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Abstract

Gyrotrons are used in fusion devices to emit high frequency microwaves, which are guided to the
vessel trough a beam line where they deliver their power to a specific location in the plasma,
which is known as Electron Cyclotron Resonance Heating (ECRH). Gyrotrons are based on the
interaction of accelerated electrons and transverse electric modes in a resonant cavity. However,
during operation, gyrotrons do not emit electromagnetic waves at an exactly constant frequency
at all times, as it varies slightly. With the implementation of a phase locking system, a higher
degree of stability can be achieved. This results in higher output efficiency of gyrotrons, enables
coherent emission and also observation of scattering processes close to the gyrotron frequency.
Drawbacks are the occurrence of instantaneous frequency jumps and hysteresis effects as well as
the occurrence of a non-linear instability, the parametric decay instability. The objectives of this
work are to determine the mechanism behind the instantaneous frequency jumps and hysteresis
effects and also determine the power density threshold of parametric decay instabilities.

The reaction of the gyrotron frequency to changes in the acceleration voltage of the gyrotron
is studied experimentally. The instantaneous frequency jumps and hysteresis effects were observed
consistently. It is found that the most probable explanation for these effects is the long line effect,
but this is not proven experimentally. The effects disappear for gyrotrons with a higher quality
factor and are likely not relevant for future fusion reactors.

Parametric decay instabilities absorb or reflect part of the ECRH heat and are dependent on
the power density of the gyrotron beam. The power density threshold of different types of para-
metric decay instabilities has been derived analytically based on the work of Rosenbluth [1]. It was
found that only an instability with two electron plasma waves is relevant for fusion reactors. The
exact power density threshold of this instability is found to be dependent on the plasma density
and the plasma temperature and experimental verification is needed.

Department of Applied Physics 1
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1 Introduction

In order for fusion to produce net energy a certain fusion triple product has to be achieved. The
fusion triple product relates the net energy gain of the fusion reactor to three parameters, the
density n, the energy confinement time τ and the plasma ion temperature Ti. Heating the plasma
controls the temperature component of the fusion triple product. In tokamaks heating of the
plasma happens firstly via Ohmic heating. A high plasma current experiences resistance when
flowing through the plasma. This will result in heating of the plasma, much like a traditional
resistor. The resistance in the plasma is described by the Spitzer resistivity [2]. The Spitzer
resistivity decreases when the temperature increases, which means that Ohmic heating becomes
less efficient at higher temperatures and is negligible in fusion reactors. In stellerators there is no
Ohmic heating due to the fact that there is no induction current in stellerators, only Bootstrap
current [3] and heating is done via the injection of waves into the plasma. Another important
heating method is alpha-particle heating. The high energetic alpha-particles are produced in the
D-T reaction and transfer their energy to thermal ions and electrons, heating up the plasma.
Other heating methods are the injection of neutral particles via neutral beam injection (NBI),
microwaves via cyclotron resonances of either electrons, ions or injection of lower hybrid waves. In
case of NBI, neutral particles are injected into the plasma with high velocity where they deposit
their heat via collisions. In case of cyclotron heating, there are two different types, ion cyclotron
resonance heating (ICRH) and electron cyclotron resonance heating (ECRH), where high frequency
microwaves transfer their energy to ions and electrons, respectively. Gyrotrons are used in fusion
experiments to deliver the high frequency microwaves. Power is deposited locally in the plasma
due to the dependence of the cyclotron frequency on the magnetic field. Beside ECRH gyrotrons
are also used for suppression of neoclassical tearing modes [4], for high-Z impurity exhaust [5] and
for non-inductive current drive [6].

1.1 Problem formulation & research question

There are several improvements on ECRH needed and in particular on gyrotrons for future fusion
reactors like DEMO, which are related to the stability of the gyrotron frequency. First, we need
highly stable and optimized operation of gyrotrons to achieve the highest efficiency. Currently the
output power of gyrotrons is limited to approximately 90% of the nominal output power due to
increased mode competition when reaching higher output powers. This leads to the loss of stable
operating mode. Section 1.3 describes the principle of mode competition in gyrotrons in depth.
With increased stability of the gyrotron frequency, the output power, efficiency and reliability of
gyrotrons can be increased. This can be achieved by phase-locking the gyrotrons to an external
source. Denisov et al. [7] developed a system to lock the gyrotron frequency to an external, highly
stable source. The output signal of the source is injected into the gyrotron cavity as an operating
mode where it interacts with the gyrotron beam. This leads to locking of the phase and frequency
of the gyrotron. A different approach was taken by Fokin et al. [8] by implementing a feedback
loop for the output signal of the gyrotron . Their work has been performed on a low power gy-
rotron and is not directly transferable to the high power gyrotrons needed for fusion reactors.
An explanation and reasoning for this is given in section 1.3. Implementation of a feedback loop
requires that the response of the gyrotron frequency and output power to the actuator has to be
studied. The reason for this is that instantaneous jumps in the gyrotron frequency were observed
while introducing variations in the operating parameters.

The second improvement is that all gyrotrons currently need an individual ECRH launcher. With
the increasing number of gyrotrons required for fusion reactors like DEMO, it is desirable to limit
the number of ECRH launchers. This can be achieved by combining several gyrotrons into a single
ECRH launcher. This does require coherent emission of multiple gyrotrons, which is currently
not the case. With increased stability of the frequency, achieved via a phase-locked loop, we can
have fine control of the gyrotron frequency, which enables the possibility of coherent emission of gy-
rotrons. Combining multiple gyrotrons leads to an increased power density of the injected gyrotron
beam in the plasma. Because of the increased power density, certain unwanted non-linearities for
plasma-wave interaction like a parametric decay instability can occur. A detailed description of a
parametric decay instability is given in chapter 4.

Finally, increasing the stability of gyrotrons is advantageous for several diagnostic applications like
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Electron Cyclotron Emission (ECE), reflectometery and Collective Thomson Scattering (CTS). All
these diagnostics currently use a wide notch filter to shield their receiver from being damaged by
the gyrotron beam. Increasing the stability of the gyrotron frequency will decrease the frequency
spread of the gyrotron beam and thus allows for the installation of a more narrow notch filter.
This allows for the observation of scattering processes close to the gyrotron frequency, which are
currently blocked by the notch filter. An additional advantage of stabilisation of the gyrotron
frequency and especially fine control of the frequency is that it can be used for less common ap-
plications like beat-wave modulation and generation of heat waves in the ion cyclotron frequency
range [9]. A beat-wave with a frequency in the ion cyclotron range is generated via the linear su-
perposition of two waves at different frequencies, with a frequency at half of the difference between
the frequencies of the injected waves. These waves can be used to excite shear Alfvén waves.

The end goal of this research is to develop a phase-locked gyrotron. However this is a multi-
year project. My work will focus on answering the following two research questions

What is the mechanism for the frequency jumps observed in Wendelstein 7-X gyrotron discharges?

What is the implication of coherent emission of gyrotrons on a parametric decay instability in
fusion reactors?

Before treating these research questions and their motivation in depth, a detailed description
of gyrotrons is given.

1.2 Gyrotrons

The basic description of a gyrotron is a vacuum tube that emits coherent, high frequency elec-
tromagnetic radiation. The frequency ranges from a few GHz up to several THz nowadays. The
wavelength of the electromagnetic radiation is in the centimeter- to sub millimeter range. The
advantage of gyrotrons compared to other microwave tubes like klystrons or travelling-wave tubes
is that the power radiated by gyrotrons is several orders of magnitude higher. [10] The delivered
power ranges from hundreds of Watts up to several MW with a high power density, which is very
useful for local heat deposition. The operating principle of a gyrotron is best described using a
schematic, which is shown in figure 1.

The electron beam is generated by an electron gun, also called a magnetron injection gun, of
which a schematic is shown in figure 3. In an electron gun the electrons are generated via a heated
emitter ring, which is part of the cathode of the electron gun. The emission of electrons from
the emitter ring is controlled by the temperature and is called thermionic emission. The temper-
ature of the emitter ring thus controls the current of the electron beam. The emitted electrons
are accelerated by a potential difference between the cathode and anode. The electron gun in
this case generates a specific type of electron beam, namely a hollow annular electron beam for
its beam parameters. Crossed electric and magnetic fields in the electron gun give the electrons
the gyrating motion required for cyclotron resonance interaction [12]. The guiding centers of the
gyrating electrons are located on a circle, resulting in a hollow annular electron beam. The electron
beam is guided through the beam tunnel into the resonant cavity by the magnetic field created by
the superconducting magnets. The resonant cavity can be described as an overmoded cylindrical
waveguide and located at the peak of the externally applied magnetic field. The electromagnetic
fields in the waveguide are characterized by either transverse-electric (TE) or transverse-magnetic
(TM) mode as described by Harrington [13]. The dispersion relation for the electromagnetic waves
is calculated using the following three equations:

k20 = k2‖ + k2⊥,

k0 =
2πf

c
,

k⊥ =
X
′

m,n

R
,

(1)

where k0 is the wavenumber, k‖,⊥ either the parallel or perpendicular component of the wavenum-

ber, f is the frequency of the electromagnetic wave, c is the light velocity, X
′

m,n the nth root of
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Figure 1: Schematic overview of a 140 GHz gyrotron installed in Wendelstein 7-X. The electron
gun is a diode electron gun in this case and the nominal output power is 1 MW. On the left
side the voltage and current are shown for three parts of the W7-X gyrotron during operation.
The cathode voltage and current at the bottom, body (beam tunnel, cavity, launcher and metallic
mirrors) voltage and current in the middle and grounded collector voltage and current at the top.
The direction of the electric field and force on the electrons is also indicated. Figure (adapted)
taken from Schlaich (2015) [11].

the mth Bessel function and R is the radius of the cavity. Combining the equations in 1 results in
an expression for the frequency of the electromagnetic waves in the TE-mode as a function of the
parallel wavenumber k‖:

f =
c

2π

√(
X ′m,n
R

)2

+ k2‖, (2)

In the resonant cavity the annular electron beam interacts with the TE-mode. Energy is exchanged
via the extraction of kinetic energy from the electrons in the electron beam, the electron cyclotron
maser instability [14]. The electrons in the annular electron beam follow a helical trajectory where
they generate electromagnetic radiation. The helical trajectory is caused by the externally applied
magnetic field, since the electrons are affected by this magnetic field via the Lorentz force. The
magnetic field also determines the wavelength of the electromagnetic waves.

The velocity of the electrons in the magnetic field can be split into two parts, either parallel
or perpendicular to the magnetic field. The transferable energy of the electrons to the electromag-
netic waves only depends on the velocity component perpendicular to the magnetic field and not
the parallel velocity. The ratio of the parallel and perpendicular velocity is an important measure
to quantify this and is defined as the pitch factor α:

α =
v⊥
v‖
, (3)

where v⊥ is the electron velocity perpendicular to the magnetic field and v‖ the electron velocity
parallel to the magnetic field. The typical value of the pitch factor of electrons entering the cavity
is approximately 1.2 − 1.4 [15]. The electrons acquire a certain pitch factor in the beam tunnel,
just after leaving the electron gun. The varying magnetic field in the beam tunnel controls the
pitch factor of the electrons.

Department of Applied Physics 6
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The exact frequency of the gyrotron is determined by the resonance condition between the TE
mode of the waveguide and the electron beam as a function of the parallel wavenumber k‖ again.
The resonant frequency of the TE mode is given by equation 2 and the frequency of the electrons
in the electron beam is given by:

f =
v‖k‖ + Ωr

2π
, (4)

where Ωr is the electron cyclotron frequency given by eB0

meγ
where e is the electron charge, B0 the

magnetic field in the cavity, me the electron mass and γ the Lorentz factor for relativistic speeds.
Equation 4 can be rewritten using equation 3 into:

f =

√
v2

α2+1k‖ + eB0

meγ

2π
, (5)

where the velocity v is calculated using the relativistic kinetic energy:

v =

√√√√(1−
(

mec2

Ee+mec2

)2
)
c2, (6)

where E is the energy of the electrons given by E = qUacc with Uacc the acceleration voltage.
In figure 2 the dispersion curves for different combinations of mode numbers are plotted together
with the resonant curve of the electron beam for E = 80 keV. Figure 2 shows multiple intersection

Figure 2: Dispersion curves for different mode numbers of the cylindrical waveguide in W7-X
gyrotrons. The resonant curve of the electrons is also shown. The operating mode for gyrotrons
in W7-X is TE28,8. The resonant condition is met at the intersections between the curves.

points of both curves. A positive k‖ represents a forward propagating wave and a negative k‖
represents a backward propagating wave. At an intersection the resonance condition is met and
represents a potential interaction point for the gyrotron. Gyrotrons at W7-X are operate in mode
TE28,8 and resonance is achieved at a frequency around 140 GHz.

Both the electron beam and the electromagnetic waves pass through a quasi-optical setup where
they are separated. The electron beam travels into the collector where it dissipates its energy.
There is an option to increase the efficiency by using a depressed collector, which almost all mod-
ern high power gyrotrons have [16]. The electrons in this case are slowed down before hitting
the collector, which increases the efficiency of gyrotrons from 20% to 50%. The electromagnetic
waves exit the gyrotron via the output window. This window is not a regular transparent window
but a Chemical Vapor Deposition (CVD) diamond disk [17]. This material has a very good heat
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conductivity, which makes it much easier to cool. Secondly, the thickness of the disk determines
which frequencies are strongly reflected and which are passing through. The window also has a
low absorption factor, only around 0.1 - 0.15%. This also implies that CVD diamond disks are
made specifically for a single type of gyrotron. For example, 140 GHz gyrotrons in Wendelstein
7-X require a different window thickness compared to the 170 GHz gyrotrons in ITER. Finally,
the beam of electromagnetic waves is guided through a beam duct consisting of a quasi-optical
transmission system towards the ECRH launchers.

1.3 Implementation of a phase-locked loop and gyrotron stabilisation

This section describes in detail the importance, motivation and issues behind the increased stabil-
ity of the gyrotron frequency and the implementation of a phase-locked loop.

