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Chapter 1

Introduction

This thesis deals with a problem that is encountered in the control of the stable confinement
of a high temperature plasma. Stable confinement of such plasmas is a prerequisite for
the development of nuclear fusion into a viable source of energy for the future. This
research is driven by the need to replace fossil fuels: by 2030 the global energy demand
is expected to have increased by a factor 1.5 [1], and although fossil fuels will still be
able to meet the demand well after this period, rising CO2 levels, and air pollution, are
such that the current use of these fuels cannot simply be scaled up. Cleaner technologies
are required, and alternative sources of energy need to be commissioned over the coming
decades. Nuclear fusion is such an alternative.

In nuclear fusion the nuclei of atoms melt together to form a heavier element. If light
elements such as hydrogen are used, a deficit in mass occurs which accounts for the energy
released by the reaction as described by Einstein’s expression E = mc2. The sun is powered
by nuclear fusion, as are all other stars in the universe.

The development of controlled nuclear fusion as a source of energy has been pursued
from the second half of the 20-th century onwards [2]. It has since progressed from demon-
stration of reactor relevant fusion conditions in the laboratory, to a technological problem
of constructing a nuclear fusion power plant. The potential has been recognised world-
wide, as may be concluded from the establishment of the ITER project (”The way” in
Latin), which has as mission ”to demonstrate the scientific and technological feasibility of
applying fusion power for peaceful purposes” [3].

Efficient energy production by nuclear fusion requires high temperatures at which the
relevant atoms are fully ionised. Such a state of matter is called a plasma. The most
promising containment system for fusion plasmas to date is the tokamak, a torus shaped
vessel confining the plasma by means of a combination of magnetic fields and currents.
One of the problems faced in tokamaks, is the occurrence of instabilities. This thesis deals
with the detection, localisation, and suppression of one of the most important instabilities
that limit the stable confinement of the plasma.

1.1 Fusion for energy.

Fusion

For nuclei to fuse the positively charged nuclei must overcome the repelling Coulomb
forces. In the core of the sun the temperature is ≈ 15 × 106 K while the density is up

1



Chapter 1

to 1.5 × 105 kg m−3 (i.e. 150 times the density of water). Sufficient ions have velocities
(energies) large enough to overcome the Coulomb forces and to fuse, while the high density
ensures a high rate of the fusion reactions. In plasma physics it is customary to express
temperatures by referring to the associated energy kbT , expressed in units of electron Volts
(eV): 1 eV corresponds to (e/kb)K, where e is the elementary charge (1.602 · 10−19 C),
and kb is Boltzmann’s constant (1.380 · 10−23 JK−1), thus, 1 eV ≈ 11.6 · 103 K. In this
thesis electron temperature Te will consistently be given in eV. Thus, for example, the
temperature of the core of the sun is approximately 1.3 keV.

The fusion reaction between hydrogen isotopes deuterium and tritium is the best can-
didate for the first generation of fusion reactors. It has the highest cross section of the
possible fusion reactions, and a high energy yield. The D-T reaction is

D + T → He + n + 17.6 MeV. (1.1)

The reaction produces a Helium particle (α-particle), a neutron, and an energy of 17.6 MeV.
The energy corresponds to the mass deficit with respect to the D and T ions, and is re-
leased as kinetic energy: 14.1 MeV to the neutron, and 3.5 MeV to the α-particle. The
reaction is shown schematically in Fig. 1.1. The very high densities and good confinement

Figure 1.1: Cartoon of a
deuterium-tritium fusion re-
action. The thermal energy of
the D- and T-ions is sufficiently
large to overcome the Coulomb
forces such that they collide and
fuse. The energy released by the
reaction is released as kinetic
energy over the fusion products:
a 3.5 MeV α-particle, and a
14.1 MeV neutron.

in the core of the sun cannot be obtained by magnetic confinement in a tokamak, but
higher temperatures can be obtained.

Lawson criterion

For a given population of D-T ions to fuse they must be present in sufficient numbers
to collide, and they must have sufficient thermal energy. This is expressed by the triple
product of density n, energy confinement time τE , and temperature T , and is known as the
”Lawson criterion”. In a self sustaining plasma, the energy produced by the α-particles is
sufficient to keep the fusion reactions going (ignition), while the neutron escapes and can
be used to extract energy from the fusion reaction. The average cross-section of the DT
reaction has a broad peak between 50 and 80 keV, but as losses of the confined plasma
scale with temperature, the optimum condition for ignition is found at around 15 keV for
a DT-plasma. For a self sustaining deuterium-tritium reaction, the triple product can be
shown to be [4]

nTτE ≥ 5× 1021 m−3 s keV. (1.2)
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In this expression the peak values of parabolic density and temperature profiles are taken.
Making the substitution for pressure (nT ), the product of pressure times confinement time
(τE) needs to be several tens of seconds · bar (1 bar = 105Nm−2).

Fuel resources and environmental issues

The use of fusion for energy can only be an option in case i) fuel resources are guaranteed,
ii) it is shown to be acceptable to the environment, and iii) it is economically viable. Clearly
these are very extensive issues to discuss, but a few basic observations are appropriate.

The ”fuel” required is deuterium and tritium. A 1 GW fusion power plant requires
an annual deuterium-tritium quantity of 250 kg. Deuterium in sea water is in abundant
supply to last for tens of billions of years, but tritium does not occur naturally. It can be
produced, however, by a neutron induced fission reaction from lithium:

Li6 + n → T + He4 + 4.8 MeV. (1.3)

In a fusion reactor the vessel wall (the ”blanket”) absorbs the neutron released by the
DT-reaction. The kinetic energy of the neutron is converted to heat, which in turn is
used to generate steam to drive a turbine. By placing lithium in the blanket, the fission
reaction breeds tritium, which is fed back into the plasma. Known land supplies of lithium
are sufficient to guarantee world energy production for at least 1000 years, while lithium
dissolved in sea water is estimated to last millions of years.

It is noticed that the fusion products are not radioactive. The only nuclear waste
produced by a fusion reactor is that of in-vessel materials activated by the high neutron
energy. It is expected that radioactivity of the waste of a decommissioned fusion reactor
after 100 years will be comparable to that of ashes from a coal power plant. Tritium is a
toxic radioactive isotope with a half life of 12.3 years, but the quantities are in the order
of several kg, and safe technologies for tritium management have been demonstrated. In
a tokamak, only very modest amounts of deuterium and tritium are present at any one
time, eliminating the risk of an uncontrolled reaction.

Finally, there is the cost aspect of building and operating a nuclear fusion power plant.
The Power Plant Conceptual Study (PPCS, [5]) places the cost of a kWh using near term
technology at 5 . . . 9 � cents/kWh for a 5 GW plant.

Tokamak

A tokamak is a torus shaped vessel in which the principal confinement of the plasma is
achieved by the combination of a strong magnetic field and a current along the axis that
lies in the plane of the torus, see Fig. 1.2. The construction is such that in the centre of
the vessel very high temperatures are achieved, falling off towards temperatures that can
be handled with material interfaces at the vessel walls. A more detailed account is given in
Chapter 2. The current is induced by means of a transformer (with the torus as secondary
winding) and heats the plasma. In order to approach fusion conditions, the temperature
is raised further by additional methods of plasma heating, such as the injection of neutral
particles, or by injecting powerful RF-waves. Then there are systems and constructions
to add fuel, to exhaust fusion products and impurities, and so on.

The plasma is a complex dynamic system. An array of plasma control systems exists
for stable plasma operation, but as the triple product is increased further instabilities
occur. In particular so-called ”tearing modes”, or ”Neo-classical tearing modes” (NTMs),
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Figure 1.2: Illustration of the
principle of a tokamak. The
plasma (in orange) is contained
in a torus shaped vessel by means
of a magnetic field (black arrow),
and a current through the plasma
(black arrow as well). This mag-
netic field is created by the coils
wound around the torus, while the
plasma current is induced with
a transformer, which uses the
plasma a secondary winding.

occur, which form islands in the magnetic topology of the tokamak (see Chapter 2). These
islands, which can reach the size of several percent of the plasma cross section, break the
good magnetic confinement of the tokamak. Moreover, they grow larger as the pressure
is raised further to the conditions required for energy production. When they grow too
large they can even result in sudden termination of the plasma as a whole: a phenomenon
known as a disruption. Consequently, closed-loop control of NTMs will be highly desirable.
In this thesis some key elements for closed-loop control are developed. This includes in
particular the development of a novel diagnostic for the identification of NTMs, which
highly simplifies the closed-loop control of the main actuator for NTM suppression.

ITER

A measure of how well the plasma performs with regard to gaining net energy from it, is
the ”energy multiplication factor” Q. It is defined as the ratio of fusion power produced
by the plasma, to external heating applied to the plasma. As a concrete example, the
Joint European Tokamak (JET) in 1997 reached a Q = 0.6 in a DT-discharge [6]. To
place progress towards the Lawson criterion into context, one can compare the increase
in the triple product to the increase in the number of transistors in a computer processor
(”Moore’s law”), or to the energies achieved in accelerators. See Fig. 1.3, which plots the
progress of all three items over the past decades. World wide, several experiments have
achieved Q values close to unity, moving the focus of achieving the Lawson criterion, to
issues as stable and steady state plasma operation with Q > 1. The closed-loop control
of NTMs is one of the goals required for such stable operation. These, and many more
open issues including the exhaust of the α-particles, the challenges of heat and particle
fluxes on the vessel walls, and blanket technology for heat exchange and tritium breeding,
will have to be addressed to develop the tokamak into a viable energy producing reactor.
For this purpose the ITER tokamak is presently under construction. ITER is a genuine
world wide endeavour, with as partners the Europe Union, the United States, the Russian
Federation, Japan, China, India and South Korea. These represent more than half of the
world population. A sketch of the ITER design is given in Fig 1.4, together with a table of
the design parameters. In the present ITER planning the first plasma is foreseen around
2020.
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Figure 1.3: Cartoon illustrating the marked increase in the fusion triple product (Law-
son criterion), compared to increase in the number of transistors in computer processors
(Moore’s law), and compared to the energies achieved in accelerators. (Figure reproduced
with permission, Dr. J.B.L. Lister.)

Figure 1.4: Cutaway view of
ITER. The brown structures
around the vacuum vessel are
coils that create the principal
magnetic field for the confinement
of the electrons and the ions. Note
that the vacuum vessel is in fact
triangularly shaped, in particular
to allow exhaust of impurities and
α-particles. This occurs in the
bottom of the vacuum vessel by
the so-called ”divertor”, which is
one of the controlled interfaces
between the outer edge of the
plasma, and the vessel wall. (Fig-
ure reproduced with permission,
www.iter.org.)
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ITER Parameter Value Unit
Plasma Major Radius 6.2 m
Plasma Minor Radius 2.0 m
Plasma Volume 840 m3

Plasma Current 15.0 MA
Toroidal Field on Axis 5.3 T
Fusion Power 500 MW
Burn Flat Top > 400 s
Power Amplification Q > 10

Table 1.1: Main ITER parameters.

1.2 This thesis

Closed-loop control of instabilities requires sensors and actuators. In the case of tearing
mode control, an actuator is provided by the injection of high power microwaves which
deposit their energy very locally in the plasma where the wave frequency matches the
electron cyclotron frequency. In this process these waves generate a very local plasma
current, a process known as Electron Cyclotron Current Drive (ECCD). When localized
at the position of the tearing mode, this current suppresses the tearing mode. Sensors
are then required first to detect and localize the tearing mode, and second to observe the
localization of the ECCD and its effect on the tearing mode amplitude. Possible sensors
can be provided by observation of the temperature fluctuations associated with rotating
tearing modes, for example, by monitoring the Electron Cyclotron Emission (ECE) coming
from the plasma, or by observations of the associated magnetic perturbations at the edge
of the plasma with the help of special coils.

For suppression to be effective, the accuracy of the deposition of the microwaves must
be high. In the case of the work in this thesis, where the minor radius of the torus is 46
cm, the accuracy required to align the microwave beam with the tearing mode is in the
order of 1 cm. The requirement in ITER, with a minor radius of 2 m, is also 1 cm [7],
i.e. half a percent of the minor radius. The high accuracy in particular makes the NTM
control problem difficult. The sensors are in general at one location of the torus, while
the actuator (microwave beam) is operated at a different location along the torus. The
translation of coordinates from the sensors to the actuator, requires full knowledge of the
plasma equilibrium. Moreover, wave propagation may differ between the sensor path, and
that taken by the ECCD, in which case ray refraction needs to be accounted for. This
requires a real time ray tracing code in addition to the real time plasma equilibrium.

Present NTM control schemes

Control schemes addressing the NTM control problem are under development at several
tokamak experiments. When limiting to those using ECCD as actuator, they include
DIII-D, AUG, FTU, and JT-60U [8, 9, 10, 11]. In those schemes the island is detected by
sensors such as the ECE and magnetic coils. The optimum ECCD location is found either
by detection of the effect of the ECCD on the ECE, or by means of a iterative process where
the ECCD location (or the plasma location) is varied while the suppression of the island
size is monitored. The schemes use, where possible, real time reconstruction of plasma
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profiles to track the approximate island location in case suppression has reduced the island
below the threshold for reliable detection. Profile reconstruction and computation of the
plasma equilibrium are also used to determine the initial approximate ECCD location.
The scheme in [8] uses in addition an estimate of ray refraction by monitoring the plasma
density.

