifts. During the experiments,
the VGT8141A gyrotron is stabilized in a frequency range between 139.960 GHz
to 140.010 GHz.

The significant improvement in frequency stability with the PLL system is most
evident in the frequency spectrum. Compared to the free-running operation, where
the frequency spectrum spreads over a band of frequencies and lacks a distinct
main peak, the gyrotron spectrum during the frequency stabilized operation has
one distinct main peak at the set frequency. A full —20 dB bandwidth of below
100 kHz is achieved. The remaining frequency fluctuations appear as sidebands
in the frequency spectrum, the most prominent ones occurring at harmonics of
3.3kHz and 135kHz. These frequencies are identical to the spectral lines in the
measured noise of the cathode power supply, which is based on the PSM principle.
Based on these findings, it can be concluded that the body power supply cannot
be modulated fast enough to effectively counter this noise from the cathode power

supply.

For the frequency stabilization of the TH1507 gyrotrons, the sudden frequency
jumps pose a challenge to the PLL system. For short-pulses in the range of 10 ms,
the PLL system successfully stabilizes the gyrotron frequency for a specific set
frequency, where the frequency jumps are avoided. However, for the long-pulse
frequency stabilization, the sudden frequency jumps still occur and cannot be
completely avoided with the PLL system. The sudden frequency jumps, which
are until now only observed in the TH1507 gyrotrons, require further investigation.

The CTS diagnostic system at W7-X requires a stable gyrotron frequency for
the first 9ms of a pulse at 174 GHz. The 174 GHz operation of the TH1507
Magquette gyrotron is theoretically and experimentally investigated. During the
experiments, the TE34 10 mode is successfully excited with an output power of
300 kW. In addition, short-pulse experiments with the PLL system are conducted
at 174 GHz. The free-running 30 MHz frequency drift, which is caused by cavity
heating and electron beam neutralization, is successfully stabilized for a time
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duration of 9 ms. The PLL system allows the gyrotron frequency to be precisely
matched to the notch filter of the CTS receiver, allowing a successful use of the
CTS diagnostic at W7-X during the operation phase 2.1 in March 2023.

The ability to precisely set the gyrotron frequency is also an essential require-
ment for plasma experiments on direct ion heating with beat waves generated
from two frequency stabilized gyrotrons. A second PLL system for the TH1507
Upgrade gyrotron will be implemented in conjunction with the PLL system for
the VGT8141A gyrotron to enable beat wave experiments in the future.

The experimental results show that the power supplies are the main limitation for
the frequency stabilization of high-power gyrotrons. To further enhance the gy-
rotron frequency stability, two improvements are identified: stricter requirements
on the power supply noise and ripple, or increasing the PLL control bandwidth.
Reducing the noise on power supply systems with PSM technology is challenging
to implement due to the inherent switching noise. Increasing the PLL control
bandwidth for gyrotrons with diode-type MIG requires a faster control of the
accelerating voltage. Investigations will be conducted to place a fast amplifier,
which can be modulated in the 1 kV range, in series to the body power supply for
faster frequency control with the PLL system.

When stabilizing the frequency with the accelerating voltage, the output power
and frequency cannot be changed independently. Specifically, the output power
depends on the chosen set gyrotron frequency. Gyrotrons with a triode-type MIG
enable the use of advanced control systems with which it is possible to control
output power and frequency. In addition, the size of the modulation anode is
smaller than the size of the gyrotron body, resulting in a smaller capacitance and
possible faster modulation speeds.
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