Stabilisation of the gyrotron frequency can be reached by actively controlling the frequency. Active
control of the frequency itself can be achieved via phase locking [8]. With phase locking, the output
of the gyrotron is either coupled back to the input or locked to the phase of an external source via
a delay line. The coupled frequency output is used to control or adjust the input frequency of the
gyrotron, to keep the frequency at a high level of stability. This technique has been successfully
used by Fokin et al [8] by acting on the anode voltage of a triode gun. A similar approach was taken
by Khutoryan et al [18]. The fluctuations in output frequency in both cases has been decreased
by several orders of magnitude. There is an important difference which complicates the transfer of
this method of stabilization to our work. In contrast to the high power gyrotrons used for ECRH,
low power gyrotrons were used to act on the anode voltage. The difference between a low power
gyrotron and a high power gyrotron is the electron gun. A triode electron gun is used in their
work compared to the diode electron gun in the high power gyrotrons. A schematic representation
of both types of electron guns is shown in figures 3 and 4. In case of a triode electron gun, there

Figure 3: Basic schematic of a diode
electron gun with a single cathode and
anode as used in high power gyrotrons.

Figure 4: Basic schematic of a triode
electron gun with a single cathode but
two anodes. The second anode can be
used for phase locking.

is an extra anode available which is free to utilize for active control of the pitch factor and thus of
the electron beam. Active control of a diode electron gun by acting on the anode is impossible. A
triode gun can be used for high power gyrotrons, but they are very complicated and expensive in
this case, which is the reason they are usually not used.

The first advantage of increased frequency stability is that mode competition and mode losses
can be decreased for high output powers. High power gyrotrons operate at very high TE mode
numbers. The larger the gyrotron frequency and gyrotron power become, the higher the mode
numbers will be because of the size of the resonator. Higher frequency and higher power means
that the resonator heats up more and cooling needs to be increased if the size of the resonator
would remain the same. By increasing the size of the resonator higher frequencies and powers can
be reached without increasing the cooling. Operation at these high mode numbers has a conse-
quence, mode competition will intensify [19]. During start-up of the gyrotron, several modes are
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excited and start growing. Due to the specific design of the resonant cavity, one of the modes
has a higher growth rate compared to the other modes and grows much faster. This is amplified
by the fact that this fast growing mode takes more of the available energy, leading to an even
lower growth rate of other modes. In the end, there is only one fully excited mode, for which the
resonant cavity was designed for. However, at high mode numbers and high output power, mode
competition intensifies again [10, 20]. This results in the excitation of parasitic modes together
with the operating mode, leading to reduced efficiency or emission at the wrong mode number,
also called mode loss. Since the microwave launcher is a single mode device, we cannot guide the
radiation out from a wrong mode. Wilde et al. [21] developed hardware and software to recover
the nominal operating mode in case of a mode loss for the gyrotrons of Wendelstein 7-X. With
this algorithm, gyrotron operation at Wendelstein 7-X became already more reliable (91 % success
rate) and an increase in nominal output power of 50-100 kW was reached. The probability of the
excitation of parasitic modes can be further decreased by stabilizing the frequency.

Secondly, frequency and thus mode stability are also desired for gyrotrons and ECRH for economic
efficiency. Gyrotrons operate below their nominal operating power, currently at approximately
90%. Operation at their nominal output power would imply approximately a 10% increase in
gyrotron output power. This means that an ECRH plant with 10 gyrotrons can already spare one
gyrotron, which leads to a reduction in costs (> million EUR) or higher output power. Especially
if considered that ITER is planned to use 24 gyrotrons for ECRH and for DEMO even more [22]
are planned. Stabilisation of the gyrotron frequency with respect to reaching a higher level of mode
stabilisation thus not only has benefits for stable operation of gyrotrons, but also reduces the costs
of ECRH operation in fusion reactors.

Thirdly, implementation of a feedback loop has the advantage of fine control of the frequency.
Multiple gyrotrons are used for ECRH in a fusion reactor. The electromagnetic waves are injected
into the plasma via a set of complex ECRH launchers. Currently each gyrotron needs its own
launcher, which is the case for Wendelstein 7-X and ITER. However, future fusion devices like
DEMO are likely to require a different approach. Implementing a significant number of ECRH
launchers will complicate the design of these future fusion reactors. Decreasing the number of
ECRH launchers is possible via fine control of the frequency. With fine control of the frequency,
a group of gyrotrons can be phase-locked to the same source, meaning they emit coherently. The
beam output of different gyrotrons can then be collected into a single beam. Less ECRH launchers
are needed in this case, since not every gyrotron needs its own individual launcher anymore. There
is a drawback to combining gyrotrons to emit coherently. It will lead to a gyrotron beam with a
higher power density, proportional to the number of gyrotrons combined. This may lead to non
linear effects and instabilities like a parametric decay instability (PDI). In case of a PDI, ECRH
heat is not deposited at the location expected, but transferred to plasma waves which redeposit
the heat elsewhere. A detailed description of the principle of a PDI is given in section 4.

Finally, stabilisation of the gyrotron frequency can also be advantageous for plasma diagnostics
that measure radiation in the gyrotron frequency range like electron cyclotron emission (ECE)
diagnostics, reflectometry or Collective Thomson Scattering (CTS) which is used to determine the
ion temperature [23]. The full operating principle of CTS will be discussed in section 2, but impor-
tant is that in the current CTS setup or ECE/reflectometry setup the receiver has to be protected
from relatively high-power radiation from the gyrotron beams, even 1 mW of power entering the
mixer can burn it. Installation of a notch filter with a depth up to 120 dB [24] protects the receiver
from this, after which the CTS spectra can be used for further analysis. The currently installed
notch filter has a width or stop-band of 500 MHZ [25] at the 10 dB boundary and is installed at
140 GHz. Fine control of the gyrotron frequency opens up the possibility of using a notch filter
where the stop-band is reduced from 500 MHz to only a few 100 KHz. Reducing the stop-band of
the notch filter to sub-MHz values allows measurements of scattering processes very close to the
gyrotron frequency, like turbulence. Currently, scattered gyrotron light of turbulences near the
gyrotron frequency is completely blocked by the notch filter. In case of a super narrow notch filter,
turbulences can be studied with the CTS setup. In chapter 2 a literature study is presented in
which different types of turbulence are treated. The focus of this study is to determine at which
frequency scale the effects of each type of turbulence can be observed. Three different types are
considered, ion temperature gradient, electron temperature gradient and trapped electron mode.
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First a short description of the type of turbulence is given, followed by a literature review to
determine whether the turbulence effects would be observable.

1.4 Approach and outline of this work

Studying the effect of the actuator on the behaviour of the gyrotron frequency for different gyrotron
operating conditions forms a major part of this work. The actuator for the gyrotrons in Wendel-
stein 7-X is the acceleration voltage. The output frequency of the gyrotrons can be controlled via
either changing the relativistic cyclotron frequency or by changing the the eigenfrequency of the
cavity. The relativistic cyclotron frequency depends on the acceleration voltage. The effect of the
acceleration voltage on the gyrotron frequency and output power is studied experimentally. This
part of the work is performed in collaboration with Laurent Krier, a PhD student from Karlsruhe
Institute of Technology. A detailed description of the experiments and results is given in chapter 3.

In order to determine how many gyrotrons can be made to emit coherently, an estimation of
the power density threshold of the injected gyrotron wave has to be made. The power density can
be limited by many technical aspects like the ECRH launchers, mirrors or other components in
the beam duct but these are not taken into account in this work. The power density threshold
is determined only for the region where propagation and absorption of the injected waves is still
linear. The analysis will use the work of Porkolab et al. [26] as a basis. In chapter 4 four different
mechanisms of a parametric decay instability are discussed. In the last chapter 5 we return back
to the main research questions and its breakdown.

A different type of a parametric decay instability was already observed in plasma in many fu-
sion experiments, but it does not influence macroscopic plasma operation. This type of a PDI
is called a low-threshold PDI and requires a much lower power density to occur [27, 28]. They
obstruct the automated analysis of the Collective Thomson Scattering spectra. A computational
tool is developed to separate the Collective Thomson Scattering spectra into spectra with and
without a parametric decay instability. This tool is not scientifically relevant for this work and is
not included in its main content, but a description of both a low-threshold PDI and the working
principle of the computational tool is given in appendix C.
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2 Feasibility of turbulence detection by microwave CTS

As mentioned in section 1, one of the current issues with Collective Thomson scattering is that a
wide notch filter has to be used to shield the receiver from all high power radiation from the ten
different gyrotrons, which each emit a slightly different frequency. Besides protecting the receiver,
the wide notch filter also shields the observation of scattering processes close to the gyrotron fre-
quency. Fine control of the frequency enables a significant decrease of the frequency spread and
allows the installation of a super narrow notch filter without damaging or burning the receiver.
With the current notch filter the effects of different turbulences are not visible on the measured
CTS spectra since they are most likely blocked by this wide notch filter. A super narrow notch
filter might be thin enough to actually show the frequency effects on the CTS spectra, which would
provide the ability to study the turbulence close to gyrotron radiation in great detail with the CTS
diagnostic using the gyrotron beam as a probing source. First, a short description of collective
Thomson scattering is given.

Collective Thomson Scattering uses the scattering of microwaves on the collective fluctuations
of the plasma. A gyrotron is used to send a probing beam into the plasma. This probing beam will
scatter on the collective fluctuations of the plasma. This returning wave is detected and collected.
This information can be used to create a frequency spectrum, which can be used to derive a set of
plasma parameters. Thomson scattering can either be incoherent or collective, depending on the
following condition [29]:

α =
1

λdkδ
, (7)

where α is the Salpeter parameter, λd the Debye length and kδ is given by:

~kδ = ~ks − ~ki, (8)

where ks represents the scattered wave and ki the probing wave. For incoherent scattering α << 1
and for collective scattering α > 1. Figure 5 shows the principle of CTS in a graphical way. [30].

Figure 5: Schematic overview of the principle of CTS. The probing wave interacts with the plasma
and a scattered wave is detected. Figure taken from Moseev et al. [31]

The scattered radiation from a CTS experiment is picked up by an antenna with a specific ac-
ceptance pattern [32]. The measured spectral power density of the scattered wave is determined
by the overlapping region of the incident beam and the antenna pattern. From the measured
spectral power density the ion temperature can be determined.
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Turbulence in plasmas has been studied before using CO2 lasers as a probing source by Slusher
et al. (1980) [33], van Andel et al. (1984) [34] and Cao et al.(2015) [35]. With a CO2 laser as
a probing source, different wavenumbers are measured at the same frequency. The advantage of
using a gyrotron as a probing source, is that we try to measure different frequencies at the same
wavenumber. This can lead to different insights into the behaviour of turbulences.

To determine whether turbulence can be observed in case a super narrow notch filter is used,
first a study has to be performed on frequency scales and whether the turbulence effects are ob-
servable. Three main and known turbulence types are discussed in this work, Ion Temperature
Gradient (ITG), Electron Temperature Gradient (ETG) and Trapped Electron Mode (TEM).

As mentioned before, two main parameters are needed to determine whether the turbulence effects
may be observable on the CTS setup with a super narrow notch filter: the wavenumber k, which is
related to the wavelength and the frequency scale at which the effects of a specific turbulence can
be observed. In contrast with the work performed using CO2 lasers, the frequency is varied and
the wavenumber kδ is fixed and is around 1000 m−1. As stated by Doyle et al [36], a rough region
of wavenumbers for each type of turbulence is known. In figure 6 the turbulence scale is indicated

Figure 6: Summary of the three considered turbulence mechanisms. The approximate scale at
which the turbulences occur is indicated [36].

by kρi, which represent the wavenumber and the ion gyroradius. The reason for using kρi instead
of kδ is that comparison with literature is easier this way. The ion gyroradius is calculated using
the following equation:

ρi =
miv⊥
eB0

= 1.44× 10−4
mi
mp
Ti

zB2
, (9)

where mi is the ion mass, v⊥ the velocity perpendicular to the magnetic field, mp the proton
mass, Ti the ion temperature in eV and z the ion charge. Taking appropriate plasma parameters
for Wendelstein 7-X and assuming an ion temperature of 1-2 keV, the ion gyroradius is in the
millimeter range. Combining this with the fixed wavenumber leads to kρi being above 1. Thus
according to figure 6, the turbulence most likely to be observed in the CTS spectra is ETG
turbulence and possibly TEM turbulence [37, 38]. ITG turbulence is unlikely to be observed with
CTS at electron gyrotron frequencies, which is also supported by Happel et al [39]. The minimal
frequency width of the turbulence effects needed is determined by the notch filter. As mentioned
before, the notch filter width is currently 500 MHz, which actually shields all turbulence effects. A
super narrow notch filter can have a width up to only 100 kHz, which would thus be the minimum
frequency width turbulence effects should have. Determining the exact frequency spectrum with
wavenumbers for a specific fusion device requires a lot of numerical work on the plasma parameters,
so this is not performed in this report. However, an estimate on the order of magnitude can be
made by studying theoretical frameworks and other experiments.

2.1 Ion Temperature Gradient

The Ion Temperature Gradient (ITG) instability refers to instability modes driven by ion temper-
ature gradients in the plasma [40]. The ion temperature gradient is in the radial direction of a
fusion reactor. The plasma is usually hotter in the core which means that the temperature gradient

Department of Applied Physics 12



TU/e

is directed inwards. In case a perturbation in temperature occurs, ions start to drift. The drift
will be larger in regions where the ion temperature is higher compared to low ion temperature
regions. These differences will result in separation of charges and thus an electrostatic potential
will build up which will result in an E ×B drift, eventually leading to the instability [36]. Since
the E×B drift is in phase with the temperature perturbation, more hot particles are transported
into the region with high ion temperature [41], growing the instability. This description of the
ITG mode is mainly valid in the so-called slab model [42]. A schematic representation of the ITG
turbulence is shown in figure 7. An extension of this model is the toroidal ITG instability [44]. In

Figure 7: Schematic of the ITG/ETG instability. The role of ions and electrons are interchangeable.
The temperature gradient is in the radial direction of the fusion device, represented by x. A
perturbation in temperature will lead to a drift vd of either ions or electrons, leading to an E×B
drift. This will lead to a growing instability. Figure taken from Proll (2014) [43]

this case, inhomogeneities due to the magnetic field are included. The instability thus depends on
two factors in this case, the ion temperature gradient and the force due to the gradient in magnetic
field. If both are in the same direction, the toroidal ITG mode is unstable. If both are in opposite
directions, the toroidal ITG mode is stable [45].