An alternative approach

The above schemes rely on many input parameters and on complex codes for plasma equi-
librium reconstruction and ray tracing. The multiple of parameters, and the complexity
of the control circuit, inevitably compromises reliability of the scheme. In this thesis a
novel alternative to the problem of accurate localization of the ECCD is developed, as
proposed in [12]. It is based on the principle of identical ”line-of-sight”, where the same
optical path is used both for the sensor (ECE) and for the actuator (ECCD). This removes
the requirement to have full knowledge of the plasma equilibrium from the problem, and
greatly simplifies possible feedback control schemes. When working with ECE and ECCD
one commonly focuses the microwaves to a beam, which is possible as the wavelength is
small compared to the system components used. The term ”line-of-sight” is then used to
describe the beam trajectory. The beam, typically several cm in diameter, is directed by
reflection off metal plates. The final and moveable mirror in, or near, the vessel is referred
to as the launching mirror, or simply launcher. A cartoon of the scheme is shown in
Fig. 1.5. The island is detected in the ECE spectrum, which is centred around the ECCD

Figure 1.5: Schematic of the pro-
posed island control circuit. The
fluctuations caused by the island
on the ECE are detected via the
same line-of-sight as used by the
ECCD. The ECE spectrum is
chosen to be centred around the
ECCD frequency. By moving the
ECCD launching mirror such that
the island is centred in the ECE
spectrum, the ECCD is aligned
with the island.

frequency. The mirror launching the ECCD is adjusted such that the island is located in
the center of the ECE spectrum, and thereby exactly aligned with the island. This is an
elegant solution but there is a catch. The forward power in the ECW transmission line
is in the order of a MW, while the reverse ECE power is typically in the nW range. The
coupling element in the transmission line must thus be capable of separating power levels
that differ by 15 orders of magnitude! The key task in this work is the development of
the so called Frequency Selective Coupler that needs to separate the ultra-low power ECE
from the very high power ECCD.

The TEXTOR tokamak [13] is well suited to implement a pilot scheme of a line-of-
sight feedback system. An Electron Cyclotron Resonance Heating (ECRH) installation
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with steerable launcher is present [14, 15, 16] to provide the required ECCD. At the
TEXTOR tokamak a set of perturbation coils, the so called ”Dynamic Ergodic Divertor
(DED) [17], allows to induce tearing modes in a controlled way. Islands can be driven in
the plasma using the DED, or by programming discharges that produce natural tearing
modes.

In this thesis the specification for a line-of-sight feedback system for the suppression
of tearing modes at TEXTOR will be analysed and specified. Appropriate sensors and
actuators for such a system are investigated and implemented. The key task in the work is
the design, construction, and implementation of the coupling element that must separate
the nano Watt ECE signals from the Mega Watt ECRH signal.

Thesis plan

Chapter 2 starts with an introduction to the fundamentals of fusion physics, tokamaks
and tearing modes. It is established that microwaves, here in the region of 20 to 200 GHz,
play an important role in the localisation and suppression of tearing modes. Microwave
propagation, absorbtion and emission in the plasma is covered next. This discussion is
made in the context of Electron Cyclotron Resonance Heating (ECRH), and ECE, being
the actuator and sensor respectively, of the control scheme foreseen for the suppression of
tearing modes.

The principal sensor used for localisation of tearing modes is ECE, and in Chapter 3
techniques for collecting and detecting ECE are discussed. The emphasis is then placed
on radiometers, which is the particular ECE receiver used in this work.

In Chapter 4 the experiment at which the work is carried out, the TEXTOR tokamak,
is described. The main parameters and facilities are discussed, with those systems relevant
to the thesis work covered in more detail.

Chapter 5 to 10 form the contributions of this thesis to the development of schemes
for the closed-loop control of tokamak instabilities.

Chapter 5 describes the ECRH installation on the TEXTOR tokamak. The design
of the TEXTOR ECRH system has been optimised towards the application of highly
localised heating and current drive as required for the suppression of tearing modes. The
actuator set-points, power modulation and steerable microwave launcher are highlighted.

In Chapter 6 feedback stabilisation of instabilities is investigated, which leads to a
proposal of a ”line-of-sight” feedback system for the suppression of tearing modes. The
chapter is concluded with the requirements for such system. The key element is the so-
called ”Frequency Selective Coupler”.

Frequency Selective Couplers are assessed in Chapter 7, and the choice is made to use
a resonant dielectric plate for this purpose at the TEXTOR installation.

In Chapter 8 the theory and working of such a plate is scrutinised in detail. A model is
made to assess how the plate functions in the presence of unavoidable imperfections, and
in the particular geometrical arrangement it which it needs to be placed. The predicted
plate response is verified by laboratory measurements. The chapter is concluded with a
specification of the plate properties and dimensions for use as Frequency Selective Coupler.

Chapter 9 is in the form of a published, refereed journal paper which in condensed
form gives the work of up to Chapter 8 and next describes the line-of-sight receiver as
constructed. It concludes with the presentation of first measurements.

Chapter 10 focuses on the experimental results. It makes an assessment of the perfor-
mance of the overall receiver, and evaluates the data for use in a feedback control scheme.

8



Introduction

Perturbations observed in the measurements are reported. The perturbations interfere
with the use of the measurements for localisation of tearing modes, and a method to use
the data in the presence of the perturbations is suggested and demonstrated.

Chapter 11 discusses the results obtained with this work, and what steps still lie ahead
at TEXTOR. An outlook for the applications of an line-of-sight scheme at larger machines
such as ASDEX-Upgrade and ITER, is given.

1.3 List of publications

The two sections below list journal papers and conference contributions related to the work
of the author on the ECRH installation at TEXTOR. Those marked with an asterisk (*)
report on the thesis work. The RSI paper marked with a double asterisk is included as
Chapter 9 in this thesis.

1.3.1 Journal papers

”Electron cyclotron resonance heating on TEXTOR”.
E. Westerhof, J.A. Hoekzema, G.M.D. Hogeweij, R.J.E. Jaspers, F.C. Schüller, C.J. Barth,
W.A. Bongers, A.J.H. Donne, P. Dumortier, A.F. van der Grift, J.C. van Gorkom,
D. Kalupin, H.R. Koslowski, A. Krämer-Flecken, O.G. Kruijt, N.J. Lopez Cardozo,
P. Mantica, H.J. van der Meiden, A. Merkulov, A. Messiaen, J.W. Oosterbeek, T. Oyevaar,
A.J. Poelman, R.W. Polman, R.W. Prins, J. Scholten, A.B. Sterk, C.J. Tito, V.S. Udint-
sev, B. Unterberg, M. Vervier, G. van Wassenhove, Nuclear Fusion 43, (2003) p. 1371

* ”The ECW installation at the TEXTOR tokamak”.
J.W. Oosterbeek, W.A. Bongers, A.F. van der Grift, J.A. Hoekzema, O.G. Kruijt,
A.J. Poelman, P.R. Prins, J. Scholten, F.C. Schüller, C.J. Tito, E. Westerhof, and the
TEXTOR team, Fusion Eng. Des. 66-68 (2003) p. 515

”Development of the 140 GHz gyrotron and its subsystems for ECH and ECCD
in TEXTOR”.
J. Scholten, M.R. de Baar, W.A. Bongers, A.F. van der Grift, J.A. Hoekzema, O.G. Kruijt,
J.W. Oosterbeek, A.J. Poelman, P.R. Prins, C.J. Tito, E. Westerhof and the TEC team,
Fusion Eng. Des. 74 (2005) p. 211

”Electron Cyclotron Heating on TEXTOR”.
E. Westerhof, J.A. Hoekzema, G.M.D. Hogeweij, R.J.E. Jaspers, F.C. Schüller, C.J. Barth,
H. Bindslev, W. A. Bongers, A.J.H. Donn, P. Dumortier, A.F. van der Grift, D. Kalupin,
H.R. Koslowski, A. Krämer-Flecken, O.G. Kruijt, N.J. Lopes Cardozo, H.J. van der Mei-
den, A. Merkulov, A. Messiaen, J.W. Oosterbeek, P.R. Prins, J. Scholten, V.S. Udintsev,
B. Unterberg, M. Vervier, G. van Wassenhove, Fusion Sci. Technol. 47 (2005) p. 108

”Frequency measurements of the gyrotrons used for collective Thomson scat-
tering diagnostics at TEXTOR and ASDEX Upgrade”.
P. Woskov, H. Bindslev, F. Leiplod, F. Meo, S.K. Nielsen, E.L. Tsakadze, S.B. Kor-
sholm, J. Scholten, C.J. Tito, E. Westerhof, J.W. Oosterbeek, F. Leuterer, F. Monaco,
M. Muenich, D. Wagner, Rev. Sci. Instrum. 77 (2006) 10E524
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”Current fast ion collective Thomson scattering diagnostics at TEXTOR and
ASDEX Upgrade, and ITER plans (invited)”.
S.B. Korsholm, H. Bindslev, F. Meo, F. Leiplod, P.K. Michelsen, S.K. Nielsen,
E.L. Tsakadze, P. Woskov, E. Westerhof and FOM ECRH team, J.W. Oosterbeek, J.A.
Hoekzema, F. Leuterer, D. Wagner and ASDEX Upgrade ECRH team, Rev. Sci. Instrum.
77 (2006) 10E514

”Fast-Ion Dynamics in the TEXTOR Tokamak Measured by Collective Thom-
son Scattering”.
H. Bindslev, S.K. Nielsen, L. Porte, J.A. Hoekzema, S.B. Korsholm, F. Meo,
P.K. Michelsen, J.W. Oosterbeek, E.L. Tsakadze, E. Westerhof, P. Woskov, and the TEX-
TOR team, Phys. Rev. Let. 97 (2006) 205005

* ”Design of a feedback system to stabilise instabilities by ECRH using a
combined ECW launcher and ECE receiver”.
J.W. Oosterbeek, E. Westerhof, W.A. Bongers, I.G.J. Classen, I. Danilov, R. Heidinger,
J.A. Hoekzema, B.A. Hennen, M.F. Graswinckel, O.G. Kruijt, J. Scholten, C.J. Tito,
B.C.E. Vaessen and the TEXTOR-team, Fusion Eng. Des. 82 (2007) p. 1117

** ”A Line-of-Sight ECE Receiver for ECRH Feedback Control of Tearing
Modes”.
J.W. Oosterbeek, E. Westerhof, M.R. de Baar, M.A. van den Berg, W.A. Bongers,
A.Bürger, M.F. Graswinckel, R. Heidinger, B.A. Hennen, S.B. Korsholm, O.G. Kruijt,
F. Leipold, S.K. Nielsen, D.J. Thoen, Rev. Sci. Instrum. 79 (2008) 093503

”Temporal evolution of confined fast-ion velocity distributions measured by
collective Thomson scattering in TEXTOR”.
S.K. Nielsen, H. Bindslev, L. Porte, J.A. Hoekzema, S.B. Korsholm, F. Leipold, F. Meo,
S. Michelsen, P.K. Michelsen, J.W. Oosterbeek, E.L. Tsakadze, G. van Wassenhove,
E. Westerhof, P. Woskov, and the TEXTOR team, Phys. Rev. E. 77 (2008) 016407

* ”Magnetic Island Localization for NTM Control by ECE viewed along the
same optical path of the ECCD-beam”.
W.A. Bongers, A.P.H. Goede, E. Westerhof, J.W. Oosterbeek, N.J. Doelman,
F.C. Schüller, M.R. de Baar, W. Kasparek, W. Wubie, D. Wagner, and J. Stober, Fu-
sion Sci. Tech., 55 (2009) p. 188

* ”A closed loop control system for stabilization of MHD events on TEXTOR”.
B.A. Hennen, E. Westerhof, J.W. Oosterbeek, P.W.J.M. Nuij, D. De Lazzari,
G.W. Spakman, M.R. de Baar, M. Steinbuch, and the TEXTOR team, submitted to
Fusion Eng. Des. (2008)

1.3.2 Conference contributions

The ECW system on TEXTOR.
J.A. Hoekzema, W.A. Bongers, A.F. van der Grift, O.G. Kruijt, J.W. Oosterbeek,
A.J. Poelman, P.R. Prins, J. Scholten, F.C. Schüller, A.B. Sterk, C.J. Tito, E. West-
erhof, and TEC Team, Proceedings of the 27-th international conference of Infrared and
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Millimeter waves, conference digest: 47-48 2002, 22-26 September 2002, San Diego, Cali-
fornia, USA

Long pulse operation of the new 800 kW 140 GHz gyrotron at TEXTOR.
E. Westerhof, J.A. Hoekzema, M.R. de Baar, M.F.M. de Bock, W.A. Bongers,
A.J.H. Donné, E. Farshi, K.H. Finken, A.F. van der Grift, G.M.D. Hogeweij,
R.J.E. Jaspers, H.R. Koslowski, A. Krämer-Flecken, O.G. Kruijt, A. Lazaros, X. Loozen,
N.J. Lopes Cardozo, A. Merkulov, J.W. Oosterbeek, P.R. Prins, J. Scholten, F.C. Schüller,
C.J. Tito, and TEC Team, Proceedings of the 13th Joint Workshop on Electron Cyclotron
Emission and Electron Cyclotron Heating, 17-20 May 2004, Nizhny Novgorod, Russia, Ed.
A. Litvak, Institute of Applied Physics RAS (2005) p. 226

* ”A generic method for controlled ECRH/ECCD localisation”.
E. Westerhof, E. Farshi, J.A. Hoekzema, W.A Bongers, O.G. Kruijt, J.W. Oosterbeek,
J. Scholten, Proceedings of the 13th Joint Workshop on Electron Cyclotron Emission and
Electron Cyclotron Heating, 17-20 May 2004, Nizhny Novgorod, Russia, Ed. A. Litvak,
Institute of Applied Physics RAS (2005) p. 357

* ”Design Of A Dedicated ECE Diagnostic For Feedback Control Of Insta-
bilities By ECRH”.
J.W. Oosterbeek, W.A. Bongers, I.G.J. Classen, I. Danilov, J.A. Hoekzema, R. Heidinger,
M.F. Graswinckel, S.B. Korsholm, A.Krämer-Flecken, O.G. Kruijt, J. Scholten, C.J. Tito,
E. Tsakadze, B.C.E. Vaessen, E. Westerhof and the TEXTOR team, Proceedings of the
14th Joint Workshop on Electron Cyclotron Emission and Electron Cyclotron Heating,
9-12 May 2006, Santorini, Greece, Ed. A. Lazaros (2007) p. 232 / poster (pdf)

* ”First results of the TEXTOR Line of Sight ECE system for ECRH Feed-
back”.
J.W. Oosterbeek, E. Westerhof, M.R. de Baar, M.A. van den Berg, W.A. Bongers,
A. Bürger, M.F. Graswinckel, R. Heidinger, B.A. Hennen, J.A. Hoekzema, S.B. Korsholm,
O.G. Kruijt, B. Lamers, F. Leipold, S.K. Nielsen, D.J. Thoen, B.C.E. Vaessen, P.M. Wort-
man, and the TEXTOR Team, Proceedings of the 15th Joint Workshop on Electron Cy-
clotron Emission and Electron Cyclotron Heating, 10-13 March 2008, Yosemite National
Park, California, USA
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Chapter 2

Tokamak physics

In this chapter some basic physical concepts encountered in the problem of active, closed-
loop control of instabilities in fusion plasmas are presented. The chapter commences in
Section 2.1 with a brief discussion on the problem of the confinement of the hot fusion
plasma. The concept of magnetic confinement is introduced and its realization in tokamak
devices is outlined. The tearing instabilities as they occur in high density fusion plasmas
are briefly discussed including the reasons and methods for their control. Section 2.2
outlines the principles of electron cyclotron resonance heating (ECRH) and current drive
(ECCD), which will constitute the main actuator for the control of the tearing instabilities.
In particular, wave propagation and localization of the power absorption are addressed. In
Section 2.3 Electron Cyclotron Emission is treated as it is the principal tool for detection
and localization of tearing modes employed in this thesis.

2.1 Confining the fusion plasma

2.1.1 Magnetic confinement

From the Lawson criterion (Eq. 1.2) it is seen that a self-sustaining fusion reaction requires
very high temperatures. The core of the sun is at approximately 1.3 keV, for man-built
devices, not benefiting from the high densities brought about by the sun’s gravity, tem-
peratures about 10 times higher are required. When such a high temperature gas would
be put inside a container, all energy would almost instantly be lost through contact of the
particles with the material walls. Alternative methods must be used for confinement.

At the high temperatures required for fusion the molecules and atoms of the gas are ac-
tually split into their constituents forming a gas of electrically charged nuclei and electrons,
a plasma. A plasma can be confined by magnetic fields. In the most basic arrangement a
magnetic field Bz is applied along the axis of a tube containing the plasma. This field can
be generated by a series of coils wound around the tube. The particles are now bound to
the (imaginary) magnetic field lines by means of the Lorentz force F = qv×B, where q
is the charge of the particle, v the velocity of the particle and B, the confining magnetic
field. The particles are forced to execute a circular motion around the magnetic field,
see Fig. 2.1. The radius of this circular motion is known as the Larmor radius and is
given by rL = mυ⊥/qB, where m is mass of the particle, and υ⊥ is the magnitude of the
perpendicular velocity. For a strong enough confining magnetic field, the typical Larmor
radius of the particles can be made to be much smaller than the radial dimensions of the
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plasma tube. The (angular) frequency at which the particles gyrate around the field lines
is called the cyclotron frequency,

ωc =
qB

m
, (2.1)

In Fig. 2.1 two velocity components of an electron can be seen: v⊥, which lies in the plane

Figure 2.1: Cartoon of a parti-
cle (electron is shown) bound to a
magnetic field line by the Lorentz
force. The movement is called gy-
romotion as the particle has a ve-
locity component perpendicular to
the magnetic field line (cyclotron
motion), and component parallel
to the magnetic field line.

perpendicular to B, and v‖, which is parallel to the magnetic field. A typical velocity for
a particle in a thermal plasma with a temperature T is υt =

√
kbT/m, which is called the

thermal velocity. Thus, in a plasma at 15 keV, the typical electron velocity is 5×107 m/s.
When the tube is filled with a plasma of finite pressure, decreasing outwards from the

center to the edge of the tube, the pressure gradient ∇p together with the finite Larmor
radius of the particles results in a net current density j perpendicular to the magnetic
field. This current can be shown to provide the necessary force balance

j × B = ∇p, (2.2)

that holds the plasma in equilibrium. It is directed such that the magnetic field inside the
tube is reduced, and hence is called the diamagnetic current.

Tokamak

Such a straight tube will necessarily be finite. Particles are still free to move along the
magnetic field, and will be quickly lost at the ends of the tube by contact with the elec-
trodes drawing the plasma current. These end losses are prevented by bending the tube
back onto itself. The plasma column now forms a closed-loop called a torus, and the
longitudinal field is now referred to as the toroidal field BT . The toroidal geometry results
in a curvature and a gradient of the toroidal magnetic field,

BT =
B0R0

R
, (2.3)

where R is the major radius, with R0 being the axis of the torus, and B0 the toroidal
magnetic field on axis (see Fig. 2.2). The section of the plasma from the axis towards the
core of the machine is called the high field side, while the section from the plasma axis
outwards is called the low field side. The minor radius is a.

The curvature and the gradient of the toroidal magnetic field, however, have important
consequences for the confinement of charged particles. Both lead to a vertical drift of the
particle orbits, which is in opposite direction for positive and negatively charged particles.
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As a consequence a vertical charge separation is built up, resulting in a vertical electric
field. Such a vertical electric field in turn leads to an outward radial drift (E×B -drift),
which is independent of charge of the particles. As a result, a plasma would be expelled
from a torus with a purely toroidal field.

Figure 2.2: Poloidal cut through
a torus. The distance from the
centre of the torus is R, with
R0 the major radius of the torus.
The variable expressing the mi-
nor radius is r, with the over-
all minor radius a. Helical field
lines are formed by the sum of the
toroidal BT and poloidal Bp mag-
netic fields.

The charge separation is countered by connecting field lines on top and bottom sides
of the torus by introducing a poloidal component of the magnetic field Bθ, such that the
magnetic field lines are wound helically around the axis of the torus (see Fig. 2.2). The
poloidal field can be generated by a toroidal current Ip in the plasma, which is driven
by inducing a magnetic flux through the hole in the torus using a transformer. The
transformer yoke is inserted through the torus and a primary current is driven through a
number of cable windings around the yoke. The plasma forms the secondary winding in
which a current proportional to the number of primary windings is induced. The induced
voltage over the plasma is called the loop voltage. The arrangement so obtained is called
a tokamak, see Fig. 2.3. Alternatively, the poloidal field can be generated externally with
helical coils. Devices based on the latter principle are called stellarators.

It must be noted, that the induced current flows exactly parallel to the field lines,
and consequently also has a poloidal component. The latter poloidal current is seen to be
directed such that it enforces the toroidal magnetic field: it is said to be paramagnetic.
The relative importance of the diamagnetic and paramagnetic corrections to the toroidal
magnetic field depend on the average pressure < p > and the toroidal current. When the
kinetic pressure equals the magnetic pressure of the poloidal field B2

θ/2µ0 the two effects
cancel each other. In plasma physics it is common to introduce the normalized plasma
pressure β ≡ 2µ0 < p > /B2 or βp ≡ 2µ0 < p > /B2

θ based on the total or the poloidal
magnetic field, respectively, with µ0 the permeability of free space (4π× 10−7 H/m). The
condition βp ≥ 1 is generally referred to as high pressure plasma.

Flux surfaces

As the field lines go round in toroidal and poloidal direction they can be thought of as
cutting out a particular tube, called flux surface. The torus thus consists of an infinite
number of nested flux surfaces, as illustrated in Fig. 2.4. The equilibrium condition (2.2)

15



Chapter 2

coils wound around torus to
produce toroidal magnetic field

transformer
winding

poloidal
magnetic field

toroidal
magnetic field

helical field
plasma particles contained by
magnetic field

iron transformer core

plasma current 

R0 a

Figure 2.3: Schematic of a tokamak. The plasma is contained in the torus, at vacuum be-
fore the discharge commences. The squares around the torus are coils producing a magnetic
field that confines the moving electrons and ions by the Lorentz force. The large rectangle
is the transformer core, with the primary windings (electrical cables) to the right, and the
plasma itself as the secondary winding to the left.

Ip

Figure 2.4: Magnetic flux surfaces
in a tokamak. The dashed line
shows a magnetic field line without
the plasma current, while the solid
line, in the presence of the plasma
current, makes an excursion.

implies that B · ∇p = 0 and, consequently, the pressure over a flux surface is seen to be
constant in equilibrium. Because of the fast transport of particles and energy along the
field lines, also the density and temperature are usually uniform on a flux surface. The
plasma confinement is a result of the much slower transport across flux surfaces.

The helicity of the field lines on individual flux surfaces depends on the ratio of the
poloidal and toroidal magnetic field components on that particular surface. The poloidal
field is obtained from Ampère’s law as (in the approximation for a large aspect ratio R0/a
tokamak with circular flux surfaces)

Bθ = µ0Ip(r)/2πr, (2.4)

where Ip(r) is the plasma current flowing inside the flux surface. For a typical tokamak the
poloidal field (taking the total plasma current) is in the order of 5% of the toroidal field,
resulting in a modest helicity. (The helicity in the figure 2.3 is exaggerated for clarity.)

The helicity of the field is characterized by the safety factor q, which is defined as
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the number of toroidal windings a field line requires to describe a single winding in the
poloidal direction. The radial variation of the safety factor, dq/dr, is called the shear. In
the case of a tokamak with a large aspect ratio R0/a with circular flux surfaces, the safety
factor can be approximated by:

q ≈ rBT

R0Bθ
. (2.5)

When the winding number q is the ratio between 2 integer numbers m and n, the field
lines close on themselves after m times around the flux surface in toroidal direction and
n times in poloidal direction. Flux surfaces with q = m/n are called rational surfaces.
This geometrical condition makes rational flux surfaces particularly prone to magnetic
instabilities.

For typical tokamak conditions, the profile of the safety factor is found to be well
represented by a simple parabolic profile: q(R) = q0 + (qa − q0)((R − R0)/a)2, where
the value on axis is approximately q0 = qa/(1 + qa), and the value at the edge qa is
determined by the total plasma current [18].
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Figure 2.5: The dependence
of toroidal field BT (neglect-
ing paramagnetic and diamag-
netic corrections) and the safety
factor q on the major radius
for a typical TEXTOR discharge
(BT = 2.25T, Ip = 350kA).
A parabolic q-profile has been as-
sumed.

Trapped particles, banana orbits, and bootstrap current

The particular particle orbit properties brought about by toroidal geometry have a large
impact on collisional transport and energy of particles. This is described by so-called
neoclassical theory. One of the results is the generation of additional current: in the
case of a high pressure tokamak plasma, the radial pressure gradient is seen to generate
a sizable contribution to the total toroidal plasma current, the bootstrap current [2, 4].
Generation of the bootstrap current can be understood as follows. Following the helical
magnetic field lines, the particles encounter subsequently regions of low and high magnetic
field. Depending on their ratio of parallel and perpendicular momentum, some particles
are effectively trapped on the low field side of the tokamak. Unlike ”passing particles”
which make a full poloidal turn, these ”trapped particles” are reflected back when they
approach the high field side. When projecting their trajectories in the poloidal plane, they
describe banana shape orbits of finite width. Consider now two adjacent banana orbits
as indicated in Fig 2.6. Looking at the position on the low field side where the outer leg
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of the one orbit touches the inner leg of the other orbit, a finite inward directed pressure
gradient corresponds to more trapped particles on the outer leg than particles on the inner
leg of their banana orbit. This imbalance represents a net current parallel to the magnetic
field that is further enhanced by dragging the passing particles along with it. The final
result is a toroidal current density which is proportional to the local pressure gradient.
This current plays an important role in generation and suppression of neoclassical tearing
modes (NTMs).

Figure 2.6: Illustration of banana
orbits and bootstrap current. The
dashed circles are flux surfaces.
The two colored curves are pro-
jections of trapped particles orbits,
i.e. particles that are reflected
back and forth as they can not
reach the high field side. Consider
the point where the outer orbit of
the green curve touches the inner
orbit of the blue curve. In the
absence of a pressure gradient ei-
ther banana orbit has equal parti-
cles, and the net toroidal current
cancels. With a pressure gradient
more particles are present on the
green banana orbit opposed to the
blue one, and a net toroidal cur-
rent results.