ITG modes have been studied in experiments on the DIII-D tokamak [46]. The aim of these
experiments was to validate whether the ITG instability theory was consistent with experimental
observations and to distinguish the difference between low and high density discharges. The ob-
served kρi were in the range of 0.1 − 0.5, which is outside the range to be observed with CTS.
Coherent scattering was used to observe the turbulence effects in the frequency range. Turbulence
effects were observed up to frequencies of approximately 100 kHz. This confirms the expectations
of the ITG mode being blocked even by the super narrow notch filter. Similar frequencies were
observed in HL-2A tokamak [47]. The observations were made using Doppler reflectometry and
frequencies up to 100 kHz were observed. In the experiments the influence of the ion temperature
gradient has been shown. An increase in temperature gradient leads to a significant enhancement
of the ITG instability. The ITG instability has also been observed with a kinetic ion model [48].
The kinetic ion model has been developed to improve gyrokinetic simulations which are not valid
for all regimes. The slab-ITG mode has been modelled very accurately to gyrokinetic theory. The
toroidal ITG mode however is only valid for global gyrokinetic theory. The kinetic ion model did
confirm the experimental observations as well with respect to the frequency range of ITG modes,
namely below 100 kHz. However, the kinetic ion model is not yet a complete replacement for all
gyrokinetic simulations, since non-linearities, electromagnetic perturbations and kinetic electrons
have to be added, which will provide a more accurate view of the frequency range at which ITG
modes occur, but a frequency scale has been determined.

2.2 Electron Temperature Gradient

Similar to the ITG instability, a second type of turbulence instability is the Electron Temperature
Gradient mode (ETG). In this case the instability is due to the gradient in the electron tempera-
ture. In fact, the ETG mode occurs due to the same mechanism as the ITG mode [49]. The ions
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and electrons are interchangeable in the slab model and the schematic representation of the ETG
instability is also given in figure 7. However, the scale at which these effects occur differs several
orders of magnitude due to the much higher velocity of the electrons [50].

The ions and electrons in ITG and ETG instabilites are only interchangeable in the linear, elec-
trostatic, adiabatic limit, which is valid for most of the spectrum [51]. In this limit, no fast
changes or exchanges are taken into account between the electrons and their surroundings. This
limit only holds under the following assumptions. Firstly, non-adiabatic effects are not taken into
account.[52]. The second assumption made is that electromagnetic effects do not play a role. The
final assumption made is that Debye shielding effects are not taken into account for ETG modes.
The Debye shielding effects can be neglected most of the time, except for a very thin region very
close to the plasma edge with very low densities and very steep profile gradients [51].

Typical ETG modes have perpendicular kρi above 1 according to figure 6 and Jenko et al [53].
Waves with kρi > 1 are most likely to show up on CTS spectra. Several studies were performed
in which the frequency of turbulence effects is either simulated or derived from experiments.

At the NSTX tokamak a collective scattering system is installed, specifically for studying the
electron gyrotron fluctuations in NSTX plasmas [38]. With kρi > 1, the frequency spectra show
fluctuations up to several MHz in NSTX plasmas. These fluctuations would be observable on a
CTS spectrum with a super narrow notch filter, since the frequency had to be above 100 kHz.
Gurchenko et al [54] observed turbulence effects on similar frequency scales in the FT-2 tokamak.
The technique used to observe turbulences is the correlative enhanced scattering technique [55].
ETG instability experiments have also been performed on the Columbia Linear Machine [56]. ETG
instabilities were intentionally created via a specific heating scheme for the core plasma, which re-
sulted in sufficiently strong and sharp ETG modes. Effects have been observed on the scale of
several MHz, which is consistent with experiments at NSTX and FT-2 tokamak. The exact fre-
quency of the ETG mode was around 2.3 MHz, which is consistent with the theoretical model for
the slab-ETG mode for the Columbia Linear Machine. This machine does not have toroidal effects.

2.3 Trapped Electron Mode

A third type of turbulence investigated is the Trapped Electron Mode (TEM). In this case, elec-
trons get magnetically trapped in the low field side of a fusion device in a situation similar to a
magnetic mirror [57]. The main drive behind the trapping of electrons is a density perturbation on
top of a density gradient in the presence of magnetic curvature [58, 59]. A schematic of the TEM
instability is given in figure 8. The drift velocity of ions and electrons is in opposite directions. In

Figure 8: Schematic of the TEM instability due to a density perturbation on top of a gradient in
the density. The density gradient and perturbation are in the radial direction of the fusion device,
represented by x. The particles drift in perpendicular direction to the density gradient. Electrons
and ions drift in opposite directions. Figure taken from Proll (2014) [43]
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case particles are not trapped, the drifts of the particles average out. For trapped particles this is
not the case. The drifts combined with the density perturbation lead to an electric field and thus
an E ×B drift. The E ×B will enhance the growth of the instability. The TEM instability can
be stabilized by increasing the collisionality [60].

The TEM instability can coexist with the ITG instability. In this case, ITG turbulences and
TEM turbulences are hard to distinguish since they share a common range of wavenumbers. As
shown in figure 6, the wavenumber range for which the TEM instability occurs is only slightly
higher than for the ITG instability. This is also supported by Happel et al [39] who studied core
turbulences in ASDEX Upgrade. The wavenumber range observed in this case was kρ = 0.7− 4.2,
which is close to the observable wavenumbers in CTS experiments.

Experiments concerning investigation of the TEM instability have been performed on for example
TEXTOR [61], TORE SUPRA [62] and JET [63]. The experiments have been performed using
a conventional reflectometer to study actually density fluctuations due to TEM. Three different
types of TEM instabilities have been found. Coherent mode, Quasi-Coherent mode and Broad
band mode. The coherent mode has a frequency width up to a few kHz, the quasi coherent mode
has a frequency width up to 100 kHz and the broad band mode can have a frequency width up to
several 100 kHz. However, the amplitude for the wider modes is decreasing and will thus be harder
to observe in frequency measurements. As mentioned before, a super narrow notch filter would
have a width of approximately 100 kHz. This would indicate that trapped electron modes can be
observed in CTS spectra. However, this only holds for the broad band mode. The coherent and
quasi-coherent mode will still be shielded by the notch filter. Arnichand et al. [63] concluded also
that the appearance of the different modes does depend on the plasma current. This is especially
true for the quasi-coherent mode.

2.4 Summary

Using a gyrotron as a probing source to study turbulence has the advantage of measuring different
frequencies at a fixed wavenumber. In contrast, most of the previous experiments performed
using a CO2 as a probing source, studied different wavenumbers at a fixed frequency. With the
stabilisation of the gyrotron frequency a super narrow notch filter can be used, which actually
enables the detection of turbulences previously shielded. A summary of the different wavenumbers
and frequency ranges for either the ITG instability, the ETG instability or the TEM instability is
shown in table 1.

Table 1: Summary of the three different turbulences (ITG, ETG and TEM). Both wavenumbers
and observable frequencies are shown. Only global ranges are given to determine which turbulences
will be visible in CTS spectra.

kρi frequency
ITG 0 - 0.5 up to 100 kHz
ETG > 1 several MHz
TEM 0.2 - 1.5 10 - several 100 kHz

In the current CTS experimental setup, with a super narrow notch filter of 100 kHz installed, ETG
mode effects will potentially be observable in the CTS frequency spectra. ITG mode effects will
not be observable due to both their small frequency scale as well as their low wavenumbers. TEM
effects will be observable actually, but only the broad mode. The coherent and quasi coherent
modes will still be shielded by the notch filter.

Department of Applied Physics 15



TU/e

3 The effect of the acceleration voltage on the gyrotron fre-
quency

In order to successfully implement a phase locking system to stabilise the gyrotron frequency first a
deeper understanding of the effect of the acceleration voltage on the gyrotron frequency is needed.
This chapter will cover the experimental work performed to achieve this. A series of experiments
is performed in which the gyrotron frequency is measured for changing operating parameters. The
chapter starts with a description of the experimental setup used followed by a description of the
experimental strategy. Section 3.3 is dedicated to the different observations made and several
hypotheses are tested to explain the observations. This chapter concludes with a description of the
implications and prospects for the phase locking system in Wendelstein 7-X and for future fusion
devices like ITER and DEMO.

3.1 Experimental setup

The experiments were performed using the gyrotrons installed at Wendelstein 7-X, of which most
are manufactured by Thales and of the type TH1507 [64]. They are designed to deliver a nominal
output power of 1MW at a frequency of 140 GHz. A schematic overview of the gyrotron setup is
shown in figure 9.

Figure 9: Schematic overview of the gyrotron setup at Wendelstein 7-X. The gyrotrons are labelled
A1 to E5. Only gyrotron A5 is used for all experiments and stray radiation is detected in the
quasi-optical beam duct by the heterodyne receiver. The reference oscillator is located close to the
receiver setup and not in the beam duct. Courtesy of Dmitry Moseev.

All experiments were performed using the A5 gyrotron produced by Thales, and a test was per-
formed using the E5 gyrotron, which is manufactured by CPI. The experiments to study the effect
of the acceleration voltage on the gyrotrons frequency were performed with a heterodyne receiver
as detector. It is important to state that the gyrotron beam is not directed towards the ECRH
launchers and into the plasma, but towards an external load since no information regarding the
plasma is needed to study the gyrotron frequency. A schematic overview of the setup used is shown
in figure 10.

The stray radiation of the gyrotron beam in the beam duct is collected by a horn after it leaves
the matching optics unit. It first passes through a notch filter that actually rejects the gyrotron
frequency. As discussed in section 2, this is necessary to protect the receiver from high power ra-
diation. We can still see the gyrotron frequency trough them anyway, because of its high intensity.
Next, a bandpass filter is used that attenuates frequencies above 145 GHz and below 135 GHz and
avoids aliasing. This band contains the gyrotron frequency of about 140 GHz. In order to avoid
the passing of reflected signals, an isolater is placed between the bandpass filter and the mixer.
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Figure 10: Schematic overview of the experimental setup. Between the matching optics unit and
the load is the beam duct, where the stray radiation is measured and collected with a horn.

The signal is mixed down using a local oscillator with a frequency of 128 GHz and passes through
another band pass filter to avoid aliasing. The signal is mixed down a second time to take it to
a frequency range which is accepted by the DAQ. This second mixer is again a local oscillator
but with a frequency of approximately 10.5 GHz. Finally the signal passes through a low pass
filter to attenuate the remaining high frequency signals and thus improve the visibility of the gy-
rotron beam frequency. The signal is then directed to a fast DAQ system, which is the PXIe-5186
from National Instruments. It has a maximum sampling frequency of 12.5 GSamples and it has a
bandwidth of 5 GHz. The entire experimental setup, except the fast DAQ and obviously the gy-
rotron beam in the beam duct, is placed inside a shielding container. This will protect the system
from unwanted background electromagnetic radiation. Figure 11 shows the experimental setup as
currently installed in Wendelstein 7-X. The stray radiation is picked up from the beam duct on

Figure 11: The experimental setup is currently installed in the gyrotron hall in Wendelstein 7-X.
The two mixers are contained into individual boxes and the entire setup is covered in a closed
container as well. This to prevent unwanted background electromagnetic radiation.

the left side. The radio frequency (RF) box contains all components that deal with frequencies of
100 GHz and more. The intermediate frequency (IF) box contains the components that deal with
frequencies below 100 GHz. The signal exists at the back end on the right side where the fast DAQ
system is located. A filter bank is also installed in the setup, which is an important part of the
setup for CTS measurements, but not required for the current experiments and is disconnected.
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3.2 Operating regimes for the acceleration voltage, cathode current and
magnetic field

As mentioned in section 1 there are multiple options for varying the gyrotron frequency and they
are summarized in table 2

Table 2: Mechanisms to vary the gyrotron frequency with their respective operating parameter
and timescale they act on.

Operating parameter Timescale

Cavity Size
Cathode Current Icath sub-seconds
Acceleration Voltage Uacc microseconds

Cyclotron frequency Acceleration Voltage Uacc microseconds
Magnetic field B0 seconds

The gyrotron frequency can thus either be varied by changing the size of the cavity or by adjusting
the cyclotron frequency. The cavity size depends on the cavity temperature, which is related to
the power of the electron beam. The power of the electron beam itself is related to the cathode
current and acceleration voltage. The cyclotron frequency is given by eB0

γme
which depends on the

magnetic field and via the Lorentz factor γ on the acceleration voltage as described in section 1.2.
Three operating parameters of the gyrotron can be varied to achieve either one of the options. The
acceleration voltage Uacc, the magnetic field in the cavity B0 and the cathode current Icath. There
are other parameters that influence the power and frequency, but they are not controllable during
operation. The acceleration voltage is defined as the sum of the body voltage and the cathode
voltage, as can also be seen in figure 1. The preferred parameter to act on is the body voltage. The
reason behind this is found in the timescales they operate on as indicated in table 2. Variations
in the cathode current will have effects on the sub-second timescales, which is too slow to actively
control the frequency and output power. The same holds for the magnetic field, which acts on
even larger time scales. Variations in the acceleration voltage, specifically the body voltage, do act
on sub millisecond, or even microsecond time scales, making it a suitable candidate for fast control.

In order to study the reaction of the gyrotron frequency to changes in the acceleration voltage
a parametric sweep over the acceleration voltage is made. To test the reaction of the gyrotron
frequency for different operating parameters, the parametric sweep over the acceleration voltage is
performed for different combinations of the cathode current and the magnetic field. This provides
insight into the reaction of both the gyrotron frequency and gyrotron power to the acceleration
voltage under different circumstances. The acceleration voltage is modulated to study the fast
reaction of the gyrotron frequency and also the gyrotron power. The modulation signal is either
sinusoidal or triangular. Its peak-to-peak amplitude is between 1 kV and 5 kV and it has a variable
modulation frequency. The modulation of the acceleration voltage will force the gyrotron frequency
and power to react. It is expected that both follow the modulation scheme.

The three operating parameters are varied in the ranges specified in table 3, where the mag-
netic field is specified via the current in the magnetic coils. A logbook with the experimental
parameters for each shot can be found in Appendix B.

Table 3: Operating regimes for the three considered parameters.

Uacc 76.5 - 81.5 kV
IB 83.5 - 83.6 A
Icath 40.0 - 46.5 A

Each measurement is characterized as a shot and is given a unique shot number for further analysis.
Unless specified, the duration of a single shot is two seconds. Due to limited amounts of memory,
only the last 30 milliseconds of each shot is recorded by the receiver. The memory is drained very
fast with acquisition time due to the very high sampling rate of the receiver, which is fixed at 6.25
GSamples. The raw data from the receiver is stored in the tdms data format on a fixed analysis
computer from which it is retrieved for further analysis. Besides the frequency data from the
receiver, the acceleration voltage, cathode current, current in the magnetic field coils and gyrotron

Department of Applied Physics 18



TU/e

power are measured and stored in the data archive of Wendelstein 7-X. Furthermore, all other
operational parameters of the gyrotrons are measured and stored, but they are not immediately
relevant for the current experiments. Figure 12 shows the acceleration voltage for a single shot with
a duration of 2 seconds. The start of the shot is clearly indicated at t0. The acceleration voltage
is modulated during the entire shot with a frequency of 500 Hz and peak-to-peak amplitude of 2
kV in this case. Data acquisition with the heterodyne receiver starts at t1 as indicated in figure
13. At t2 the shot is terminated and data acquisition stops.

Figure 12: Modulated acceleration voltage as
a function of time for shot 3004. The modula-
tion frequency is 500 Hz. Indicated in red are
the start (t0) and stop (t2) time positions as
well as the start of data acquisition with the
heterodyne receiver (t1).

Figure 13: Close up of figure 12 with only the
last 40 ms. The heterodyne receiver only mea-
sures during the last 30 ms of the shot as in-
dicated in orange. Acquisition continues until
gyrotron operation is terminated.

3.3 Characteristics of the gyrotron frequency

This section gives an overview of the different observations made during the sweeps over the op-
erating parameters. Figure 14 shows the gyrotron frequency over time of a shot with gyrotron
behaviour as expected. The modulation of the acceleration voltage in this case had a sinusoidal

Figure 14: In the top figure is the gyrotron frequency as measured by the receiver for the last 30
ms of shot 3004. The middle figure shows the acceleration voltage and the bottom figure shows
the gyrotron power. All three figures share the same time axis. The sinusoidal modulation of the
acceleration voltage is nicely followed by both the gyrotron frequency and gyrotron power.

shape with a modulation frequency of 500 Hz and a peak to peak voltage of 2 kV. Figure 14 also
shows the acceleration voltage and gyrotron power as a function of time for shot 3004. We see
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that the gyrotron frequency follows the the acceleration voltage nicely. The operating parameters
for shot 3004 are: Icath ≈ 45.0A and IB = 83.5A. The spectrum does show sharp periodic peaks
but this is unrelated to the gyrotron operation. These peaks are introduced by the local oscillator
of the CTS radiometer.

Not all shots performed follow the modulation scheme nicely. Several different types of character-
istics were observed over a range of approximately 50 shots. These characteristics are: flattened
tops of the sinusoidal modulation, squared sine behaviour of the frequency, instantaneous frequency
jumps, hysteresis and splitting of the gyrotron frequency as a response to the sinusoidally mod-
ulated acceleration voltage. The gyrotron frequency, acceleration voltage, cathode current and
gyrotron power of shots with these characteristics are shown in figures 15, 16, 17, 19 and 20. The
most relevant and important characteristics are the instantaneous frequency jumps, hysteresis and
splitting of the gyrotron frequency and are treated in more detail.

Figure 15: Frequency, acceleration voltage and power of shot 3005. The frequency has flattened
tops and bottoms instead of a sinusoidal shape.

Figure 16: Frequency, acceleration voltage and power of shot 3011. The frequency in this case is
a squared sinus compared to the sinusoidal modulation of the acceleration voltage.
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Figure 17: Frequency, acceleration voltage and power of shot 3013 with periodic jumps in the
frequency and power with a regular sinusoidal modulation of the acceleration voltage.

Figure 17 shows frequency jumps that happen instantaneous. This can be proven by increas-
ing the time resolution. Since the time and frequency resolution are related, increasing the time
resolution will decrease the frequency resolution, but this is irrelevant in this case. The time reso-
lution on the left side of figure 18 is 5.24 µs and on the right side around 328 ns. From figure 18

Figure 18: Close up of figure 17. A single frequency jump is shown with a height around 8 MHz.
In the left figure the time resolution is 5.24 µs and frequency resolution is 191 KHz. In the right
figure the time resolution is 328 ns and frequency resolution is 3.052 MHz.

it can be seen that the frequency jump is instantaneous, even on the sub microsecond timescale.
Further increasing the time resolution would lead to such a low frequency resolution that the jumps
start to disappear. The frequency jumps are not a result of jumps of the acceleration voltage as
can be seen in figure 17. The frequency jumps have a variable width from 2 up to 15 MHz. The
gyrotron power also reacts to the jumps in frequency. The gyrotron power either increases or
decreases with tenths of kiloWatts in case of a jump in frequency. These instantaneous jumps
in gyrotron frequency and gyrotron power are not covered by current gyrotron theory and need
further investigation.
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Figure 19: Frequency, acceleration voltage and power of shot 3017. The modulation scheme of the
acceleration voltage is changed to measure the difference before and after modulation. A hysteresis
effect is observed in the frequency of 4 MHz and in the power of 25 kW.

Figure 19 shows different behaviour. The instantaneous jumps in frequency are again observed,
but in this case the gyrotron frequency is also measured just before and just after modulation of
the acceleration voltage. The gyrotron frequency shows signs of a hysteresis effect. The gyrotron
frequency ends up around 4 MHz lower after modulation while expected would be that the gy-
rotron frequency ends up at the same level as before modulation, since the operating mode of the
gyrotron did not change. The same effect is observed in the gyrotron power. The power is around
25 kW lower after the modulation. The acceleration voltage or other operating parameters do not
show any sign of this hysteresis behaviour.

Figure 20: Frequency, acceleration voltage and power of shot 3015. In the spectrogram obtained
with the heterodyne receiver multiple gyrotron lines are shown at the same time, which disappear
after a frequency jump.

The last characteristic to cover is the appearance of multiple gyrotron lines at the same time when
only a single gyrotron is being operated, as shown in figure 20. In this case three gyrotron lines
can be observed at the same time instance, compared to the expected single gyrotron line as seen
in other shots. The gyrotron lines all have the exact same shape and behaviour and are 4 MHz
apart from each other. When the frequency jumps to a higher frequency, the splitting disappears.
The multiple lines appear again after modulation has ended, but less intense in this case.
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All of the above discussed characteristics are not necessarily related to the gyrotron beam. They
can also be a result of the mixer of the detection setup. In order to verify that the observed char-
acteristics are indeed related to the gyrotron beam and not the mixer, a stable reference oscillator
is installed. In the detection setup, the frequency difference between the detected waves and the
local oscillator is taken, as can be seen in figure 10. By taking the frequency difference between
the reference oscillator and the local oscillator as well, we can test the mixer. If the frequency
for both the gyrotron beam and the reference oscillator show the instantaneous frequency jumps
or hysteresis, it is the result of the mixer. If only the gyrotron signal shows this behaviour and
the reference signal remains unaltered, the observations made are not a result of either the mixer
or the detection setup. Figure 21 shows both the gyrotron frequency and the frequency of the
reference oscillator.

Figure 21: Top figure: spectrogram of shot 3013 with clear jumps in frequency. Bottom figure:
spectrogram of the reference signal of shot 3013. No frequency jumps are observed for this case
which proves that the jumps are not a results of the detection setup.

The jumps are only observed in the gyrotron signal, shown in the top figure. They are not present
in the signal for the reference oscillator. This proves that the jumps do not occur due to the mixer
of the detection setup.

To conclude, the instantaneous frequency jumps and the hysteresis effects are observed and are
unwanted in case of a phase locked system. In the next section different hypotheses are studied in
order to find an explanation for the observed behaviour.

3.4 Hypotheses that can explain the instantaneous frequency jumps

In this section a series of hypotheses is tested to explain the observations made in section 3.3

3.4.1 The resonance effect

As discussed in section 1.2 the gyrotron frequency is determined by the resonance between the TE
dispersion curve and the resonant electron curve as a function of parallel wavenumber k‖. The
resonance electron curve is governed by the energy of the electrons, which is related to the potential
difference or the acceleration voltage. Changes in the acceleration voltage lead to changes in the
resonant electron curve. Figure 2 shows the dispersion relations for the resonant cavity as well as
the curve for resonant electrons.
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For some of the TE modes, two intersection points between both curves are present. This is
true for the operating mode of the gyrotrons in our experiments TE28,8. The first intersection
is near the 140 GHz frequency. Due to the non Maxwellian velocity distribution of the electrons
most of them will reside near this intersection point. However, it might be possible for the reso-
nant electrons to jump towards the second intersection point, where they have a different resonant
frequency. In case of a very flat resonant electron curve, this jump can be in the range of MHz.
Using the parameters for the gyrotrons in Wendelstein 7-X, this curve is much steeper, as can
again be seen in figure 2. In this case, the jump would have to be in the order of a GHz away from
140 GHz, which is orders of magnitude above the observed frequency jumps, so this hypotheses
can be discarded.

3.4.2 Existence of forbidden frequency bands

The second hypothesis is related to the exact frequency of the jumps. Tested will be whether the
frequency jumps over the same frequency band for different operating parameters. In other words,
does the gyrotron frequency avoid certain frequency regimes, like forbidden frequency bands. This
is tested by taking gyrotron frequency versus time and store the frequency at each time position
in a histogram. Combining the histograms of all shots leads to the following overall histogram.
From figure 22 it seems that there are frequency bands partially skipped around 140.180 GHz

Figure 22: A histogram of all the measured frequencies. There are different bands observable but
no frequency band is skipped entirely.

and 140.140 GHz. Because these bands are not completely empty, the gyrotron beam can have
that frequency for some combination of operating parameters. This means that the argument of
frequency bands that are completely skipped or forbidden does not hold in this scenario.

3.4.3 Fine splitting of the gyrotron mode

Another potential explanation for the frequency jumps is the existence of sub bands of the gyrotron
mode. This would also explain the hysteresis effect seen in figure 19 and splitting of gyrotron lines
in figure 20. Each TE mode splits into multiple sub modes which are currently unknown. This
would be fine splitting of the gyrotron mode. In order to have this fine splitting of the gyrotron
mode, the side modes would have to be an integer number away from the main mode and other
side modes, which holds for any type of splitting. This can be proven by computing the width
of every jump in gyrotron frequency. Each frequency jump has been identified and its width is
computed and stored in a histogram. Figure 23 shows this jump height for every frequency jump
for all experimental shots performed.
The width of the jumps is only a couple of MHz and can thus definitely not be explained by
a switch of operating mode TE28,8, which would lead to a change of frequency in the order of
GHz. From figure 23 is also becomes immediately clear that the jumps are not an integer number
apart. Interesting is that three different clusters can be observed, which are roughly 4 MHz apart.
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Figure 23: A histogram of the height in frequency for each jump. Three different clusters are
observed but they are too spread out to satisfy the requirements for fine splitting.

Because of the wide spread in jump widths, fine splitting of the gyrotron mode cannot explain the
instantaneous jumps.

3.4.4 Cavity expansion and cavity resonance

One of the factors that contributes heavily to the gyrotron frequency is the resonant cavity. The
cavity is always assumed to be stationary during operation., excluding the cavity expansion at
the start of the gyrotron shot. The gyrotron cavity expands due to increasing temperatures. The
size of the cavity also contributes to the gyrotron frequency. A rough estimation is that for an
expansion or contraction of the gyrotron cavity of 1µm the gyrotron frequency changes 6 MHz.
This change in frequency is in the same order of magnitude as the observed frequency jumps and
could also explain the hysteresis effect.

From figure 18, we concluded that the frequency jumps happen instantaneous, or at least on
the sub microsecond timescale. This implies that the cavity has to react extremely fast to changes
in the temperature. The temperature in the cavity changes at a much slower timescale than the
sub microsecond timescale of the frequency jumps. It also implies that the cavity is continuously
expanding and shrinking. Taking both these things into account, expansion of the gyrotron cavity
is a very unlikely explanation.

Besides expansion the cavity can also vibrate. This can lead to changes in the gyrotron fre-
quency and could explain the periodicity of the jumps occurring. As an explanation, vibration of
the cavity is unlikely because it would have to be continuous over all shots for any set of operating
parameters. This is not the case and this theory is easily invalidated.

3.4.5 An elliptical cavity

As already mentioned, the cavity is assumed to be perfectly cylindrical. It does not necessarily
have to be the case. An elliptical cavity is also possible and studied by [65] for gyrotrons with low
mode numbers. For an elliptical cavity equation 2 is changed to:

f =
c

2π

√
4M ′

m,n

l2
+
πp

L2
, (10)

where M
′

m,n is the nth root of the mth modified Mathieu function, l is the semi-interfocal distance,
p the longitudinal mode number and L the length of the cavity. πp

L2 is the expression for k‖ for
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a cavity with finite length. Using this equation we can calculate the frequency as a function of
the semi-interfocal distance f , which is characterised by length of the minor axis b of the ellips.
Figure 24 shows the gyrotron frequency as a function of the length of the minor axis, which is an
indication for the ellipticity of the cavity. There is a linear dependence of the gyrotron frequency on
the length of the minor axis of the elliptical cavity. The slope of the curve is around 3.5 MHz/µm.
This is a similar change as for expansion of the cavity.

Figure 24: The gyrotron frequency as a function of the size of the minor axis calculated using
equation 10 for mode TE28,8,1.

The ellipticty can also not change on a sub-microsecond timescale with several µm. Since this
would again mean continuous shrinking and expanding on much shorter timescales compared to
the timescales thermal effects usually occur, similar to the case of cavity expansion.

Another possibility is a change of longitudinal mode p. Figure 25 shows the gyrotron frequency
for an elliptical cavity for different longitudinal mode numbers.

Figure 25: The gyrotron frequency as a function of the size of the minor axis of the ellipse for
different longitudinal mode numbers. It is clear that jumps between longitudinal mode numbers
occur on the GHz scale.

All curves for different longitudinal mode numbers show similar behaviour. The difference in fre-
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quency between them is however several orders of magnitude higher than the observed frequency
jumps during the experiments. Eventhough the resonant cavity itself can be slightly elliptical
without changing the gyrotron frequency significantly, it cannot be an explanation for the ob-
served frequency jumps.

3.4.6 The long line effect

Reflections in the beam duct can also influence the gyrotron frequency. The gyrotron beam travels
through the beam duct either towards the ECRH launchers or towards an external load. Parts of
the gyrotron beam can reflect of the ECRH launchers, the external load or the mirrors in the beam
duct and travel back to the gyrotron and re-enter. This reflection alters the gyrotron frequency
and the gyrotron output power. The effect depends on the quality factor of the gyrotron, strength
of the reflection, distance to the load and the phase of the reflection [66].

Gyrotron operation and the behaviour of the electron beam can be simulated using the code
EURIDICE [67]. This code calculates the electric field and interaction with the electron beam in
the gyrotron cavity based on the Maxwell Vlasov equations. Reflections can be introduced into this
code as boundary conditions at the edge with a variable phase and amplitude of the reflection while
keeping the beam parameters constant. Figure 26 shows the simulation results for gyrotron fre-
quency and power for different phase and amplitude of the reflections performed by Laurent Krier.