Heating

In a tokamak, the toroidal current not only serves to provide the necessary poloidal field
required for confinement and stability, but it also serves as a primary source of plasma
heating. However, to approach reactor conditions, this ohmic heating alone is not suffi-
cient. Besides a limit to the maximum current that can be stably induced, a complication
is that the plasma resistivity drops at increased temperatures. The average time between
collisions of the electrons increases with v3

t and the conductivity scales with electron tem-
perature T

3/2
e , reducing the potential for ohmic heating. Additional heating methods are

therefore employed. A well established scheme, used on many tokamaks is neutral beam
injection (NBI). Ionised atoms are accelerated to high energy, neutralised, and injected
into the plasma. As the particles are neutral they are not deflected by the magnetic field
and can penetrate deeply into the plasma. Once they are ionised they transfer their energy
through collision to the bulk of the plasma. Other schemes are Ion Cyclotron Resonance
Heating (ICRH) and Electron Cyclotron Resonance Heating (ECRH). In these schemes
the energy of powerful electro-magnetic waves is transferred to the plasma through reso-
nant interaction with the cyclotron motion (or harmonics of it) of the ions or electrons,
respectively. All three mentioned additional heating methods are employed at TEXTOR.
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ECRH is used as the principal actuator in the line-of-sight scheme in this thesis, and gets
more attention in Chapter 5.

2.1.2 Tearing instabilities

In the preceding section the concept of a field line tracing out a flux surface was introduced.
A field line with a non-rational winding number will cover the complete surface of the
tube after an infinite number of toroidal turns. On rational flux surfaces, however, the
magnetic field lines close on themselves after an integer number of toroidal turns. Such
surfaces are topologically unstable: consider a finite radial magnetic field perturbation,
δBr ∝ cos(mθ − nφ), which has the same helicity as the rational surface, i.e. the winding
number equals the ratio of the poloidal mode number m over the toroidal mode number n,
q = m/n. Such a perturbation is said to be resonant on the rational surface. Obviously,
following a field line on the rational surface an electron will experience a constant radial
excursion. As a consequence, the resonant surface is torn up (hence the name of this
type of perturbation: tearing mode). An island like structure is formed in the magnetic
field line topology, in which field lines from both sides of the rational flux surface are
reconnected. In the poloidal plane such magnetic islands show up as sketched in Fig. 2.7
for the case of a m = 2, n = 1 tearing mode.

Figure 2.7: Cartoon of flux surfaces without magnetic reconnection (left), and with mag-
netic reconnection (right) leading to the creation of magnetic islands. The island is centered
around the resonant surface, and has a width w. The plasma as a whole rotates in general
in the toroidal direction, and in the view of this figure the island rotates around the plasma
centre.

The centre of the magnetic island is located at the radius, rs (resonant surface), of
the original rational q-surface. The islands form a closed flux tube inside the torus with
helicity m/n. The island width, w, is the maximum radial excursion of the field lines on
the separatrices, which separate the interior of the island from the flux surfaces outside
the island. For obvious reasons, the centres of the islands are called O-points, and the
crossings of the separatrices are called X-Points. The islands and the plasma have a
toroidal velocity. Viewing a poloidal cross section of the plasma as in Fig. 2.7, the island
is seen to rotate around the center of the cross section.
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Detecting tearing modes

As the resonant magnetic perturbations extend even outside the plasma, the characteristic
fluctuations caused by the rotating radial (or poloidal) magnetic field perturbations can
be detected by properly placed coils (Mirnov coils): the voltage measured across the coils
is identical to the rate of change in the magnetic flux through the coil. The mode numbers
of a perturbation can be identified by combining the signals of properly spaced coils in the
poloidal and toroidal direction.

Because the transport along field lines is very fast, the density and temperature are
effectively flattened across the magnetic island (see Fig. 2.8). When the mode rotates
with the plasma, an observer looking along a fixed sight line in the poloidal cross-section
would see a characteristic fluctuation in the temperature or density in the region of the
island. In the figure, the perturbation is shown symmetrically around the resonant surface,
but generally a larger excursion above the resonant surface is seen opposed to below the
resonant surface. The location of the mode can be identified by a 180o phase change in
the oscillations as the point of observation crosses the resonant surface. The passage of
the O- and X-point in front of the observer can be uniquely determined in this way.

Neoclassical tearing modes

The magnetic perturbations forming an island are associated with perturbations of the
local current density, as can be seen from Ampère’s circuit law

∮
B·dl = µ0I. In case of the

usual positive magnetic shear in a tokamak, the island O-points coincide with a deficiency
in current. Because the pressure across a magnetic island is flattened, this annihilates the
pressure gradient driven bootstrap current, thus resulting in a deficiency of current inside
the island. This loss of bootstrap current inside the island can drive its further growth,
making it self sustained. Under these conditions one speaks about a neoclassical tearing
mode or NTM.

Neoclassical tearing modes thus not only lead to deterioration of the confinement by
fast transport across the island, thus reducing the plasma pressure, but also are driven
unstable by the high pressure gradients. This way NTMs form an important limiting
factor to the achievement of high pressures in tokamak plasmas. Moreover, when it grows
large, say 1/3 of the minor radius, it may even lead to sudden disruptive termination of
the discharge. Hence, NTM suppression is important in order to achieve stable fusion
plasmas. Replacing the missing bootstrap current inside the island appears a straight-
forward solution to its suppression. This can be done either by non-inductive drive of a
current locally inside the island or by increasing the conductivity inside the island through
localized heating.

2.2 Electron Cyclotron Resonance Heating

Electron Cyclotron (EC) waves are electromagnetic waves in the frequency range of the
cyclotron frequency. The non-relativistic cyclotron frequency for the electrons is

ωce =
eB

me
, (2.6)

with me the rest mass of the electron (9.107 · 10−31 kg). In convenient numbers this
is 28 GHz per Tesla, which for typical tokamak parameters places the EC waves in the
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Figure 2.8: Finger print of a rotating m/n = 2/1 island on the electron temperature profile
as seen by an observer looking along a radial line of sight through the plasma. In the
presence of an island a periodic flattening of the profile occurs as the temperature across
the island is approximately constant due to the very fast transport over flux surfaces. The
temperature at the radial locations indicated by the two colored dots is modulated between
minima and maxima: the temperature at a radius just below rs (red dot) will decrease
in temperature due to the island passing, while the channel just above rs (blue dot) will
increase in temperature as the island passes. Thus, if the radial location with respect to rs

is known, O- and X-point can be inferred.

millimetre range of the electro-magnetic spectrum. The theory of Electron Cyclotron
wave propagation and absorption is now discussed briefly, followed by some technical
aspects of ECRH. Particular emphasis will be given to the features relevant to tearing
mode suppression, in particular, the localisation of the heating and the potential of non-
inductive current drive. An extensive review on EC wave propagation, wave absorption,
and EC heating and current drive is given in articles by Bornatici et al. [19] and Prater [20].
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2.2.1 Electron Cyclotron Wave propagation and absorption.

The description of wave propagation is obtained by solving the Maxwell equations, and
including the plasma response. The result is a dispersion relation for the waves, relating
the wave vector k of the wave to its frequency. In the limit that the average electron
velocity is much smaller than the velocity of light, which is known as the ”cold” plasma
approximation, we get a dispersion relation known as the Appleton-Hartree relation. Ex-
pressed in terms of the refractive index of the plasma N = kc/ω (with c the velocity of
light, 2.998 · 108 m/s) this relation is written as

N2 = 1− ω2
p

ω2

2(ω2 − ω2
p)

2(ω2 − ω2
p)− ωc(sin2 ϑ± ρ)

, (2.7)

where

ρ2 = sin4 ϑ + 4 cos2 ϑ
ω2 − ω2

p

ωωc
. (2.8)

In these expressions ωp is the plasma frequency which is given by

ωp =

√
nee2

ε0me
, (2.9)

with the permittivity of free space ε0 = 8.854 × 10−12 F/m, and the electron density ne.
The + or − signs in front of ρ in Eq. 2.7 indicates the two modes of propagation, known
as X-mode (extraordinary mode) and O-mode (ordinary-mode), respectively. The angle
between the wave vector k and the magnetic field is denoted by ϑ. Thus, parallel wave
propagation is obtained with ϑ = 0, and perpendicular wave propagation with ϑ = 1

2π.
In the case of tokamaks ECRH is launched at perpendicular, or at near perpendicular
incidence. In the following discussion we concentrate on perpendicular wave propagation.
In case of perpendicular propagation, the electric field vector for the O-mode is linearly
polarized parallel to the external magnetic field, whereas the electric field polarization for
the X-mode is perpendicular to the external magnetic field and generally is elliptical.

Wave propagation is evaluated by reviewing wave cut-offs and wave resonances. A
wave cut-off is defined by N → 0, while N → ∞ corresponds to a wave resonance. Note
that the phase velocity vp is defined as vp = c/N and, consequently the phase velocity
goes to infinity at a cut-off, whereas it vanishes near a wave resonance. For O-mode
propagation, there is only one cut-off frequency at ω = ωp. For X-mode the situation is
more complicated. Two branches in X-mode propagation are possible: one branch with
right hand rotation of the E-vector, for frequencies above the ”right-handed” cut-off ω+,
and a second branch with left hand rotation of the E-vector above the ”left-handed” cut-
off ω− and below the upper hybrid frequency ωUH . The left- and right- handed cut-offs
are given by

ω± = ±ωc

2
+

(
ω2

p +
ω2

c

4

)1/2

, (2.10)

respectively, and the upper hybrid frequency is

ω = ωUH =
(
ω2

p + ω2
c

)1/2
. (2.11)

The two branches of X-mode propagation are also denoted as the fast and the slow x-mode,
respectively. They are separated by the evanescent region between ωUH and ω+.
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Figure 2.9: Plot of cyclotron resonances (n = 1 and n = 2), plasma frequency, and cut-off
frequencies in two TEXTOR discharges with BT = 2.25T but different densities. Left
hand plot ne = 1 × 1019 m−3, and right hand plot ne = 5 × 1019 m−3. The ECRH
launching antenna, or an EC receiving antenna, is typically placed at the midplane of
the vessel, giving a horizontal line of sight through the plasma. Thus, wave propagation
for a particular frequency to a cyclotron resonance is possible as long as the waves does
not encounter an evanescent region in horizontal direction before reaching the cyclotron
resonance.

The situation is illustrated in Fig. 2.9, where the cut-offs are plotted as a function of
major radius for typical TEXTOR parameters BT = 2.25T, ne = 1 and 5×1019 m−3. For
the density as a function of radius a simple parabolic profile has been assumed according
to

ne(r) = (nemax − nemin)
(
1− (r/a)2

)
+ nemin , (2.12)

with nemax = 5× 1019 m−3, and nemin = 0.06× 1019 m−3.

Wave access to cyclotron resonance

It is seen that O-mode can reach the cyclotron resonance from either the high or low field
sides (HFS or LFS, respectively) as long as ωp < ωc. This limits access to densities below
ne|cut−off (O-mode) ≈ 1.2× 1020n2f2

c , where n is the harmonic number (n = 1, 2, 3, . . . ),
and fc is the cyclotron frequency in units of 100 GHz. In the case of TEXTOR with its
modest magnetic field of about 2.5 T, this limits the application of fundamental harmonic
O-mode waves to densities below 6× 1019 m−3.

In case of the X-mode, LFS access to the fundamental cyclotron resonance is prevented
by the ω+-cut-off. In case of HFS injection X-mode waves can access the fundamental
resonance on the slow X-mode branch as long as ω− < ω. The fast X-mode branch
provides access to the second and higher harmonics from both LFS and HFS as long as
ω+ < ω. As a result, the effective cut-off densities for both the fundamental and second
harmonic X-mode are about a factor of 2 larger than the cut-off density for the fundamental
O-mode.
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Wave absorption

Absorbtion comes from resonant interaction of the waves with the motion of the electrons.
Resonance occurs at

ω =
nωce

γ
+ k‖υ‖, (2.13)

with n = 1, 2, . . ., and where γ = (1− υ2
⊥/c2− υ2

‖/c2)−1/2 is the relativistic factor, and υ⊥
and υ‖ are the perpendicular and parallel velocities as defined in Fig. 2.1. The absorption
is expressed in terms of the absorption coefficient α defined as the relative decrement in
wave intensity along the trajectory of the wave,

α(s) ≡ −(dI/Ids)[m−1], (2.14)

where s is a variable along the path through the plasma. Because of the resonant character
of the wave particle interaction, the absorption and is localised in a narrow region around
the cyclotron resonance.

Calculation of the absorption coefficient requires an account of the thermal motion of
the electrons [19]. The absorbed power profile as a function of s is given by

pabs(s) = Pinjα(s)e−
∫ s

0
αds′ . (2.15)

The fraction of absorbed power in the plasma after a single pass of the ECRH beam is

Pabs =
∫

pabs(s)ds = Pinj(1− e−τ ). (2.16)

In which τ is the optical depth, defined as [19, 25]

τ ≡
∫ st

0
α(s)ds, (2.17)

with st the path length over the full plasma. Assessment of the numerical value of the
optical depth is important to have knowledge of the fraction of absorbed ECRH power.
Compact expressions to evaluate the optical thickness are given in the review by Bornatici
et al. [19]. For perpendicular wave propagation the optical depth of O-mode waves for
cyclotron resonances n = 1 and above is

τ (O⊥)
n =

π2n2(n−1)

2n−1(n− 1)!