Figure 26: The gyrotron frequency and power as a function of the amplitude and phase of the
reflections as simulated using EURIDICE. Courtesy of Laurent Krier.

For different combinations of the reflection amplitude and phase a jump could be made in fre-
quency of 4 MHz and in power of 25 kW which confirms the experimental observations. This can
potentially be an explanation for the observed jumps. This kind of simulation does however not
take into account where the reflections occurs. It currently comes from the end of the cavity and
does not take into account reflections outside of the cavity. In order to include reflections outside
the cavity, the travelling time of the reflection must be taken into account and included in the
simulations, which is the actual long line effect. At this moment, this has not been implemented

Department of Applied Physics 27



TU/e

successfully.

In order to verify this experimentally, the travelling time of the reflection has to be varied un-
der fixed operating parameters of the gyrotron. This is very complicated to execute since it is
unknown where the reflections could originate from and with the tens of mirrors and components
in the beam duct also very hard to test.

3.5 Quality factor Q of gyrotrons and the implications for ITER

The most probable explanation for the observed jumps in frequency and the hysteresis effect is
the long line effect. This can however not be confirmed experimentally yet. The influence of the
long line effect decreases with an increasing quality factor of the gyrotrons [66]. Table 4 shows the
approximate quality factor for different gyrotrons. CTS experiments with the same setup have also

Table 4: Indication of the quality factor Q of different gyrotrons.

Quality factor Q
W7-X 1MW 900-1100
W7-X 1.5MW 1500
ASDEX-U 1MW 1500
ITER Coaxial 2MW 2000-2500

been performed with the gyrotrons in ASDEX Upgrade and no frequency jumps were observed
there. The disadvantage of a high quality factor is that Ohmic losses increase, which will need
more challenging cooling systems. The quality factor can thus not be increased indefinitely, but a
balance between quality factor and cooling capabilities has to be found.

Coaxial gyrotrons for ITER have also been tested and simulated at the Karlsruhe Institute for
Technology. Also no frequency jumps were observed here. The effect of the frequency jumps and
hysteresis seems to disappear for higher quality factors.

Gyrotrons for ITER thus are planned to have a much higher quality factor compared to the
current W7-X gyrotrons. Also the planned new 1.5 MW gyrotrons for W7-X will have a much
higher quality factor. This means that even though the frequency jumps are observed currently
and complicate the implementation of a phase-locked loop, they will most likely not be relevant for
fusion devices or experiments like ITER since they will use gyrotrons with a high quality factor.

3.6 Phase-locked system

We studied the reaction of the gyrotron frequency to changes in the acceleration voltage and ob-
served instantaneous frequency jumps and hysteresis effects. In order to explain these, we have
tested several hypotheses. We can conclude that the most probable explanation is the long line
effect, but this has not been proven experimentally.

This work forms the basis for the implementation of a phase-locked system for gyrotrons in Wen-
delstein 7-X, but first a system must be designed to measure the phase difference between the
gyrotron beam and a reference source. Figure 27 shows a schematic of the proposed experimental
setup for the phase locking system. We have two different incoming signals, the gyrotron signal and
the stable reference signal. Both pass through a set of filters, VCVA and an insulator to prevent
signals travelling back before being mixed down by a local oscillator. The mixed down signals enter
a phase measurement board that directly measures the phase via the voltage difference between
both signals and calculates the difference between them. If this difference is zero, the gyrotron
beam and the reference signal are in phase. If it is larger than zero, the signals are out of phase
and the gyrotron beam needs to be corrected. A control loop or system will have to be designed
that relates the measured phase difference to a control signal that adjusts the gyrotron frequency
via the acceleration voltage.
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Figure 27: The proposed experimental setup for the phase locking system to detect the phase
difference between the gyrotron beam and the reference signal. Courtesy of Dmitry Moseev.

4 Parametric Decay Instability: Gyrotron power density
threshold

4.1 Introduction

One of the advantages of stabilising the gyrotron output frequency is the ability for fine frequency
control. Fine control of the gyrotron frequency enables coherent emission of gyrotrons. As dis-
cussed before, it is desired that multiple gyrotrons use the same ECRH launcher. In order to
achieve this, all gyrotrons must emit coherently. Combining multiple gyrotrons potentially leads
to a non-linear instability in the plasma, a parametric decay instability (PDI). The principle of
a PDI is as follows: A high power electromagnetic wave is injected in and travelling through the
plasma. This is called the pump wave. The pump wave can undergo a non-linear decay process [68].
In this case, it interacts and exchanges energy with other waves in the plasma [69]. These waves
are called daughter waves. There are often only two daughter waves, but in some rare situations
the pump wave can initially decay into more than two daughter waves, but these are not relevant
and not treated in this work. The daughter waves itself can decay into other daughter waves and
further. This process is a non-linear decay cascade. A PDI can influence plasma behaviour and
even further, tokamak or stellerator operation. In case of a PDI, heat is not deposited where it is
supposed or expected to be [70]. Since the main purpose of ECRH is to deposit heat very locally
and to suppress neoclassical tearing modes, accurate deposition is essential [71].

In the current state of fusion devices like ITER, the power or power density of electromagnetic
waves is too low to initiate the instabilities on a macroscopic scale. If multiple gyrotrons are
combined, the power density of the gyrotron beam injected into the plasma increases linearly with
the number of gyrotrons made to emit coherently. In this section, the power density threshold
is studied for different types of PDIs to occur and to grow. To obtain a detailed and realistic
overview, plasma and gyrotron parameters as expected for ITER are used here. This can be easily
replaced with any other set of parameters, for example DEMO parameters. Important for both
ECRH and a parametric decay instability is the wave polarization with respect to the magnetic
field [26]. The two main polarization modes are called ordinary mode and extraordinary mode,
also called O-mode and X-mode. In the case of O-mode, the electric field is parallel to the external
magnetic field and in case of X-mode the electric field is perpendicular to the external magnetic
field. In this work only O-mode heating is taken into account. X-mode heating will not be treated
here, since it is not planned to be the operating mode for ITER. Before the different types of PDIs
are evaluated, first the principle of a PDI is described.
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4.2 Physics of a parametric decay instability

As mentioned in the previous section, a PDI can occur when a high power electromagnetic wave
interacts with other waves. Interaction between the waves will not occur in a completely sta-
ble plasma. A small perturbation or change in for example electron density has to initiate the
interaction. Important is that the interaction and perturbations happen on a local scale in the
plasma. During the interaction of the pump and daughter waves, coupling between the waves
occurs. The pump wave exchanges energy with the daughter waves. The exchange of energy leads
to the growth of the instability. There are two important conditions that must be met, otherwise
there is no interaction or coupling at all. These conditions are the matching of wavenumber and
frequency:

k0 = k1 + k2

ω0 = ω1 + ω2,
(11)

where 0 denotes the pump wave and 1, 2 the daughter waves. If more than two daughter waves
are involved in the decay, the conditions must still be met for all waves for both the wavenum-
ber and frequency. If the matching conditions are satisfied, the waves exchange energy and the
instability grows. These conditions are only met for short time spans, due to the propagation of
the waves. The interaction and coupling weakens once the waves separate and energy gets lost in
convection. The region where the interaction is efficient and strong is called the interaction region.
A parametric decay instability becomes relevant in the plasma when significant growth is reached
in the interaction region. The strength of the coupling and interaction is highly dependent on the
energy of the pump wave, or the power density of the pump wave. The higher the energy of the
pump wave, the higher the growth rate of the instability will be, the more likely it becomes for the
instability to overcome the convective losses. In the next section, we draft a criterion that links
the growth of the instability to the energy of the pump wave.

4.3 The Rosenbluth criterion

The general criterion for growth of a PDI has been derived by Rosenbluth [1]. The growth of an
instability is directly related to the intensity of the daughter waves, which for a 1D situation is
given as:

I = I0e
γ20

K
′
V1V2 , (12)

where I0 represents the original wave intensity, γ0 the local growth rate of a PDI which is calculated
using the damping rates of the daughter waves and V1, V2 the group velocities of the daughter waves,
defined as:

V1 =
∂ω1

∂k1
,

V2 =
∂ω2

∂k2
,

(13)

where K
′

is the adapted derivative of the wavenumber, which is defined as:

K ′ =
∂

∂x
(k0,x − k1,x − k2,x) , (14)

where k0,x, k1,x and k2,x are the wavenumbers in the direction of propagation of all three waves.

K
′

represents the mismatch of the wavenumbers. This is a characteristic for the interaction region
mentioned in the previous section. The bigger the mismatch of the wavenumbers is, the lower the
intensity of the waves becomes due to higher damping. From equation 12 we can derive that the
intensity of the waves increases rapidly when the following expression holds:

γ20
V1V2K ′

> 1, (15)

which is known as the Rosenbluth criterion and describes the stability of the three-wave interaction.
This criterion is used as the main source to determine the power threshold needed for a PDI to grow
and whether occurrence in future fusion devices is possible. The Rosenbluth criterion is studied
for different types of instabilities, which are discussed in section 4.5, but first the characterization
of the gyrotron beam is discussed.
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4.4 Characterization of a Gaussian gyrotron beam

In order to study the occurrence of a PDI accurately, a detailed description of the gyrotron beam
is needed. The electric field of the gyrotron beam is the main parameter that covers the strength
of the gyrotron beam. The electric field of the gyrotron can be directly derived from the power
density of the beam and the power of the gyrotrons. The electric field is dependent on the shape of
the gyrotron beam and the distance from the origin of the beam. The gyrotron beam is not taken
to be a straight cylinder, but a perfect Gaussian beam as has been estimated by Thumm et al. [15]
to be an accurate representation of gyrotron beams in fusion plasmas. A schematic representation
of a Gaussian beam is shown in figure 28. From the origin the beam size converges to a the beam

Figure 28: Schematic representation of a Gaussian beam. The z-direction represents the prop-
agation direction of the beam. The radius of the beam is given by w, with w0 the beam waist
[72].

waist where the radius of the beam is minimal, after which it diverges again. The electric field at
any given position can be calculated using the following equation:

E (r, z) = E0
w (z)

w0
e
−r2
w(z) , (16)

where E0 is the electric field at the center of the waist, w is the radius of the beam at distance
z from the beam focus, w0 the beam waist and r the distance from the beam center in radial
direction. The electric field can be related to the power density via the Poynting vector:

S =
1

2
(E ×B) =

|E|2

2η
= E2

0

w (z)
2

w2
0

e
−2r2

w(z)2 , (17)

where B is the local magnetic field of the beam, η the wave impedance in plasma, defined as
η =

√
µ
ε . The resulting expression for the electric field is:

E (r, z)
2

= 4η
P0

πw (z)
2 e
−2r2

w(z)2 , (18)

where E2
0 = 2P0

πw2
0

has been used. P0 is the power of the gyrotron. The electric field profile can be

calculated using the parameters in table 5. Since the minimal power density threshold for a PDI to
occur is wanted, the electric field is calculated at the beam waist only to give a more conservative
estimate, thus w (z) = w (z0).

Table 5: Gyrotron beam parameters for a 2 MW ITER gyrotron.

η 400 Ω
w (z0) [15] 20.4 mm
P0 2 MW

Figure 29 shows the strength of the electric field as a function of the distance from the beam
center. The distribution of the electric field can now be independently used for each type of a PDI
to calculate the Rosenbluth criterion and thus the power threshold for a PDI to grow under the
influence of the gyrotron beam. Next, the different types of PDIs are discussed in detail.
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Figure 29: Electric field of the Gaussian gyrotron beam at the beam waist as a function of the
distance from the center of the beam for a 2 MW ITER gyrotron.

4.5 Power density threshold for different types of parametric decay in-
stabilities

A parametric decay instability is categorized into three different types: back scattering, forward
scattering and absorptive. In case of a back scattering instability, the pump wave scatters back-
wards on an electron or ion plasma wave. Examples of this type of instability are Raman scattering
and Brillouin scattering. Forward scattering is comparable to backscattering with the exception
that the scattered wave moves forward. Forward scattering occurs due to ponderomotive forces.
Forward scattering has a minimal chance of occurring and if it occurs, the chance of growing is
practically zero [26]. Forward scattering is thus not studied in this work. The last category of PDIs
are the absorptive instabilities. This category contains the PDIs for which the pump wave interacts
with two plasma waves. The only type of absorptive instability which has to be considered in case
of O-mode heating is the interaction with two electron plasma waves. The rest of this chapter is
devoted to calculating the Rosenbluth criterion for the different types of PDIs and determining
their power threshold.

4.5.1 Raman backscattering

The first type of a PDI studied is Raman scattering. In this case the incoming gyrotron beam
scatters of a travelling electron plasma wave. This should not be confused with conventional
Raman scattering, which is the scattering of photons by matter. The pump wave in this case is
the gyrotron beam and there are two daughter waves, the electron plasma wave and a scattered
wave. A schematic representation is shown in figure 30. Both daughter waves can couple to the
pump wave and exchange energy, leading to growth of the instability. As described in section 4.3
the threshold for a PDI to grow is given by equation 15. To calculate the Rosenbluth criterion the
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Figure 30: A schematic representation of the backscattering instability. The gyrotron beam,
represented by the angular frequency and wavenumber ω0, k0, scatters of either an electron (Raman)
or ion wave (Brillouin), represented by ω1, k1. The scattered wave is represented by ω2, k2 Coupling
between the gyrotron beam, electron wave and the scattered wave can lead to a PDI [73].

dispersion relations of all three waves are required and given by equation 19:

ω2
0 = ω2

pe + k20c
2,

ω2
1 = ω2

pe + k21c
2,

ω2
2 = ω2

lh

(
1 +

mi

me

k2‖

k22

)
,

(19)

where the labels 1, 2 and 3 represent the pump wave, scattered wave and lower hybrid wave,
respectively. ω is the angular frequency of the respective wave, ωpe is the angular electron plasma
frequency, c the speed of light, k the respective wavenumber, mi the ion mass and me the electron
mass. The lower hybrid angular frequency is given by:

ω2
lh =

w2
pi

1 +
ω2
pe

ω2
ce

, (20)

where ωpi is the angular ion plasma frequency and ωce the angular electron cyclotron frequency.

Each term of equation 15 is treated individually. First the group velocities of both the daugh-
ter waves, which are easily calculated using equation 13:

V1 =
k1c

2

ω1
,

V2 = − 1

ω2
ω2
lh

mi

me

k2‖

k22

1

k2
= −

(
ω2
2 − ω2

lh

)
k2ω2

.