(
1− ω2

p

n2ω2
ce

)n− 1
2 (

R

λ

) (
ωp

ωce

)2 (
υt

c

)2n

, (2.18)

while in case of the X-mode for resonances n = 2 and higher the optical depth is

τ (X⊥)
n =

π2n2(n−1)

2n−1(n− 1)!
< An >

(
R

λ

) (
ωp

ωce

)2 (
υt

c

)2(n−1)

, (2.19)

with

An =

(
1−

(
ωp

ω

)2 ω2 − ω2
p

ω2 − ω2
ce − ω2

p

)n−1 1
2


1 +

ω2
p/ω2

ce

n
(
n2 − 1− ω2

p/ω2
ce

)2




2

. (2.20)

In these expressions λ = 2πc/ωce is the wave length in vacuum, R is the major radius of
the tokamak (or scale length of the magnetic field), and υt is the thermal velocity (see
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Section 2.1.1). The optical depth of the fundamental harmonic n = 1 X-mode is more
complicated. Near perpendicular propagation it is often much smaller than that of the
fundamental O-mode. However, since the fundamental X-mode is not accessible from the
LFS this case shall not be discussed any further.

Evaluating the expressions it is seen that the dominant difference between the two
modes is caused by multiplication of the O-mode with an additional factor (υt/c)2, which
for typical tokamak parameters with Te = 1 keV is about 1/500. For a given harmonic
n ≥ 2, this causes the optical depth in the O-mode to be much smaller than in the X-mode.
In Fig. 2.10 the optical depths for 1-st harmonic O-mode, and the 2-nd harmonic X-mode
are plotted for two values of the central electron density in TEXTOR, using BT = 2.25T,
Te = 1.2 keV . A simple squared parabolic profile for Te has been assumed according to

Te(r) = (Temax − Temin)
(
1− (r/a)2

)2
+ Temin , (2.21)

with Temin=160 eV, and Temax = 1.2 keV. For the density the profile (and values) as
in Eq. 2.12 have been used. Eq. 2.5. It is seen that the 1-st harmonic O-mode has fair
optical depth, but at high densities the mode goes into cut-off (see caption). At the second
harmonic the X-mode shows good optical depths over practically the full plasma (except
at the edges of the plasma).

Figure 2.10: Optical depth 2-nd harmonic X-mode and 1-st harmonic O-mode for two
central electron densities (perpendicular wave propagation). The density in the left hand
side plot is ne = 1 × 1019m−3, and in the right plot ne = 5 × 1019m−3. The absorbed
power is given by 2.16, and it is seen that at a density of 1E19 the absorption towards the
edge become a problem (for illustration: τ = 2 results in 86 % absorption in the first
pass). At the higher density the 2-nd harmonic X is fine, but the 1-st harmonic O-mode
goes into cut-off, as may also be seen from Fig. 2.9. For both plots simple parabolic profiles
for ne and Te have been used.

The considerations concerning wave propagation and absorption under TEXTOR con-
ditions are summarized in Table 2.1. From the table the 2-nd harmonic X-mode is seen
to be the preferred option for the application of ECRH in TEXTOR. In a higher field
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machine like ITER the fundamental O-mode becomes the preferred choice, as the cut-off
is increased significantly, and the optical depths are more than sufficient. Moreover, at the
higher frequencies required for second harmonic heating in ITER, the high power wave
sources are simply not available.

Mode Comment
1X HFS access but no LFS access, low absorption for perpendicular injection
1O HFS and LFS access, but low cut-off density in case BT < 3 T. Good abs.
2X HFS and LFS access, higher cut-off densities as compared to 1O. Good abs.
2O HFS and LFS access, but bad absorption

Table 2.1: Comparison O- and X-mode for TEXTOR (abs. = absorption).

Non-inductive current drive

In the context of stabilization of tearing modes, the principal aims of ECRH are to locally
heat the plasma, and to locally generate current. The effect of heating is easily understood
as the hundreds of kWs of power are absorbed by the electrons in a very small volume.
Heating in itself can generate considerable current as at the location of deposition the
temperature is increased whereby the collisionality of the electrons is reduced, and the
conductivity in turn is increased. Current may also be generated non-inductively by
injecting the EC-waves under an angle in toroidal direction, typically in the order 5 to 10o

[21]. The principle of current drive is illustrated in Fig. 2.11.

Figure 2.11: Cartoon illustrating
Electron Cyclotron Current Drive.
A velocity distribution is shown
with electron energy spread over
υ‖ and υ⊥ (circles indicate con-
stant energy). The doppler shift
kparallelυ‖ in the resonance condi-
tion (Eq. 2.13) allows to heat only
electrons with a particular υ‖. The
increased υ⊥ reduces the collision-
ality of this population, resulting
in a net current without an ex-
ternal electric field being applied
along the torus.

By injecting ECRH under a toroidal angle, the Doppler shift k‖υ‖ in the resonance
(2.13) allows to selectively heat a population of electrons at a particular parallel velocity
υ‖. The heating of these electrons increases their perpendicular velocity υ⊥ with the effect
of reducing their collisionality. As a result, a surplus of electrons moving in the direction
of υ‖ is created, corresponding to a current flowing in the opposite direction. This scheme
is called Electron Cyclotron Current Drive (ECCD).
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2.2.2 Technical aspects.

High power, long pulse microwave sources

The high power microwaves used for ECRH are generated by devices called gyrotrons.
These are presently (2008) capable of producing up to 2 MW of power per device with
frequencies in the range of several tens of GHz up to about 170 GHz. Modern gyrotrons
are capable of long pulse lengths from several seconds up to virtual continuous (CW)
operation. A gyrotron is a vacuum tube in which a filament emits electrons that are
accelerated by means of a high voltage over the tube. The electrons pass through a cavity
in which a strong magnetic field (order several Tesla) is present. The gyro-motion of the
electrons in the cavity, combined with the shape of the cavity, produces the microwaves.

Quasi-optical wave beams

The wavelength of the microwaves is in the order of several millimeter, while the width
of a typical ECRH beam size is 20 to 100 mm. As the beam diameter is much larger
than the wavelength, the beam can be collimated and focused using mirrors. In the
limit λ → 0 geometrical optics is used to describe an optical system. In the microwave
range of frequencies the wavelength is in the order of millimetres and the finite size of the
wavelength needs to be taken into account. Diffraction effects are still relatively small,
and can be described by quasi-optic beam propagation [22].

The electric field amplitude distribution in the beam is assumed to be Gaussian, i.e. is
shaped as E0exp(−r/w)2 in which r is the distance from the beam axis outwards, and the
parameter w is the called the beam radius. When viewing the beam along the direction
of propagation z, the location where w has it’s minimum is called the beam waist (or just
waist) and denoted by w0. The beam shape, and the beam parameters, are illustrated in
Fig. 2.12. The radius of curvature Rc (green line) is the curvature of the wavefronts (i.e.
planes of constant wave phase) of the beam. In the beam waist Rc is infinite, while in the
limit of z → ∞ Rc approaches z. In Chapter 8 (sec. 8.2.6) Gaussian beam parameters
are discussed in more detail. By using quasi-optical techniques, the output beam of the
gyrotron can be shaped to have a near perfect Gaussian beam profile.

Wave transport from source to plasma

In order to transport the wave power from the source to the tokamak, the beam may
be collimated by mirrors for relay in free space, and for passing small diameter vacuum
windows. Alternatively, the microwave beam can also be relayed to the torus by coupling
the beam into a waveguide. A waveguide can be accurately dimensioned for optimal trans-
mission at the gyrotron frequency (”corrugated waveguide”), and to handle the required
power [23]. The use of corrugated waveguide allows transmission of the beam using a
small diameter, but the precision engineering for the corrugations, combined with cooling,
make such a waveguide expensive.

Arriving at the tokamak, the beam is transmitted through a resonant window into
the torus. The relatively small beam size and vacuum propagation allow launching of the
wave by means of a mechanically steerable mirror. This mirror can also be made to be
strongly focusing to obtain optimum localisation of the beam in the plane perpendicular
to the beam propagation. Combined with the localisation of the power absorption near a
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Figure 2.12: Cartoon illustrating Gaussian beam parameters. Top: evolution of the ’beam
radius w’ as a function of propagation distance z. The beam radius is defined at the radial
distance r from the centre of the beam outwards where the electric field is reduced to 1/e.
The ’beam waist radius’ (or simply ’waist’) is defined as the location where the beam radius
has it’s minimum. Bottom: electric field as function of radius: peaked profile at the waist,
and flattened away from the waist.

cyclotron resonance this results in the very localised heating and current drive unique for
ECRH and ECCD.

The properties of ECRH and ECCD, in particular the possibility to drive very localised
current accurately over a wide range of angles, make them ideal tools for the suppression
of tearing modes. This is shown schematically in Fig. 2.13

2.3 Electron Cyclotron Emission

2.3.1 Principles of Electron Cyclotron Emission (ECE)

It was seen that in a plasma the electrons gyrate around the field lines with the cyclotron
frequency (Eq. 2.1). As a consequence, they not only absorb, but also emit radiation
with frequencies satisfying the resonance condition given by Eq. 2.13. The intensity of
the emitted radiation is described by the emissivity j(ω), which is the rate of emission of
radiant energy from the plasma per unit volume per unit cyclic frequency per unit solid
angle [19].
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Figure 2.13: Island suppression
by ECRH. The last in-vessel mir-
ror is steerable such that it can
move the ECRH spot size along
the 140 GHz cord. The ECRH
power is modulated such that it is
only on during a set period of time
that the O-point moves over the
ECRH spot size.

In a plasma at thermodynamic equilibrium, the emissivity and the absorption coeffi-
cient are related by Kirchhoff’s radiation law

j(ω)/α(ω) =
kbT

λ2
, (2.22)

where the right hand side of the equation is the Raleigh-Jeans approximation of the black
body intensity of one mode. The Raleigh-Jeans approximation is valid under the condition
that hf/kbT ¿ 1 (with h the Planck constant), which is satisfied very well for tokamak
plasmas [19]. The total emitted radiation by the plasma is found by solving the equation
for radiation transport

dI

ds
= j(ω)− Iα(ω). (2.23)

This results in a ”profile of emitted radiation” iece(s), i.e., the fraction of observed radiation
as a function of position from where it is emitted as

iece(s) = j(ω)e−
∫ s

0
αds′ . (2.24)

By comparing Eq. 2.15 and Eq. 2.24, the emission profile and the absorption profiles are
seen to have the same shape in a thermal plasma with constant temperature.

Observed ECE power

Integrating the emission profile (Eq. 2.24) over the plasma, and using the definition of the
optical depth given in Eq. 2.17, the intensity of radiation leaving the plasma is obtained

IECE =
kbT

λ2
[1− e−τ(ω)]. (2.25)

It is found that in optically thick plasmas (τ À 1) the emitted ECE radiation is simply
proportional to the temperature T at the position of the cyclotron resonance. This forms
the basis for ECE as a temperature diagnostic.

In an optically thin plasma (τ < 1), the absorption is low and the emissivity is low.
The exponential in Eq. 2.25 may be expanded to give

IECE|thin
≈ kbT

λ2
τ(ω). (2.26)
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The absorption is a function of electron density [25], so that for ECE measurements in an
optically thin plasma the measured intensity is proportional to electron density as well as
to electron temperature.

The plasma is surrounded by reflecting walls which in practice have a sizeable reflec-
tivity (e.g. carbon, stainless steel, beryllium). This modifies the observed ECE power,
especially in case of optically thin plasmas. The effect is taken into account by assuming
the plasma to be enclosed by parallel mirrors. By summing the resulting multiple reflec-
tions in the limit of an infinite number of components [24], this results in an additional
term (1−Rwe−τ )−1 in equations 2.25 and 2.26, with Rw the wall reflectivity. In an opti-
cally thick plasma the effect is seen to be small (each pass through the plasma encounters
strong absorption), but in an optically thin plasma the wall reflections can lead to an
substantial increase in measured ECE power [25].

Concluding remark

In the current thesis the near identity of the emission and absorption profiles, and the fact
that in an optically thick plasma the emitted radiation is a good temperature diagnostic,
are combined to come to a diagnostic to identify and localise magnetic islands near the
region of ECRH power deposition.
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ECE receivers

The ECE power observed at some distance from the plasma may be detected by an ECE
receiver. This chapter describes ECE receivers, and starts with a discussion on how the
ECE power is coupled into the ECE receiver. This is then followed by a description of
several techniques to tune to specific frequencies in the ECE signal, and to detect the power
at those frequencies. The technique used in this work is radiometry, and the functionality
of the radiometer is covered in detail. The chapter is concluded by an overview of the
parameters of an overall ECE receiver system using a radiometer.

3.1 Collected power

In Chapter 2 it was seen that in case τ À 1, the radiated ECE power is directly pro-
portional to the electron temperature at given frequency. An observer looking along a
horizontal line of sight through the centre of an optically thick plasma would receive a
spectrum in which the frequency is a measure of position along the major radius, while the
intensity is a direct measure of the electron temperature. The line of sight used must be a
collimated beam otherwise the collected power would originate from the full vertical cord
(constant BT ) through the plasma. The line of sight is defined by the antenna used. To
obtain a collimated beam, the antenna needs to be directional. This may be expressed by
antenna gain, which is simply a measure of how well the antenna can focus power density
into a particular direction, with respect to the power density averaged over a solid angle
4π. Antenna gain is expressed by 4π/ΩA, where ΩA is the solid angle over which the power
is received. An ideal antenna only receives power over this solid angle, referred to as the
main lobe in a plot of the antenna pattern. In practice side lobes will be present that
also collect power. The amount of power P [W] that can be collected by the antenna is
expressed with the concept of effective area (aperture) Ae [26]. It is defined as ”the ratio
of the available power at the terminals of a receiving antenna to the power flux density of
a plane wave incident on the antenna from that direction” [27]. The total power received
by the antenna is P = IAeΩA in which I is the incident intensity of radiation. It can
be shown that the effective area Ae of an antenna and its solid angle ΩA are related by
λ2 = AeΩA [26, 28]. In case it is ensured that the solid angle of the receiving antenna
is completely filled with the emission given in Eq. 2.25, and that the plasma is optically
thick, then the ECE power collected by the antenna is simply

PReceived = kbTB, (3.1)
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where B is the bandwidth in Hz as determined by the overall receiver system, and is
usually accurately controlled by filters. This result is the power per mode of radiation. To
meet the condition of filling the antenna solid angle, the antenna must be located close to
the plasma. If this can not be achieved, some means of collimating optics must be used to
guide the radiated intensity into the antenna at the remote location. The collected ECE
power is relayed by means of a wave guide or quasi optical transmission line to a receiver
system.

3.2 Frequency selection and detection

An ECE receiver resolves an input RF spectrum into frequency components, and measures
the power at these components with a detector. The ECE spectrum can be analysed con-
tinuously, or it can be divided into discrete narrow bands referred to as ECE channels. An
established instrument to measure a continuous ECE spectrum is a Michelson interferom-
eter [24]. A moving mirror in the reference arm of the interferometer resolves a spectral
band. The amplitude of the mirror is selected to resolve a complete ECE spectrum in
one harmonic. It can be appreciated that the temporal resolution is limited due to the
mechanics of the moving mirror, typically 10 ms for a full spectrum. A much higher time
resolution can be obtained with devices tuned to fixed frequencies. Grating millimetre
polychromators [30] were initially used but have been largely superseded by radiometers
offering in general a much higher signal-to-noise.

Radial resolution

The radial resolution ∆R of an ECE receiver with a discrete number of ECE channels
is related to the spacing of the ECE channels that cover the radius, and by the spatial
resolution δR of the individual ECE channel. The frequency of the received electron
cyclotron emission is inversely proportional to the radial position at which it was emitted.
By combining Eq. 2.3 and Eq. 2.6 one obtains

fece = n
e

2πme

B0R0

R
. (3.2)

The spatial resolution δR of an individual channel depends on both the bandwidth
around the frequency under observation δfece, and the radial width of the emission profile
j(ω). The finite width of j(ω) occurs due to relativistic broadening and doppler shift [19].
In the line-of-sight scheme a modest broadening of the emission profile does not lead to
error in radial localisation as no mapping on absolute radial coordinates is required. The
spatial resolution may now be assesses by differentiating Eq. 3.2 with respect to R

δfece ≈ −n
e

2πme

B0R0

R2
δR ⇔ δR = −δfece

R

fece
. (3.3)

By setting the receiver channel spacing ∆fece to δfece, the optimum radial resolution
∆R = δR is achieved. At a larger channel spacing ∆fece the radial resolution becomes
∆R = ∆feceR/fece. In the latter case it is noted that a modest broadening of the emission
profile has in fact a positive effect in that it partly fills up the voids between ECE channels.
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3.2.1 Radiometers

The key advantage of a radiometer is that it down-shifts the RF spectrum to a lower
frequency band in which signal processing can be optimally performed [28]. A particular
advantage is the reduction in noise bandwidth that the detector is now exposed to, provided
of course that this is the dominant source of noise in the receiver. The principal element
of a radiometer is the mixer that performs the frequency-down conversion. In the mixer
the RF-input signal is multiplied with a fixed frequency reference signal, generated by the
local oscillator operating at ωlo. Thus, the output signal will contain sum and difference
frequencies of signals at the input i.e., the mixing products. In case the RF input signal
is in the form cos(ωlot + ∆ωt), the output signal will contain the components +∆ωt and
−∆ωt. The upper (+∆ω) and a lower sideband (−∆ω) are the frequency shifted ECE
frequencies of interest. For illustration a typical spectrum of the RF and IF bands is
shown in Fig. 3.1. In a Single Sideband radiometer (SSB) only one of these side bands is

LO

LO-Dw+Dw

f [GHz]125205 15

RF-rangeIF rangeVideo

DC

LO+Dw

IF power to DC voltage Down shift RF -> IF

Figure 3.1: Typical frequency spectrum of a radiometer. A side band ∆ω, the width which
is limited by the mixer bandwidth and the components in the IF-stage, is shifted down
from the RF-band to the IF-band where signal processing and detection can be performed
optimally. The IF power is rectified by the detector and results in a DC voltage proportional
to the power. The frequencies in the figure are for illustration.

selected for detection. This requires a so called Image rejection filter to be placed before
the RF-input of the mixer. The signal is amplified by an Intermediate Frequency (IF)
amplification stage, and next the power is divided into a number of sub-bands. These
bands can either be further divided (or frequency shifted), or each such sub-band is in fact
the required ECE channel. In this thesis the bandwidth of an individual channel is given
by BIF (i.e. BIF is not the overall bandwidth in the IF-stage). Thus, in a radiometer the
bandwidth δfece is identified with BIF . A principal schematic of a radiometer is shown in
Fig. 3.2. The power contained in the IF-sub bands is incident onto a detector diode. Such
a diode is a ”square law device” [29], as it, over a given range, converts power linearly to
a voltage. The detector bandwidth is typically in the order of a MHz and the detector
output to constant IF power is simply a DC voltage. Thus, fluctuation in output voltage
are directly proportional to fluctuation in IF-power. The detector voltage is amplified,
and low-pass filtered with a video bandwidth Bv.

In a radiometer it is customary to speak about the ”front-end”, which is the section
from RF-input up to the output of the mixer, the ”IF-stage”, formed by the IF amplifi-
cation and filtering section, and the ”video-stage”, which is the section that follows the
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Image rejection filter

~
Detector Video Amp.
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Figure 3.2: Schematic of a radiometer. From left to right: the antenna, transmission line
or waveguide for RF-power signal relay, the image rejection filter to select only one side
band (upper band is shown), the mixer, IF-amplifier, power divider, Band Pass Filter to
select individual ECE channels and setting BIF , detector (conversion power to voltage),
amplifier, and finally a low pass filter (setting a fixed limit to Bv).

detector. The IF-bandwidth BIF corresponds to the channel width in the RF spectrum,
and is thus proportional with the amount of power collected. The low pass filter with
bandwidth Bv, in the time domain, integrates the ECE signal. The effect of BIF and Bv

on signal-to-noise is discussed in the next section.

Signal-to-noise

The ECE power at the input of the radiometer was found to be kbTeB per mode of
radiation. In a SSB radiometer, used throughout this thesis, the bandwidth B equals the
IF-bandwidth BIF in the radiometer. The IF-band is divided in discrete ECE channels,
and the width of each channel corresponds to a radial section in the plasma (Eq. 3.3).
The ECE power detected is therefore spatially averaged over this radial section. The
detector has a finite response time defined by the video bandwidth, which means that
the signal is time averaged as well. The power detected in this way is proportional to
”the” electron temperature of the ECE channel. To assess the minimum fluctuation in
electron temperature that can be measured with the radiometer, two questions need to be
answered: i) what is the inherent fluctuation level in the ECE at the given IF- and video
bandwidths? and ii) what is the noise contribution of the overall receiver?

In the ECE inherent intensity fluctuations occur (thermal noise, wave noise [28, 32]).
These fluctuation in emission intensity can be written as

√〈i(t)2〉, while the averaged
emission intensity can be written as 〈I(t)〉. In a measurement scheme with pre-detection
bandwidth BIF and post-detection bandwidth Bv, it can be shown that the fluctuations
relative to the average emission intensity are [28]

√〈i(t)2〉
〈I(t)〉 =

√
2Bv

BIF
. (3.4)

To appreciate the fundamental limit that these fluctuations cause, consider a measurement
system with a video bandwidth of 1 MHz, and an IF-bandwidth of 100 MHz; the inherent
fluctuation on such a measurement would be 14% of the average electron temperature
detected by the ECE channel.
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The minimum fluctuation that can be detected in the ECE, should not be swamped
by the noise introduced by the receiver itself. To assess the noise introduced by the
overall receiver, the concept of noise figure and noise temperature are used. The noise
figure is defined as the ratio of signal-to-noise (S/N) at the input of a circuit, divided
by the S/N at the output of the circuit. An ideal circuit, which adds no noise, would
therefore have a noise figure of unity. See the sketch in Fig. 3.3. The input noise power

Gain G

S
i

N
i

S
o

N
o

Figure 3.3: Circuit to illustrate the
noise figure. The signal, and the
noise associated with the signal,
are shown separately. The noise
figure is defined as:
F = Si/Ni

So/No
.

Ni of a circuit terminated with a matching resistor (such that maximum signal transfer
from the preceding circuit section will occur) can be shown to be kbTB, where T is the
temperature that the resistor is at [33]. In the definition of the noise figure this temperature
is fixed at room temperature T0 (T0 = 290 K). From the figure it is seen that the output
signal So is GSi. Making the substitutions for Ni and S0, and rewriting the result as a
function of the output noise power one finds No = FGkbToB. This can be rearranged as
No = GkbToB +(F − 1)GkbToB. In this arrangement, the first term is the amplified noise
power at the input, and the second term is the noise contribution by the circuit itself.
This allows the introduction of the noise temperature Tn [K] that (when expressed as a
noise power level kTnB) accounts for the noise that the circuit contributes referred to the
input of the circuit, i.e. kTnB = (F −1)kbT0B. An ideal circuit (that adds no noise) has a
noise temperature of 0 K. Noise temperature and noise figure can be converted according
to:

Tn = (F − 1)T0 (3.5)

F = 1 +
Tn

T0
(3.6)

An overall receiver consists of several cascaded elements. In Fig. 3.2 those are the antenna
and the waveguide. Each of these elements will add noise, and in case one wishes to assess
the noise contribution of the overall receiver, an expression for cascaded noise Figures
is required. See Fig. 3.4, in which the loss of a circuit (usually attenuation) is defined
with a loss factor L: L=1/G. It can be shown with basic algebra that the overall noise

L = 1/G
1 1

S
i

N
i

S
o

N
o

F , T
1 n1

L = 1/G
2 2

F , T
2 n2

Figure 3.4: Cascaded circuit ele-
ments, used to find an expression
for the noise figure and the noise
temperature of the overall circuit
(Eq. 3.7).

temperature of cascaded elements is [33]

Tcas = Tn1 + L1Tn2 + L1L2Tn3 + . . . (3.7)
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Of particular interest is the noise temperature of a lossy passive component at elevated
ambient temperature Tamb. With relevance to the work in this thesis this can be the
in-vessel antenna, or the transmission line between antenna and radiometer. Such an
component can be modeled as a section of line with attenuation factor L, and terminated
at the input with a resistor at temperature T . Identical to the input noise power discussed
in Fig. 3.3, a resistor at temperature T can be shown to transfer noise power of kbTB [33]
to a subsequent circuit. The situation is sketched in Fig. 3.5. The output noise power

Figure 3.5: A component with loss
factor L, and at elevated tempera-
ture Tamb, is modeled as a section
of line terminated with matching
resistor R. The overall circuit
has an equivalent noise tempera-
ture Teqv = (L − 1)Tamb, as ex-
plained in the text.

is No = (kTambB + Nadded)/L (with the added noise referred to the input). The circuit,
however, is in thermal equilibrium and therefore the total output noise power No must also
be kbTambB. Equating both and solving for the added noise gives Nadded = kbTambB(L−1).
Thus, a circuit with an attenuator factor L, and at elevated temperature Tamb can be
allocated an equivalent noise temperature Teqv

Teqv = (L− 1)Tamb (3.8)

In the case of a radiometer system at the tokamak, the in-vessel antenna is at temperature
Tant, and has loss Lant. The transmission line is at temperature Tamb, and has overall losses
LTx (inclusive coupling losses to the radiometer). The radiometer has a noise temperature
Tr as given by the manufacturer (or as measured using a hot source and a cold source, see
the section on calibration at the end of this chapter). Applying Eq. 3.7, the overall noise
temperature of the receiver at the position of the antenna (i.e. at the far left in Fig. 3.2)
is

Trec = (Lant − 1)Tant + Lant(LTx − 1)Tamb + LantLTxTr. (3.9)

A typical noise temperature of an ECE radiometer is 104 K (≈ 1 eV) [28]. In a tokamak,
the in-vessel antenna is around 500 K at maximum, while the loss factor of the antenna
is close to unity. For practical purposes Eq. 3.9 can be reduced to

Trec ≈ LTr, (3.10)

where L is the overall loss factor from plasma to the input waveguide flange on the ra-
diometer.