(21)

Calculation of the adapted wavenumber K
′
, given by equation 14, requires more effort. First the

dispersion relations are rewritten as expression for the wavenumber k:

k0 =

(
ω2
0 − ω2

pe

c2

) 1
2

,

k1 =

(
ω2
1 − ω2

pe

c2

) 1
2

,

k2 =

k22‖mi

me

1
ω2

2

ω2
lh
− 1

 .

(22)
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Next the derivative with respect to the propagation direction x has to be taken. As mentioned
in section 4.3, most parameters in the expressions for the wavenumbers do not depend on the
propagation direction or density except for the electron plasma frequency which is defined as

ω2
pe = n(x)e2

ε0me
. The electron density in case of an increasing profile is given by:

n (x) = n0

(
1 +

x

Ln

)
, (23)

where Ln represents the electron plasma density scale length, in other words, the scale at which
the electron plasma density changes. The expression for ∂k0

∂x becomes:

∂k0
∂x

= − 1

k0c2
ωpe

∂ωpe
∂x

= − 1

k0c2
ω2
pe

2Ln
. (24)

Similarly, the expression for ∂k1
∂x becomes:

∂k1
∂x

= − 1

k1c2
ω2
pe

2Ln
. (25)

The derivative of k2 to x requires some more steps:

∂k2
∂x

= −k2‖
1

2

(
mi

me

) 1
2
(
w2

2

w2
lh

− 2

)−3
2 ∂

ω2
2

ω2
lh

∂x
. (26)

Using the following expression for
∂
ω2
2

ω2
lh

∂x :

∂
ω2

2

ω2
lh

∂x
=

∂
w2
pi

1+
ω2
pe

ω2
ce

∂x
= ω2

2

ω2
pe

ω2
ceω

2
pi2Ln

, (27)

leads to:

∂k2
∂x

= −k2‖
1

2

(
mi

me

) 1
2
(
w2

2

w2
lh

− 2

)−3
2

ω2
2

ω2
pe

ω2
ceω

2
pi2Ln

. (28)

The adapted wavenumber K
′

is now obtained by substituting these expressions into equation 14:

K
′

= − 1

k0c2
ω2
pe

2Ln
+− 1

k1c2
ω2
pe

2Ln
− k2‖

1

2

(
mi

me

) 1
2
(
w2

2

w2
lh

− 2

)−3
2

ω2
2

ω2
pe

ω2
ceω

2
pi2Ln

. (29)

This leaves one final term to be determined, the local growth rate γ0. The expression for this local
growth rate in case of Raman backscattering of an electron plasma wave is taken from the work of
Porkolab et al [26]:

γ20 =
v20k

2
0ω2ω0

(
1− ω2

pi

ω2
2

)2
4ω2

0

(
1 +

w2
pe

ω2
ce

) , (30)

where v0 is the quiver velocity given by:

v0 =
eE

mω0
. (31)

The quiver velocity is the parameter that includes the power of the pump wave via the electric
field of the gyrotron beam.

Substituting equations 21, 29 and 30 into the Rosenbluth criterion given by equation 15 results
into the following expression:

v20k0Ln
(
w2

2 − ω2
pi

)2
2c2
(

1 +
w2
pe

ω2
ce

)
(w2

2 − w2
lh)

(
ω2
0 − ω2

)
k20c

2

ω2
2ω

2
pe

> 1. (32)
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Table 6: A selection of plasma parameters for ITER [74].

k0 ≈ 1000 m−1

Ln 1 m
ω0 170 GHz
B0 5.3 T
ne ≈ ni 1020 m−3

vs 2 · 107 m/s

The detailed derivation of equation 32 can be found in Appendix A. Equation 32 can now be eval-
uated to study the stability of Raman backscattering with ITER as a test case. ITER parameters
are listed in table 6.

An important variable is the plasma density scale length Ln. This represents the steepness of
the electron density. The electron density in the O-mode scenario is mostly a flat curve except for
the regions near the edges. This results in a plasma density scale length of approximately a meter
and of great influence on the Rosenbluth criterion. The influence of the density profile and the
plasma density scale length are discussed in section 4.6. The frequency of the lower hybrid wave
is in the range of several GHz and the scattered wave has a frequency close to ω0. The gyrotron
beam power is introduced via the strength of the electric field in equation 31, which has been
described in section 4.4. To evaluate the criterion, the left hand side of equation 32 is calculated
as a function of the radial position of the gyrotron beam and is shown in figure 31.

Figure 31: The Rosenbluth criterion as a function of the radial position of the gyrotron beam for
a single 2 MW 170 GHz ITER gyrotron in case of Raman backscattering.

It is clear that for any radial position the Rosenbluth criterion is several orders of magnitude
smaller than 1. This means that the Raman backscattering instability will not grow enough due
to coupling of the daughter waves to the pump wave before convective losses become too large and
the instability is lost.

This analysis is performed for a single ITER gyrotron. As has been discussed before, ITER,
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DEMO and future fusion power plants will potentially have multiple gyrotrons combined into a
single launcher, increasing the power density. Equation 32 can also be used to determine the gy-
rotron power threshold at which the Rosenbluth criterion is met. This implies that the instability
grows and potentially affects plasma behaviour. Calculating the power threshold consists of equat-
ing equation 32 and solving for the gyrotron power. Since the maximum growth is observed near
the beam waist, the electric field is evaluated at w (z) = w (z0). The total gyrotron power needed
in this case is approximately 1.4 GW. Or in terms of the power density, 8800 GWm−2. Taking into
account that currently a single ITER gyrotron has a power of approximately 2 MW, 1.4 GW of
gyrotron power is several orders of magnitude above a realistic combined gyrotron power level for
DEMO or future fusion power plants. In section 4.6 the impact of the different plasma parameters
on the power threshold is discussed.

4.5.2 Brillouin backscattering

The difference between Brillouin backscattering and Raman backscattering is that in case of Bril-
louin scattering the pump wave does not scatter on electron waves but on ion waves. This is a
similar situation as for Raman backscattering, of which a schematic representation is shown in
figure 30, but with an ion wave instead of an electron wave. The gyrotron beam is again the pump
wave and the daughter waves are the scattered wave and the ion wave. If the ion wave couples to
the pump wave, an instability can grow. Similar to Raman scattering, a set of dispersion relations
for all three waves is needed to calculate the Rosenbluth criterion. Two different types of ion
waves are treated for Brillouin scattering. First, scattering on an ion cyclotron wave is treated and
secondly scattering on an ion Bernstein wave.

4.5.3 Ion cyclotron waves

The dispersion relations are given by:

ω2
0 = ω2

pe + k20c
2,

ω2
1 = ω2

pe + k21c
2,

ω2
2 = ω2

ci + k22v
2
s ,

(33)

where the labels 1, 2 and 3 represent the pump wave, scattered wave and ion cyclotron wave re-
spectively. ωci is the ion cyclotron frequency and vs is the sound velocity. All terms in equation
15 are calculated using the dispersion relations.

The group velocities for the daughters waves are:

V1 =
k1c

2

ω1
,

V2 =
k2v

2
s

ω2
.

(34)

The adapted wavenumber K
′

is calculated similar to the approach in section 4.5.1 and according
to equation 14. The expressions for the wavenumber k are:

k0 =

(
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pe

c2

) 1
2

,

k1 =

(
ω2
1 − ω2

pe

c2

) 1
2

,

k2 =

(
ω2
2 − ω2

ci

v2s

) 1
2

.

(35)

The derivative of the wavenumber with respect to the propagation direction x is again dependent
on the electron density. But the wavenumber of the ion cyclotron wave does not depend on the
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electron density and its derivative is thus zero:

∂k0
∂x

= − 1

k0c2
ω2
pe

2Ln
,

∂k1
∂x

= − 1

k1c2
ω2
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2Ln
,

∂k2
∂x

= 0.

(36)

The adapted wavenumber K
′

becomes:

K
′

= − 1

k0c2
ω2
pe

2Ln
+

1

k1c2
ω2
pe

2Ln
. (37)

The local growth rate of the instability is taken from the same work of Porkolab et al. [26] as used
for Raman scattering:

γ20 =
v20k

2
0ω

2
pe

4ω2
0

. (38)

Substituting equations 34, 37 and 38 into equation 15 leads to the following expression for the
Rosenbluth criterion:

v20k
2
0Lnω1ω2

2k1k2v2sω
2
0

(
1
k1
− 1

k0

) > 1. (39)

A similar approach to evaluate equation 39 as in section 4.5.1 is chosen. ITER is again taken as a
test case and the parameters are listed in table 6. The frequency of the ion cyclotron wave is several
tenths of MHz and the frequency of the scattered wave is close to ω0. Using the same gyrotron
beam power described in section 4.4, the Rosenbluth criterion is evaluated as a function of the
radial position of the gyrotron beam and shown in figure 32. Similar to the Raman backscatter

Figure 32: The Rosenbluth criterion as a function of the radial position of the gyrotron beam for
a single 2 MW 170 GHz ITER gyrotron in case of the Brillouin backscattering instability with ion
cyclotron waves.

instability, the power threshold for the Rosenbluth criterion is derived from equation 39 by equating
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it to 1. The gyrotron power threshold in this case is 26 MW. Or in terms of the gyrotron power
density, 16.6 GWm−2. This is much closer to realistic gyrotron output powers, but still an order
of magnitude above the expected combined gyrotron beam power. It is not likely to occur for a
density scale length of 1 m. The influence of the plasma density scale length and other plasma
parameters is given in section 4.6.

4.5.4 Ion Bernstein waves

The dispersion relations in the case of scattering on ion Bernstein waves are given by:

ω2
0 = ω2

pe + k20c
2,

ω2
1 = ω2

pe + k21c
2,

ω2
2 = 4ω2

ci − 3k22
Ti
mi

,

(40)

where Ti is the ion temperature. The dispersion relations are used to calculate all terms in equation
15, starting with the group velocities:

V1 =
k1c

2

ω1
,

V2 =
−3k2Ti
ω2mi

.

(41)

The expressions for the wavenumbers are obtained by rewriting equation 41:
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(42)

Similar as for Brillouin scattering on ion cyclotron waves, the derivative of the wavenumber of the
Bernstein waves does not depend on the electron density and is thus zero:
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Combining the equations leads to the expression for K
′
:
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The growth rate for scattering on ion Bernstein waves is taken from Porkolab et al. [26]:

γ20 =
v20k

2
0ω

2
peme

8ω2
cemi

. (45)

Substituting equations 41, 42 and 45 into equation 15 leads to the following expression for the
Rosenbluth criterion:

v20k
2
0Lnω1ω2me

12k1k2ω2
ceTi

(
1
k1
− 1

k0

) > 1. (46)

Figure 33 shows the Rosenbluth criterion for different radial positions of the gyrotron beam, using
the parameters listed in table 6. The frequencies of the daughter waves are similar to the frequencies

Department of Applied Physics 38



TU/e

Figure 33: The Rosenbluth criterion as a function of the radial position of the gyrotron beam for
a single 2 MW 170 GHz ITER gyrotron in case of the Brillouin backscattering instability with ion
Bernstein waves.

in case of ion cyclotron waves. From figure 33 it becomes clear that this instability will not grow
for any set of parameters. The combination of very low growth rate and high convective losses are
preventing the growth. The power threshold can also be determined, but it is immediately clear
that this threshold is unrealistically high, even tens of orders of magnitude higher. This instability
does not grow for any plasma parameters or special circumstances and will not be treated as a
realistic option.

4.5.5 Decay into two electron plasma waves

A completely different type of a parametric decay instability is the decay into multiple plasma
waves. Instead of the pump wave scattering of an electron or ion wave, the pump wave interacts
with two plasma waves and can possibly couple to these waves and exchange energy. A schematic
representation of this situation is shown in figure 34. The approach to evaluate the Rosenbluth
criterion of equation 15 and the power density threshold is unaltered from Raman- or Brillouin
scattering. First the dispersion relations are stated, which are straightforward in this case:

ω2
0 = ω2

pe + k20c
2,

ω2
1 = ω2

pe +
3

2
k21v

2
th,

ω2
2 = ω2

pe +
3

2
k22v

2
th,

(47)

where vth is the thermal velocity. The group velocities of the daughter waves are calculated using
equations 13:

V1 =
3k1v

2
th

2ω1
,

V2 =
3k2v

2
th

2ω2
.

(48)
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Figure 34: A schematic representation of the absorptive instability. The gyrotron beam, repre-
sented by the angular frequency and wavenumber ω0, k0, interacts with two electron plasma waves
denoted by ω1, k1 and ω2, k2. Coupling between the gyrotron beam and the electron plasma waves
can lead to a PDI. [73]

The adapted wavenumber K
′

is calculated by rewriting the dispersion relations:
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Taking the derivative with respect to the propagation direction x:
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which combine into the adapted wavenumber:
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The local growth rate is taken from the work of Drake et al. [75]:

γ20 =
k20v

2
0

16
. (52)

Substituting equations 48, 51 and 52 into the Rosenbluth criterion and rewriting leads to the
following expression:

k20v
2
0ω1ω2Lnc

2

6k1k2v4thω
2
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(
2
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+ 3

2k2− 1
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) > 1. (53)

Using the parameters for ITER listed in table 6 and taking ω1 = ω2 = 1
2ω0, equation 53 can be

solved. Figure 35 shows that a PDI with two electron plasma waves can occur for a single ITER
gyrotron. The power threshold is calculated using equation 53 and is approximately 2 MW, which
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Figure 35: The Rosenbluth criterion as a function of the radial position of the gyrotron beam for
a single 2 MW 170 GHz ITER gyrotron in case of two electron plasma waves.

is comparable to the level of a single gyrotron. The power density is 11GWm −2. In case of a
density gradient scale length of 1 m, coupling of the gyrotron wave to two electron plasma waves is
relevant, especially when gyrotrons are combined. In the next section, the influence of the plasma
density scale length and other plasma parameters is discussed.

4.6 Influence of the plasma density scale length on the power density
threshold

The gyrotron power threshold for a PDI to occur has been derived. The plasma density is an
important parameter that influences the power density threshold, or more specifically the plasma
density profile, characterized by the plasma density scale length. In all calculations the plasma
density profile is assumed to be flat everywhere expect at the edges, where a steep gradient ex-
ists. In case of a flat density profile, the plasma density scale length can reach up to several
meters in case of large machines like ITER or DEMO. But flat density profiles are not guaranteed
and already for ITER different scenarios are being studied, in which the density profile is not a
completely flat profile. In these scenarios the plasma density scale length is one or two orders of
magnitude smaller. The influence of the plasma density scale length on the Rosenbluth criterion
is shown in figure 36 for Brillouin scattering with ion cyclotron waves and for interaction with
two electron plasma waves. Raman scattering and Brillouin scattering are not shown since the
Rosenbluth criterion is much lower in this case, rendering them irrelevant.

There is a linear relation between the plasma density scale length and the Rosenbluth criterion,
which is directly derived from the equations for the Rosenbluth criterion. From figure 36 it can
be seen that the Rosenbluth criterion depends heavily on the plasma density scale length. In case
of a plasma density scale length of several tens of centimeters, the criterion is most unlikely to be
met for either interaction with ion cyclotron waves or electron plasma waves. When the plasma
density scale length increases to several meters, interaction with two electron plasma waves be-
comes very relevant. This is especially true when the gyrotron power increases, as can also be seen
in figure 36. When the gyrotron power is doubled from 1 to 2 MW, the Rosenbluth criterion also
approximately doubles. Going back to the motivation behind this analysis, combining gyrotrons
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Figure 36: The Rosenbluth criterion as a function of the plasma density scale length Ln. Only
the cases for interaction with ion cyclotron waves and two electron plasma waves are taken into
account, since they are most relevant. For both situations, the gyrotron power is either 1 MW or
2 MW.

only further increases the gyrotron power and thus the growth rate of the instability.

Besides the plasma density, several other plasma parameters influence the power threshold for
growth of a PDI. The frequency of the waves and their wavenumber do not vary for a single type
of PDI. The same holds for the cyclotron frequency in case of Raman backscattering. In equation
39 there is an inverse quadratic dependency on the sound velocity, which depends on the electron
temperature. The criterion increases linearly with a decreasing electron temperature. Since the
electron temperature remains in approximately the same order of magnitude for the region of in-
terest, no large variations of the ion sound speed are expected. In the case of interaction with two
electron plasma waves, there is a dependency of the Rosenbluth criterion on the thermal velocity,
which is again dependent on the electron temperature. There is an inverse quadratic dependence
of the Rosenbluth criterion on the electron temperature in this case. This means that variations in
the electrons have a large influence on the growth rate of the instability. The electron temperature
is thus a relevant parameter for a PDI with two electron waves. Figure 37 shows the Rosenbluth
criterion in equation 53 as a function of the normalized radial position in the plasma. ITER rel-
evant functions for a flat density profile and temperature profile are taken and shown in figure
38 [76, 77]. The high temperature near the core of the plasma compensates for the flat density
profile. The criterion is only met when the temperature is low, near the edge of the plasma where
the gyrotron beam enters the plasma.

Not taken into account in this analysis is the plasma pressure. The plasma pressure does in-
fluence the growth rate of the instability. It is especially relevant for the matching conditions,
which are altered by it. The influence on the growth rate of the instability is much lower compared
to the influence of the plasma density scale length. Since only a rough gyrotron power threshold
is desired in this work, it is not taken into account further.
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Figure 37: The Rosenbluth criterion as a func-
tion of the normalized radius of the plasma.
The instability grows less near the center of
the plasma compared to the edges.

Figure 38: ITER density and temperature pro-
files as a function of the normalized radius of
the plasma.

4.7 Limitations of the Rosenbluth model and relevance for future fusion
reactors

In the analytical treatment a PDI with two electron plasma waves can occur in fusion tokamaks or
stellerators. The model developed by Rosenbluth also has also limitations. The main limitation is
the fact that the entire analysis is performed in 1 dimension. This does simplify the mathematical
analysis and provides a global insight in the power threshold for a PDI, it is of course not com-
pletely accurate and detailed enough to represent behaviour in real fusion plasmas. The model
also relies on the fact that the plasma properties remain approximately constant. If this would
not be the case, phase variations of the pump wave and daughter waves also influence the coupling
efficiency and strength between the waves.

The entire model for PDIs is based on the WKB approximation, which is a method to obtain
solutions for the differential coupling equations with coefficients that vary in space. The WKB
approximation forms the basis of the analytical treatment of the simple criterion of equation 15
[78]. The WKB approximation is generally assumed to be a very accurate representation.

An aspect of PDI growth not actively treated in this work is the damping rate of the instabil-
ity. The damping rate influences the amplification length of the waves [79]. This will alter the
interaction region of the waves and thus the threshold. Despite the damping of the waves, is it
assumed to be irrelevant once the threshold has been reached.

Besides these limitations, PDIs have not been directly observed in any plasma experiments us-
ing gyrotrons. The original work of Porkolab et al. [26] was centered around the MTX tokamak.
The experiments to verify this work on the MTX tokamak have never been performed or not been
published. There have been experiments on the Alcator C tokamak regarding a parametric decay
instability [80]. During heating and current drive experiments in the Alcator C tokamak, a para-
metric decay instability was possibly observed. The experiments were performed using a CO2 laser
as source and RF probes as detectors. The type of PDI observed was Brillouin backscattering of
ion cyclotron waves. Since a laser is used as source for the pump wave, much higher power densities
are reached compared to using gyrotrons. The experiments showed observations consistent with
theoretical models for a parametric decay instability, with the exception of some minor inconsis-
tencies. The power threshold was approximately an order of magnitude lower than expected and
also the wavenumbers of the daughter waves were not in the same order of magnitude as expected.
As predicted by the current PDI theory, there was a large fraction of the wave power deposited by
the daughter waves instead of the pump wave.

Brillouin scattering with ion cyclotron waves has also been observed by Baek et al. [81], on the
Alcator C-mod tokamak during Lower Hybrid Current Drive experiments. Again a much higher
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power density is used in this case compared to ECRH with gyrotrons. Even though a different
mechanism is responsible for a PDI to occur, the fact that PDIs exist and can potentially occur in
fusion devices is supported by this.

A PDI with two electron plasma waves has not been observed in experiments on major fusion
devices yet, even with the relatively low power density threshold. Dedicated experiments have
also not been performed to study this type of PDI. Potentially the matching conditions for the
wave frequency and wavenumbers are harder to be met, which are essential for a PDI to even occur.

Most of the work performed in the previous decades on PDIs has focused on using a laser beam for
ECRH. For modern fusion experiments and devices like ITER and DEMO, gyrotrons are used for
ECRH. As mentioned before, gyrotrons have a much lower power density compared to laser beams.
The power threshold calculated in this chapter is applicable to gyrotron powered ECRH. Up to
this moment PDIs have not been observed in fusion experiments with gyrotron powered ECRH
at all. There are two main reasons for this. First, gyrotron power has been limited. Currently
the power output of gyrotrons is starting to reach MW levels. But for a long time gyrotron power
was limited to several hundreds of kW. This makes it much harder to reach and observe growth
of the PDIs. Secondly, the plasma density scale length has not been in the range of meters. Many
experimental devices used plasma density profiles with density scale lengths orders of magnitude
smaller. The combination of limited gyrotron power and low plasma density scale length made the
issue of PDIs not relevant for fusion experiments and not observable. With increasing gyrotron
power and density scale lengths becoming larger for ITER and DEMO, PDIs have become relevant
and a potential risk factor in operation.

4.8 Experimental verification of parametric decay instabilities

We have shown that PDIs can be a threat for operation of fusion devices. To verify the occurrence
of PDIs in fusion devices more work is needed. We have focused on a one dimensional situation
with a one dimensional radial plasma density profile. This treatment has highlighted the type of
PDI that is a potential threat and which types will not be relevant. We have concluded that the
instability with two electron plasma waves is most relevant and has to be studied in depth. The
other three types have negligible effects or possibility to occur.

Several approaches to this in depth analysis are possible. First, the analysis can be extended
by considering a two dimensional situation, or even a three dimensional situation. This does re-
quire the local growth rates to be redefined using accurate models of wave propagation and ray
tracing in plasmas. Increasing the dimensionality of the situation will also lead to tighter matching
conditions, since the wave frequency and wavenumbers must now match in two or three directions,
resulting in even more localized interaction regions. Based on a higher dimensional analysis, proper
non linear simulations can be performed. This requires the derived Rosenbluth criteria and accu-
rate simulations of the plasma with ray tracing to track both the pump wave and daughter waves
and simulate their interaction.

Ideally, dedicated experiments will have to be performed to actually observe the instability. This
is the most important step to confirm the existence of PDIs and verify the analytical theory. This
requires high gyrotron power and large plasma density scale lengths as mentioned before. The
experiments would require a radiometer as detector, which has to be set up to detect frequencies
in the range of electron plasma waves, so approximately half of the gyrotron frequency. An issue
with this type of experiment is the potentially high power density of the daughter waves, since it
can carry a significant amount of the gyrotron beam power. A detector is required that is able to
handle this amount of power. For these kind of experiments to succeed, the gyrotron power must
be as high as possible and the plasma density scale length must be large. A relatively low elec-
tron temperature temperature would also be beneficial in this case. With dedicated experiments,
the existence of PDIs can be proven and their influence can be studied. The fraction of gyrotron
power taken by the daughter waves can be accurately determined, or even the relation between this
fraction of power absorbed and the actual gyrotron beam power or plasma operational scenario.
Secondly, the location where the PDIs will occur in the plasma can be determined. For example
near the core of the plasma or perhaps only in the center of the plasma. Ideally, being able to
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perform dedicated experiments for PDIs will also open up the way to study the suppression of
PDIs if experimentally confirmed they occur and form a threat to plasma operation.

4.9 Summary

Four different types of PDIs have been studied. Raman backscattering of lower hybrid waves and
Brillouin backscattering of either ion cyclotron waves or ion Bernstein waves will not be relevant
for the operation of ITER. In case of two electron plasma waves, there is a real possibility of
occuring, in some cases even for a single gyrotron. Table 7 lists the power threshold and power
density threshold for two different density scale lengths for each type of PDI for ITER.

Table 7: Power threshold and power density for different types of PDIs with ITER as a test case.
Both are determined for a large and small plasma density scale length.

Ln = 50cm Ln = 1m
Pthreshold Pdensity Pthreshold Pdensity

Raman backscattering 28 GW 176 TWm−2 1.4 GW 8.8 TWm−2

Brillouin backscattering: ICW 272 MW 3.3 TWm−2 26 MW 16.6 GWm−2

Brillouin backscattering: IBW >> TW >> TWm−2 >> TW >> TWm−2

2 electron plasma waves 18 MW 227 GWm−2 2 MW 11 GWm−2

From table 7 it is concluded that a PDI with two electron plasma waves is relevant for fusion
experiments and devices. It is highly dependent on the plasma density scale length. Dedicated
experiments are needed to verify the existence and potential threat of PDIs with two electron
plasma waves. Until further verified or observed, PDIs with two electron plasma waves have to be
considered as a potential threat for plasma operation.
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5 Conclusion

This work consisted of three components, of which the majority was related to the stabilisation of
the gyrotron frequency for fusion reactors. The first was an experimental study of the reaction of
the gyrotron frequency on changes in the actuator, which is the acceleration voltage. An investi-
gation was performed to find the mechanism for instantaneous frequency jumps. For the second
part, an analytical study was made to determine the power density threshold of the gyrotron beam
for a parametric decay instability to occur. Increasing the stability of the gyrotron frequency
enables the option of coherent emission of gyrotrons, which increases the power density of the
gyrotron beam, bringing it closer to the potential threat of reaching the threshold for parametric
decay instabilities. Fine control of the frequency also allows for the installation of a super narrow
notch filter. This enables the observation of scattering processes close to the gyrotron frequency
like turbulence. Additionally a literature study has been performed to determine which type of
turbulence can be observed with CTS in case a super narrow notch filter is used.

Several things can be concluded from this work, starting with the experimental study of the
gyrotron frequency. We can conclude that the instantaneous frequency jumps and hysteresis be-
haviour of the gyrotron frequency and the gyrotron power are most likely explained by the long line
effect. We tested a set of hypotheses and it was shown that the long line effect is the most probable
explanation for this behaviour, but this has not been proven theoretically nor experimentally. We
also concluded that the effects seem to disappear for gyrotrons with a high quality factor, as has
been shown with simulations for coaxial ITER gyrotrons and experimental observations for ASDEX
Upgrade gyrotrons. The long line effect is thus likely not relevant for future fusion reactors and
gyrotrons. With the now known reaction of the gyrotron frequency to changes in the acceleration
voltage, we can start with the development of the phase locked system for gyrotrons by designing
a system to measure the phase difference between the gyrotron frequency and a stable reference
oscillator.

The implementation of a phase locked system enables the option for fine control of the frequency
and brought us closer to the promising option of coherent emission of gyrotrons. The drawback
of coherent emission was the potential occurrence of PDIs. To get insight into the occurrence of
PDIs we performed an analytical study to determine the power density threshold. We concluded
that that PDIs with two electron plasma waves are relevant for operation of future fusion reactors.
We focused on a selection of four different types of instabilities in case of O-mode heating. We
used the Rosenbluth criterion to analytically derive the power density threshold for each type of
instability. We showed that the only relevant type of instability for future fusion reactors is the
interaction with two electron plasma waves. We also concluded that the power density threshold
heavily depends on the density and the temperature. The most critical regions are places where
the plasma density profile is flat and the plasma temperature is low.

The other advantage of fine control of the frequency is the possibility to observe scattering pro-
cesses like turbulence close to the gyrotron frequency with a super narrow notch filter for the CTS
diagnostic. We performed a literature study to determine which types of turbulence would be
observable. We concluded that electron temperature gradient turbulence and broad trapped elec-
tron modes can be observed. Ion temperature gradient turbulence and (quasi) coherent trapped
electrons modes will not be observable.

After finishing this work and reflecting on the results, some future recommendations are made.
This work was part of a bigger project to develop a phase locked system to stabilise the gyrotron
frequency. Before designing the actual phase locked system, the phase difference between the gy-
rotron frequency and a stable reference oscillator must be measured. With the phase measurement
system, the control system can be developed to relate the measured phase difference to the actu-
ator. Experimental verification of the long line effect as the mechanism behind the instantaneous
frequency jumps is preferable, but due to complexity not feasible.

The analytical study regarding PDIs gave a broad overview of which type of PDIs are relevant
for future fusion reactors in case of O-mode heating. This study can be extended in several ways.
First, ray tracing simulations in higher dimensions in fusion plasmas can be performed to verify
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the occurrence of PDIs with two electron plasma waves. This will show the exact location and
conditions where PDIs can potentially grow. Secondly, a similar study can be performed for dif-
ferent heating scenarios like X-mode heating or any relevant heating mode for future fusion reactors.