The ECE signal power that the antenna receives is kbTeB. To assess the sensitivity of
the receiver the so called ”system noise temperature” Tsys is used [28, 31]: Tsys = Trec+Te.
The minimum fluctuation in power that can be detected by the radiometer with a S/N
ratio of unity is given by the radiometer formula

Pmin = kbTsysB

√
2Bv

BIF
. (3.11)

36



ECE receivers

The power level Pmin is a function of i) the electron temperature that needs to be resolved
at the input of the antenna, ii) the losses introduced between in-vessel antenna and the
radiometer, and iii) the noise temperature of the radiometer. The overall receiver should
be dimensioned such that the minimum level in ECE fluctuations that needs to be detected
is not limited by ii) or iii), i.e. one must ensure Te À Trec.

Calibration

The noise temperature of a radiometer can be determined by measuring the response
of the instrument to 2 different power levels at the input. This may be achieved by
illuminating the full antenna pattern with radiation from black body sources at two known
temperatures. In practice a temperature controlled oven, with a surface that approaches a
black body, is used to obtain elevated temperature TH , and microwave absorber immersed
in LN2 is used to obtain a fixed lower temperature TL. The corresponding system power
levels at the input are kb(TH + Tr)B and kb(TL + Tr)B, respectively. This situation is
schematically depicted in Fig. 3.6. In the method [28] the so-called Y-factor is used, which

T
r

T
H

T
L

Retractable reflector

V
out

Radiometer

Figure 3.6: Calibration of a ra-
diometer to obtain the response
and the noise temperature Tr.
The reflector can also be made
to rotate, allowing coherent ad-
dition (signal averaging) in case
the difference between TH and TL

is smaller than the (incoherent)
noise on Vout. To obtain a cor-
rect result, the hot and cold sur-
faces must be fully absorbing, and
it must be insured that the antenna
pattern is completely filled.

is the ratio of the response of the instrument to the two different power levels at the input

Y =
TH + Tr

TL + Tr
. (3.12)

From the above expression the radiometer noise temperature is solved

Tr =
TH − Y TL

Y − 1
. (3.13)
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Summary of overall radiometer parameters

Parameter Value
RF bandwidth ECE spectrum to be covered
LO frequency, ωlo = 2πflo Mixer fixed reference oscillator
IF bandwidth BIF = δfece Bandwidth of an individual ECE channel
Video bandwidth Bv Post detector bandwidth in ECE channel
Spatial resolution δR = BIF

R
fece

(no broadening of j(ω))
Channel spacing ∆fece

Optimum channel spacing ∆fece = BIF

Radial resolution ∆R = ∆feceR/fece

Noise temperature Tr Noise power kbTrB introduced by radiometer itself
Overall Receiver noise temp. Trec ≈ LTr (Antenna loss free, Tr À Tamb)
System noise temp. Tsys = Trec + Te (Te is electron temperature)
Minimum detectable Power Pmin = kbTsysBIF

√
2Bv/BIF (SSB receiver)

Table 3.1: Overall radiometer system parameters.
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TEXTOR

This chapter describes the TEXTOR tokamak and its subsystems. In Section 4.1 the
parameters of the TEXTOR machine are given, and its heating systems are described.
Section 4.2 describes the so-called Dynamic Ergodic Divertor. This is a unique feature at
TEXTOR which allows to generate resonant helical perturbations of the magnetic field,
and to induce tearing modes in a well controlled manner. In Section 4.3 some TEXTOR
diagnostics are discussed that may be used for the detection of tearing modes, followed
by some examples. The chapter is concluded by a summary placing TEXTOR into the
context of the line-of-sight feedback system.

4.1 The TEXTOR tokamak and its heating systems

TEXTOR (Tokamak Experiment for Technology Oriented Research) is a medium sized
tokamak with circular cross-section, major radius R0 = 1.75 m, and minor radius a =
0.46 m, BT < 3 T, and Ip < 0.8 MA [13, 36]. The pulse length is 10 seconds maximum.
Ohmic heating is typically in the range of 300 to 400 kW. Typical operational parameters
are BT = 2.25 T, Ip = 350 kA, central electron temperature Te = 1.2 keV (with ohmic
heating only), and central density ne = 3× 1019 m−3. The parameters are summarised
in Table 4.1. Fig. 4.1 shows a photo of TEXTOR.

Major radius 1.75 m
Minor radius 0.46 m
Toroidal field < 3 T
Plasma current < 0.8 MA
Pulse length < 10 s
Installed heating power (ECRH + ICRH + NBI) 9 MW
Typical Electron and Ion temperature on axis 1.2 keV
Typical electron density on axis 3 · 1019m−3

Table 4.1: TEXTOR parameters.
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Figure 4.1: TEXTOR tokamak
without the diagnostic and heat-
ing systems in place. In blue
the transformer yoke is recognised,
while 4 toroidal field coils (wound
in poloidal direction) are seen.
Also visible are a number of wind-
ings parallel to the vacuum vessel,
which are used to control the posi-
tion of the plasma column.

Heating systems

At TEXTOR three schemes to provide heating in addition to Ohmic heating are installed:
ECRH, Ion Cyclotron Resonance Heating (ICRH), and Neutral Beam Injection (NBI).

The ECRH installation consists of a 0.8 MW, 140 GHz, 10 s gyrotron, and a 0.35 MW,
110 GHz, 0.2 s gyrotron. Extended details on the ECRH installation are given in Chap-
ter 5.

The ICRH installation [41] heats ions at the cyclotron frequency. As the ion mass is
much larger than the electron mass, the operation frequency is much lower than that of
ECRH. The TEXTOR ICRH installation can be tuned from 25 to 38 MHz, and is rated
at 4 MW, 10 s. Two sets of two antennas on the Low Field Side of the tokamak are used
for wave launch.

In a Neutral Beam Injector ionised atoms are accelerated to high energy, neutralised,
and injected into the plasma. As the particles are neutral they are not deflected by
the magnetic field and can penetrate deeply into the plasma. Once they are ionised they
transfer their energy through collision to the bulk of the plasma. At TEXTOR two Neutral
Beam Injectors are installed, rated to produce up to 4 MW during 3 seconds. The beams
are injected under a toroidal (but opposite) angles to obtain a longer ionisation path.
Toroidal injection also allows to modify the plasma rotation due to momentum transfer of
the beams.

4.2 DED

A unique feature of the TEXTOR tokamak is a set of helically wound coils on the High
Field Side of the vessel. The pitch that the windings follow is parallel to field lines on
the q = 3/1 surface. The magnetic perturbations from this set of coils manipulates the
outer flux surfaces of the plasma, with the principal aim to divert these to divertor plates
at the edge of the plasma. The set of coils is called the Dynamic Ergodic Divertor, or
DED [17]. The coils can be wired to produce either a dominant m/n = 12/4, 6/2, or 3/1
perturbation of the magnetic field. The DED can be operated using both DC and AC.
A given set of frequencies in the range of 0 to 10 kHz can be selected. When operated
using AC a rotating magnetic perturbation is generated. A cartoon of the DED coils is
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Figure 4.2: Illustration of the
DED windings inside the vacuum
vessel. The configuration shown
is for the 3/1 mode: 3 groups
of windings, with the windings in
each group connected in parallel.
(The single green coil is a compen-
sation coil.)
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Figure 4.3: Perturbation by the
DED on the vacuum field [37].
This picture is obtained by adding
the vacuum fields from the DED to
the plasma field, and neglects ef-
fects from additional currents in-
duced by the DED fields in the
plasma. Plasma parameters are
Ip = 300 kA, BT = 2.25 T , and a
DED current of 3.75 kA. The large
2/1 and 3/1 vacuum islands can
be seen.

shown in Fig. 4.2, and a plot of the perturbation on the vacuum field is shown in Fig. 4.3.
In its 3/1 configuration, a strong 2/1 side band is present which becomes the dominant

perturbation further inside the plasma. When the DED current exceeds a well defined
threshold, this 2/1 side band triggers a 2/1 tearing mode in the plasma [38]. The 2/1
tearing mode is then locked to the 2/1 perturbation field of the DED, which means that
its rotation is synchronised with the DED frequency. Because of their high reproducibility
these DED induced 2/1 tearing modes form an ideal target for studies of the physics of
tearing mode suppression [39], and for the development of closed-loop control systems for
the suppression of tearing modes, i.e. the context of this thesis.

The island width of a typical m,n = 2,1 tearing mode in TEXTOR varies from several
cm to 10 cm. The rotation frequency is typically around 1 kHz, and may be modified
by plasma rotation or DED operation. TEXTOR does usually not reach parameters to
induce sizeable bootstrap currents, and as a result the neoclassical drive of the modes is
negligible. As a consequence, under most operating conditions NTMs do not occur on
TEXTOR.
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4.3 Diagnostics

The design of the TEXTOR tokamak is optimised to study plasma wall interaction [13],
and a comprehensive set of plasma edge diagnostics is available [40]. In this section only
some diagnostics which may be used to detect tearing modes are discussed.

4.3.1 ECE measurements

From Table 2.1 it was seen that 2-nd harmonic X-mode is the preferred option for appli-
cation of ECRH and ECE at TEXTOR. Fig 4.4 plots the 2-nd harmonic ECE-spectrum
at TEXTOR as a function of major radius for a typical toroidal field on axis of 2.25 T.
ECE measurements at TEXTOR are routinely made using an 11 channel ECE receiver

Figure 4.4: Frequency of the 2-
nd harmonic ECE in TEXTOR
as a function of major radius
for a typical toroidal field of
BT = 2.25T on axis. The varia-
tion of ECE frequency with radius
at 140 GHz (gyrotron frequency) is
≈ 800 MHz / cm, as may be veri-
fied with Eq. 3.3.

[34, 42], and an ECE ”imaging” system [35].
The 11 channel receiver measures in the 2-nd harmonic X-mode, and covers the RF

band from 105 to 145 GHz. At a toroidal field of 2.25 T this covers approximately 60 cm
centered around the axis of the plasma. The RF band is divided in 11 discrete ECE
channels, the front-end of each channel is in fact an individual radiometer. The centre fre-
quencies are: 105, 107, 110, 112, 115, 120, 125, 130, 135, 140, and 145 GHz. The channels
have an IF-bandwidth of 100 to 200 MHz (depending on the particular radiometer), and
a video bandwidth of 10 kHz. The antenna is mounted at the low field side.

The ECE imaging receiver measures 2-nd harmonic ECE in a 2-D array in a poloidal
cross section. See Fig. 4.5. This is achieved by imaging a vertical cord through the plasma
onto a detector array as shown in the figure. This vertical cord is then viewed by 16 hori-
zontal line of sights. Each such a line of sight is treated as a separate 8 channel radiometer.
A single local oscillator is employed for all 16 radiometers. By tuning the local oscillator,
the 2-D array shown in the figure can be moved further in- or out of the plasma. An
individual ECE channel in the array has a bandwidth of 700 MHz. The video bandwidth
is adjustable between 70 Hz to 240 kHz, but is routinely set at 100 kHz.
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Figure 4.5: ECE Imaging receiver.
The 2-D array of points in the
plasma is created by imaging a
vertical cord onto the detector ar-
ray in the receiver. This cord is
sampled by 16 horizontal lines of
sight, each such a line of sight is
in fact an individual 8 channel ra-
diometer.

4.3.2 Thomson Scattering

A well established scheme to measure electron temperatures and electron densities is by
scattering electromagnetic waves off electrons. The interaction of the electron with the
electric and magnetic fields of the wave causes it to accelerate, and to emit electromagnetic
radiation [25]. In case the photon energy is much smaller than the electron rest-mass
energy, the change in mean electron momentum is negligible, and the process is called
Thomson Scattering. The spectrum of the scattered wave is a representation of the electron
velocity distribution, from which the electron temperature and density may be derived.
Typically a laser is fired vertically through the centre of the plasma, and by collecting
the scattered signal along the cord, the electron temperature and electron density along
the cord are resolved. As with Thomson Scattering the electron velocity distribution is
measured, the electron temperature is derived without the need to cross calibrate the
instrument against a body at know temperature.

At TEXTOR a Thomson Scattering diagnostic is installed that utilises a multi-pulse
intra-cavity ruby laser (694.3 nm). It is optimised to follow fast fluctuations by firing 40
pulses in a time frame of 9 ms. [43]. Each such laser pulse provides a radial electron
temperature, and a radial electron density profile. The spatial resolution of the profiles,
when measuring over the full radial cord of 900 mm, is 6 to 9 mm.

4.3.3 Mirnov coils

At TEXTOR 8 Mirnov coils are mounted equidistantly spaced along the torus (”toroidal
Mirnov Coils”) measuring a poloidal flux. An array containing 21 coils is mounted in
a poloidal cross section (”poloidal Mirnov coils”) [44]. The poloidal array contains coils
both measuring a poloidal flux, and coils measuring a radial flux.