The most important step to take is to verify the existence of PDIs with two electron plasma
waves experimentally. This was previously unrealistic, but with the increasing power density of
future gyrotrons it has become relevant.
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A Detailed derivation of the Rosenbluth criterion in case of
Raman backscattering

Substituting equations 21, 29 and 30 into the Rosenbluth criterion given by equation 15 results
into the following expression:
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rearranging to a single nominator and denominator:
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Extracting ω2 leads to:
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Substitution of the dispersion relation of ω2 from equation 19 leads to:
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where k2 can now be eliminated:
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Rearranging leads to:
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Using the matching condition for ω1:
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B Experimental logbook

Table 8: Experimental Logbook part 1

Shotnumber Date Uacc [KV] Icath [A] Imag [A] Ifil [A]
3003 12-02-2020 76-78 44.4 83.50 17.60
3004 12-02-2020 77-79 45.2 83.50 17.60
3005 12-02-2020 78-80 45.6 83.50 17.60
3006 12-02-2020 79-81 44.4 83.50 17.60
3007 12-02-2020 79-81 44.4 83.55 17.60
3008 12-02-2020 79-81 42.6 83.55 17.50
3009 12-02-2020 78-80 42.6 83.55 17.50
3010 12-02-2020 79-81 43.4 83.55 17.50
3011 12-02-2020 79-81 44.0 83.55 17.50
3012 12-02-2020 77-79 42.4 83.55 17.50
3013 12-02-2020 77-79 42.4 83.55 17.50
3014 12-02-2020 77-79 42.8 83.55 17.50
3015 12-02-2020 76-78 42.8 83.55 17.50
3016 12-02-2020 76-78 43.2 83.55 17.50
3017 12-02-2020 75-77 42.4 83.55 17.50
3018 12-02-2020 75-77 40.4 83.55 17.45
3019 12-02-2020 76-78 43.1 83.55 17.45
3020 12-02-2020 77-79 42.0 83.55 17.45
3021 12-02-2020 76-78 41.6 83.55 17.45
3022 12-02-2020 78-80 42.2 83.55 17.45
3023 12-02-2020 79-81 42.2 83.55 17.45
3024 12-02-2020 79-81 45.0 83.60 17.60
3025 12-02-2020 78-80 45.2 83.60 17.60
3026 12-02-2020 77-79 44.6 83.60 17.60
3027 12-02-2020 76-78 44.2 83.60 17.60
3028 12-02-2020 75-77 43.6 83.60 17.60
3029 12-02-2020 75-77 39.4 83.60 17.40
3030 12-02-2020 76-78 40.8 83.60 17.40
3031 12-02-2020 77-79 40.8 83.60 17.40
3032 12-02-2020 78-80 41.0 83.60 17.40
3033 12-02-2020 79-81 41.4 83.60 17.40
3034 12-02-2020 79-81 43.2 83.60 17.50
3035 12-02-2020 78-80 43.0 83.60 17.50
3036 12-02-2020 77-79 42.6 83.60 17.50
3037 12-02-2020 76-78 42.4 83.60 17.50
3038 12-02-2020 75-77 42.0 83.60 17.50
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Table 9: Experimental Logbook part 2

Shotnumber Uacc [KV] Icath [A] Imag [A] Ifil [A]
3012 19-03-2020 76-81 46.0 83.5 17.45
3013 19-03-2020 76-81 46.5 83.5 17.45
3014 19-03-2020 76-81 44.1 83.5 17.45
3015 19-03-2020 76-81 43.9 83.5 17.30
3016 19-03-2020 81 42.8 83.5 17.30
3017 19-03-2020 76-81 41.0 83.5 17.30
600 14-05-2020 78-80 41.8 83.5 17.52
601 14-05-2020 78-80 41.8 83.5 17.52
602 14-05-2020 78-80 41.8 83.55 17.52
603 14-05-2020 78-80 42.0 83.55 17.52
604 14-05-2020 78-80 42.0 83.55 17.52
605 14-05-2020 78-80 42.0 83.55 17.52
606 14-05-2020 78-80 42.0 83.55 17.52
607 14-05-2020 79-81 43.0 83.55 17.52
608 14-05-2020 78-80 43.0 83.55 17.52
609 14-05-2020 80 43.0 83.55 17.52
610 14-05-2020 79-81 43.0 83.55 17.52
611 14-05-2020 81 43.0 83.55 17.52
612 14-05-2020 78-79 43.0 83.55 17.52
613 14-05-2020 78 43.0 83.55 17.52
614 14-05-2020 77-81 43.0 83.55 17.52
615 14-05-2020 78-81 43.0 83.55 17.52
616 14-05-2020 78-79.5 43.0 83.55 17.52
617 14-05-2020 79-80 43.0 83.55 17.52
618 14-05-2020 78-80 41.0 83.55 17.42
619 14-05-2020 78-80 40.2 83.55 17.42
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C Filtering the low-threshold parametric decay instability
in CTS spectra

C.1 The impact of low-threshold PDIs on CTS measurements.

Besides the parametric decay instabilities described in chapter 4, a second type of PDI can occur
in the plasma, a low-threshold PDI. As the name suggests, this type of PDI requires a much lower
power density of the gyrotron beam. The theory behind this low-threshold PDI has been developed
fully by Gusakov and Popov [27, 82]. The low-threshold PDI occurs due to the fact the density
profile at the ECRH is often non-monotonic. The density profile becomes non-monotonic due to
different mechanisms like the pump out effect, drift-wave eddies, filaments or influences of magnetic
islands [83]. In case of low-threshold PDI with heating in the second harmonic X-mode, there are
two different scenarios, back-scattering of an Ion Bernstein wave or trapping of two upper hybrid
waves. This can only occur in a local maximum of the non-monotonous density profile. In this
local maximum suppression of losses of the daughter waves is reduced which leads to the growth
of the low threshold parametric decay instability [84].

The low threshold parametric decay instability interferes and influences measurements with Col-
lective Thomson Scattering (CTS) diagnostics. The CTS detector measures only several nano
Watts of power and low-threshold PDI have much higher power, which is partially blocked by the
notch filter. This obstructs automated analysis of the Collective Thomson Scattering spectra for
Ti measurements since spectra with PDI are unusable in this case. Besides disturbing CTS mea-
surements, low threshold PDIs can in some situations also damage the CTS receiver, ECE receiver
or reflectometer but this is not treated here. Manual selection of the CTS spectra is undesirable
since it is a rigorous process and very time consuming. Each shot during an operation campaign is
split up into a number of pulses depending on the length of the shot and the operating parameters
due to the limited memory of the CTS DAQ system. A low threshold PDI can extent over multiple
pulses and be easy to detect or observe, but it can also be present in only a single pulse of a single
shot. All pulses must be checked individually which is very time consuming.

To automate the analysis of the spectra a computational tool is designed which is able to analyse
each pulse in each CTS spectrum and make a quick classification with respect to the presence of a
low threshold PDI. The program analyses each pulse individually and for optimal performance, the
classification of the CTS spectra must happen during operation. This will get rid of the unusable
spectra before any analysis is made and saves valuable analysis time. The spectra that are clear of
low threshold PDI can then be used for automated analysis to determine Ti. Using the program
during operation does put a time constraint on the computation time of approximately five minutes
to make a classification, which is the time between two consecutive shots during operation. The
tool can also be used in dedicated experimental studies regarding PDI with the CTS setup. Since
it quickly checks the presence of a PDI, it can assist in the detection of the presence of PDI under
different operating conditions or scenarios.

Before development of the program started, two different options were considered for the un-
derlying mechanism of the tool, either a machine learning solution or an algorithmic solution. The
algorithmic solutions was determined to be favourable over the machine learning solution. The
reason for this is that an algorithmic solution is clean and simple compared to a complicated ma-
chine learning algorithm which is also an overkill for the given task. Since the tool has to be used
during operation, speed is also important, which again favours the algorithmic solution.

In order to make a classification first the difference between a usable and unusable spectrum
has to be understood. Figure 39 shows the PSD of a pulse with no PDI and figure 40 shows a
spectrum with a PDI. A PDI clearly translates to sharp peaks in the PSD spectrum on both sides
of the spectrum. Note that the vertical axis is on a logarithmic scale which shows that the peaks
are an order of magnitude higher compared to the remainder of the spectrum. These peaks are
characteristic for spectra with PDI and are used to determine the classification conditions. The
narrow peaks in the central region of the PSD are the gyrotron frequencies and must not be taken
into account. This part of the spectrum is also shielded by the notch filter as described in section
2. Section C.2 describes the computational side in depth including a schematic overview of the

Department of Applied Physics 56



TU/e

Figure 39: Spectral power density of
shot 20181017.017. This PSD is clas-
sified as a Good spectrum and usable
for further analysis. The frequency on
the horizontal axis is mixed down with
138.6 GHz.

Figure 40: Spectral power density of
shot 20171205.008. This PSD is clas-
sified as a Bad spectrum and unusable
for further analysis. Two sharp peaks
on either side of the spectrum are due
to a PDI.

tool and a description of the conditions. Section C.3 describes the functionality and usability of
the tool. The rest of this chapter is devoted to a critical analysis of the tool.

C.2 Classification algorithm to detect low-threshold PDIs

The algorithm can best be described as a classification algorithm. It checks the CTS spectra
against a set of conditions. Based on these conditions being met or not, a classification is given
to each spectrum as either True or False. In this case True represents a spectrum with PDI and
False represents a spectrum without PDI. To get a clear view of the algorithm, figure 41 shows a
schematic of the tool.

Figure 41: Schematic overview of the classification algorithm. As an input the raw CTS data is
taken. The output is an overview of mean CTS spectra and an indication of the classification.

The tool takes as input the raw CTS data, in tdms format, directly from the analysis computer
of the CTS diagnostic setup. The raw data consists of a finite number of pulses. Each pulse
is evaluated individually. In order to get a clear and coherent view of the results both a FFT
spectrum and the Power Spectral Density (PSD) of each pulse are made. This is performed simul-
taneously by multi-threading to reduce computation time. The PSD is used for the classification.

Department of Applied Physics 57



TU/e

Figure 42: Left half of the spectral power
density of shot 20181017.008. Indicated for
part of the spectrum with vertical lines are
the segment borders. Each segment is anal-
ysed individually. The median value of the
entire spectrum is also shown.

Figure 43: Spectral power density of shot
20181017.008. Indicated in red are the two
exclusion zones which also contain the gy-
rotron lines. All segments in these zones are
not taken into account for characterisation
regarding low-threshold PDIs.

The PSD is further split into N segments of equal width, which is shown in figure 42. The number
of segments is fixed at N=100. The segments which contain the gyrotron lines are excluded from
the calculation because they influence the classification with their peak-like behaviour in the PSD.
Besides the gyrotron lines, the first part of the PSD is also ignored since it does not contain usable
information regarding PDIs. Figure 43 shows a PSD spectrum with the exclusion zones indicated.
The tool uses two independent conditions to make a classification.

(Pmedian)segment >= a1 (Pmedian)spectrum

(Pmax)segment >= a2 (Pmedian)spectrum
(56)

Where a1 6= a2 are the parameters that determine the height of the threshold. With condition 1
the median of each segment is tested. Due to the peak-like behaviour of the PDI in CTS spectra
the median of a segment rises significantly when a PDI is present compared to a segment without
one. Since the median of an entire pulse is barely influenced by a sharp peak, a threshold value for
a segment can be set to compare the median of a segment to the median of the entire pulse. Figure
44 shows how conditions 1 is checked. The difference in median of a segment and the median of the

Figure 44: Left half of the spectral power density of shot 20181017.008. The arrows 1,2 indicate
the difference between the median of a segment and the median of the complete spectrum for
two segments. The difference is checked against the condition threshold, given as: a1 * median
spectrum.

entire pulse is taken as indicated by 1 and 2. The height of the condition threshold is determined
by a1 and the median of the entire spectrum. For each segment, the difference is calculated and
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checked against the threshold condition.

Condition 2 tests the maximum of a segment to the median of the entire pulse. A similar ap-
proach as for condition 1 is taken. PDIs are characterized by their peaks and a threshold value
can be set. This has to be done with respect to the median of the pulse since the PSD value of
the maximum varies between pulses and shots. Setting a fixed maximum threshold would lead
to wrong classification of pulses. Both conditions are checked independently and must be true
for at least two segments. This to prevent the classification of accidental/random counts. Both
conditions are taken into account and have to be met to get a classification as True. In any other
scenario, the classification is given as False. The tool provides a mean FFT spectrum of each pulse
accompanied by a classification as either True or False with the option for detailed investigation
of individual pulses.

C.3 Interface of the classification algorithm

The tool has been given an easy to use interface as shown in figure 46 made with the tkinter
package in Python. The raw CTS data has to be stored on the external drive of the CTS analysis
pc. To access the data of a specific shot, only the date and shotnumber are required. In order
to reduce the influence of the ECE radiation, a 4 point subtraction of the ECE background is
possible [31]. Figure 45 shows the raw CTS data for a single random pulse with the two distinct
regions for the gyrotron on period and gyrotron off period. Both the start and stop time of each

Figure 45: Raw signal of shot 20171205.008 with pulse 13. Indicated are the positions for ECE
calibration. Axis are in arbitrary units since they are not relevant in this case.

period has to be selected, which means 4 time positions are requested in total indicated by the
numbers 1 to 4. Calibration positions 1 and 2 have to be chosen inside the gyrotron on region.
Calibration positions 3 and 4 have to be chosen inside the gyrotron off region but not when the
pinswitch is closed. Since for any shot, each pulse is indexed exactly the same, subtraction of the
ECE background has to be performed only once. This process cannot be automated because the
length of the gyrotron on period and gyrotron off period varies between shots.

Next the complete spectrum and classification are calculated via the algorithm shown in figure
41. Progress is indicated via a counter in the interface. The final button plots the resulting
spectrum and the classification as either True (Red) or False(Green) as shown in figure 47. Addi-
tionally, the PSD of a pulse can be plotted for further investigation on the classification by selecting
the specific pulse in the classification diagram.
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Figure 46: Inter-
face of the CTS
computational
tool setup. Figure 47: Interface of the CTS computational tool results.

The CTS tool has been developed on request of the W7-X team. It facilitates fast data anal-
ysis of CTS spectra for further analysis of for example the ion temperature. The CTS tool is
prepared to be used for CTS experiments in campaign OP2 at Wendelstein 7-X.
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