4.3.4 Illustration of a tearing mode

An illustration of a 2/1 tearing mode in TEXTOR is given below. The discharge used is
#99182, with Ip = 300 kA, BT = 2.25 T, and plasma line averaged density ne = 2.0×
1019 m−3. The DED was operated at 1 kHz. The location of the main flux surfaces is
given in Fig. 4.6. The resonant surface of the 2/1 mode in the equatorial plane is seen to
be located at R = 1.54 m on the high field side, and at R = 2.05 m on the low field side. In
frequency space (see the scale above the figure) this corresponds to 143 GHz, and 108 GHz
respectively. Fig. 4.7 shows two Thomson profiles, taken around t = 2.5 s with a 1.4 ms
interval. The ”shoulders” at z = -0.3 m and z = 0.3 m show the clear presence of the 2/1
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island. Further analysis of this pulse using Thomson Scattering is given in Ref. [45]. In
Fig. 4.8 temperature traces of the EC11 radiometer are shown (channel 103 GHz omitted
as it was faulty). The fluctuations on the channels near the resonant surface can clearly
be seen. Fig. 4.9 shows data from 3 poloidal Mirnov coils for #99182, spaced by 30o. Note
the increase in phase shift between the traces. Finally, Fig. 4.10 shows data from the ECE-
imaging diagnostic for #99182. As the array of the imaging diagnostic is small compared
to the island size, it is chosen to show data from one row in the array, i.e. an ordinary
radial profile but with high spacial and temporal resolution. All channels lie on one side
of the resonant surface, and no phase inversion is seen. The amplitude modulation of each
individual channel clearly shows X- and O-point though, and the absolute amplitudes of
the channels shows the radial location of the channel inside the island.
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Figure 4.6: Main magnetic flux
surfaces for # 99182.

−0.5 −0.4 −0.3 −0.2 −0.1 0 0.1 0.2 0.3 0.4 0.5
0.0

0.2

0.4

0.6

0.8

1.0

1.2

z [m]

T
e [k

eV
]

Figure 4.7: Two electron tempera-
ture profiles by Thomson Scatter-
ing around 2.5 s with an 1.4 ms
interval. The two shoulders at ±
30 cm indicate the 2/1 island.

44



TEXTOR

2.500 2.501 2.502 2.503 2.504 2.505 2.506 2.507 2.508 2.509 2.510
t [s]

 E
C

11
 [a

.u
.] 

 

 

f = 107 GHz
f = 109 GHz
f = 112 GHz
f = 115 GHz
f = 120 GHz
f = 125 GHz
f = 130 GHz
f = 135 GHz
f = 141 GHz
f = 145 GHz

Figure 4.8: EC11 temperature traces (a.u.) for TEXTOR #99182. The oscillations in the
vicinity of the resonant surface (channels 141 and 109 GHz) are clearly seen. The channels
all lie inside the resonant surface, and no counter phase is observed for the island on the
q = 2 surface.
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Figure 4.9: Time traces of three Mirnov poloidal coils for #99182. The coils are spaced
30o apart, and the phase delay between the successive channels may be observed.
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Figure 4.10: Data from one row in the ECE-imaging array for #99182, providing a radial
profile. All channels are located on one side of the resonant surface. The modulation in
amplitude of the individual channels shows the location of X- and O-point. The amplitude
of the channels is proportional to the location inside the island.

4.4 Summary

It is seen that the TEXTOR tokamak is well suited for the implementation of a pilot
for a line-of-sight feedback scheme for the stabilisation of tearing modes. The DED is a
powerful tool to manipulate magnetic islands. TEXTOR has a number of diagnostics that
allow verification of island induced fluctuations on the electron temperature and magnetic
field, while the ECRH installation provides the actuator in the line-of-sight scheme.
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The TEXTOR ECRH installation

In this chapter an overview is given of the ECRH installation at TEXTOR and of its
capabilities. Attention is paid in particularly to those items relevant for use of ECRH
as actuator in closed-loop control. The chapter is organised as follows. In Section 5.1
an overview of the ECRH installation is given. In Section 5.2 the transmission line that
relays the power from the gyrotron to TEXTOR is described. Then the set-points for
closed-loop are discussed: i) gyrotron power modulation (Sec. 5.3), and ii) the moveable
in-vessel launcher (Sec. 5.4). Section 5.5 gives a chapter summary.

5.1 Overview of the TEXTOR ECRH installation

The TEXTOR ECRH system, designed for 2-nd harmonic X-mode operation consists of
two gyrotrons, a 110 GHz, 350 kW, 200 ms gyrotron, and a 140 GHz, 850 kW, 10 s
gyrotron. Presently the old 110 GHz gyrotron is used only for diagnostic purposes, where
is functions as the high power probe beam in a Collective Thomson Scattering diagnostic.
In this diagnostic, collective scattering off electrons shielding the ions allows to infer the
one dimensional ion velocity distribution [25, 46]. The new 140 GHz gyrotron is the main
workhorse for ECRH and ECCD experiments. For the work described in this thesis only
the 140 GHz gyrotron is used, and references in this thesis will be to this gyrotron only.

Gyrotron principle

The gyrotron principle of operation is that of an electron cyclotron maser [47]. It consists
of a tube, with at one end a filament that generates free electrons, while a voltage applied
over the tube accelerates the electrons towards the other end of the tube. At approximately
1/3 of the tube height, a strong super conducting magnet (order 5 T) is located creating
an axial magnetic field. Here the accelerated electrons enter into a cavity, also referred
to as the resonator. In the cavity the electrons interact with the magnetic field, and
with the transverse electric field set up in the cavity. The interaction causes bunching of
the electrons, which under the proper resonance conditions, leads to transfer of kinetic
energy of the electron beam to RF-wave energy. The RF wave is coupled out of the tube
perpendicular with respect to the electron beam by means of a Vlasov mode convertor [48],
resulting in a linear polarised Gaussian wave beam. The spent electron beam continues
axially and is dumped on the collector at the other side of the tube. A schematic of the
basic arrangement is shown in Fig. 5.1.

47



Chapter 5

Figure 5.1: Schematic showing the
basic gyrotron arrangement. The
tube shown is the actual 140 GHz
gyrotron in operation at TEX-
TOR. The super conducting mag-
net has been drawn in approxi-
mately to scale.

The 140 GHz gyrotron

The 140 GHz gyrotron has been produced by GYCOM, and has been taken into service
in 2002. It is a diode type two terminal tube, shown in Fig 5.1. The typical beam voltage
is 70 kV, with a beam current of 38 A. The duty cycle of the tube (at 850 kW, 10 s) is
1:100, set by the thermal load of the spent electron beam on the collector.

The gyrotron RF output beam has a 97% Gaussian beam content. This is increased to
99% by reflecting the beam of two mirrors with surfaces correcting the beam phase fronts.
The gyrotron centre frequency is 139.85 GHz, with a stability during a 10 second pulse of
better than 100 MHz.

Safety systems

A considerable array of protection systems for personal safety, gyrotron, and TEXTOR
are in place. The systems guarding personal safety include High Voltage interlocks, de-
tection and warning of magnet operation, and X-ray and RF-power monitoring around
the gyrotron enclosure. All gyrotron cooling systems are made fail-safe. The gyrotron
output power and the gyrotron frequency are monitored continuously, and an emergency
stop is generated in case these are outside range. By employing arc detectors (optical and
acoustical), and by guarding the level of reflected RF-power, the installation and transmis-
sion line are protected from faults in transmission of forward power. High power ECRH
launch in an empty vessel could lead to serious damage to TEXTOR. A circuit monitoring
plasma parameters is in place that only allows ECRH launch in a well absorbing plasma.
As a back up, so-called ”sniffer-probes” have been developed that monitor power at the
gyrotron frequency at two locations (diagnostic ports) around the vessel. In case of poor
ECRH absorbtion by the plasma these monitors generate an interrupt. More details on
control and safety may be found in [15, 16].
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Relay to TEXTOR and power deposition

The gyrotron and the torus are at vacuum, and ”resonant” Chemical Vapor Deposition
(CVD) diamond windows are used as interfaces. Resonant windows minimise reflections
of the incident ECRH power while the CVD Diamond has low absorption and a very high
thermal conductivity, allowing fast removal of dissipated heat. Such windows are discussed
in detail in Chapters 7 and 8. The ECRH power is transmitted from the gyrotron to the
torus by a quasi-optical transmission line of 30 m length, discussed in more detail in
Section 5.2. The ECRH is launched inside the vessel by means of a steerable mirror,
detailed further in Section 5.4. At BT on axis of 2.25 T, absorption of the ECRH power
is at R = 1.58 m, i.e. on the high field side of the tokamak. At BT = 2.5 T the power
deposition is in the centre of the plasma. The output power of the gyrotron can be
continuous, or can be modulated as described in Section 5.3.

5.2 Transmission line

The microwave beam leaving the gyrotron is conditioned in two units adjacent to the gy-
rotron as described below, and next relayed to TEXTOR by the transmission line. Fig. 5.2
gives a plot of the beam radius as a function of propagation distance, starting from the gy-
rotron, and finishing in the TEXTOR vessel. Starting from the gyrotron, the beam passes

Figure 5.2: Beam radius in the TEXTOR ECRH transmission line as function of distance.
The solid black curve is the beam radius, while the dotted blue lines indicates position and
size of the mirrors along the line. At the gyrotron output window (z = 2 m), and at the
torus window (z = 30 m) the beam radius is small in order to pass the resonant windows.
The beam radius is large over most of the trajectory to avoid divergence of the beam, and
to minimise power flux density on the mirrors.

through the gyrotron CVD Diamond window (aperture 88 mm) and is coupled directly into
the ”Matching Optics Unit” (MOU) containing the two mirrors optimising the Gaussian
beam content [49]. The beam is then coupled into a ”Measurement of Transmitted and
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Reflected Power” unit (MTRP) where measurements of forward and reflected power are
carried out [50]. In addition the MTRP contains a set of polariser mirrors [51] which allows
to create any desired polarisation of the waves. The forward power is measured by means
of a µ-wave detector, but also by means of a caloric measurement, which taps off 1% of
the forward power. The beam emerging from the MTRP is coupled into the quasi-optical
transmission line by means of a retractable mirror. With the mirror in place, the 140 GHz
beam is relayed to TEXTOR, without the mirror, the 110 GHz gyrotron is selected. Up
to this point the beam radius is kept relatively small (up to 4 cm) in order to keep the
installation inclusive MOU and MTRP to a reasonable size. As a consequence all mirrors
in this section of transmission line need to be water cooled. Following the selection mirror,
the transmission line mostly runs overhead, and plenty of open space is available. The
beam radius is increased such that water cooling of the mirrors is no longer required, and
beam divergence (see Sec. 8.2.6) is kept small over the relatively large distances between
mirrors. The transmission line penetrates the TEXTOR biological wall by means of a
”labyrinth” arrangement: an enclosure between the gyrotron platform and the TEXTOR
bunker which introduces two right angles in the beam path such that a direct line-of-sight
through the biological wall is avoided. A sketch of the gyrotron arrangement up to the
labyrinth is given in Fig 5.3. The labyrinth may also be used as a dummy load for the

Figure 5.3: Sketch of gyrotron
layout and the labyrinth arrange-
ment.

RF power. For this purpose, the walls are lined with heat resistant stones. By means of
switchable optics inside the labyrinth, the ECRH power is scattered onto the stones, or
it is relayed to TEXTOR. Entering the TEXTOR bunker, the transmission line runs for
about 10 meters overhead, and is than in stages guided down towards the TEXTOR CVD
diamond window.

5.3 Modulation

The gyrotron RF power can be modulated by switching the beam voltage on and off,
or by modulating the beam voltage. The first mode of operation is referred to as gate
modulation, while the second mode is referred to as beam voltage modulation.

In the case of gate modulation the beam voltage is switched on and off altogether. This
causes a 100% modulation depth. The time constants in the overall high voltage instal-
lation limit the gate modulation frequency to approximately 100 Hz. Another drawback
of gate modulation is that during the first few 100 µs of each pulse spurious modes are
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present in the RF power. These spurious modes occur in the cavity as the beam voltage
rises. The spurious modes produce output powers of up to 500 kW at frequencies within
a few GHz of the nominal gyrotron frequency.

When beam voltage modulation is applied, the beam voltage is reduced by up to
15 kV. This causes the output power to typically drop by 80 to 90 %, the exact percentage
depending on the overall gyrotron parameter settings. As the beam voltage is only reduced
by ≈ 20% the mode in the cavity is not changed, and no spurious modes occur during
beam voltage modulation. The change in beam voltage is much smaller, and the time
constants are such that the maximum modulation frequency reached in this case is 7 kHz.
The drawback of beam voltage modulation is that one cannot reach 100% modulation
depth. In order to allow beam voltage modulation by means of an external oscillating
reference signal, a dedicated modulation circuit was developed. The circuit allows beam
voltage modulation between 0 to 15 kV, with a duty cycle between 20 and 80%, and a
phase delay adjustable over 0 to 2π.

Examples of gate modulation and beam voltage modulation are shown in Fig. 5.4.

Figure 5.4: Examples of gyrotron modulation schemes. The left hand plot (TEXTOR
97254) shows gate modulation (”on-off” modulation). In this scheme 100% power mod-
ulation is achieved, however, the maximum modulation frequency is limited. In the right
hand plot (TEXTOR 97777), beam voltage modulation is shown. The top trace is a refer-
ence signal (in this particular case a signal proportional to the current in one of the DED
coils), while the lower trace shows the gyrotron power modulated between 400 and 70 kW.
The duty cycle has been set to 20%, and a phase delay (with respect to the positive zero
crossing of the reference signal) of 225o was added.

5.4 Launcher

5.4.1 Front-end optics

The TEXTOR CVD Diamond window is identical to the gyrotron window. The beam
radius of the ECRH beam is reduced to a waist of 22.5 mm before it enters the vessel.
This value results from a practical design rule in quasi-optics, which sets the diameter
of components to 4w in order to cover 99.97 % of the power [22]. After passing the
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window, the beam is reflected upwards by a fixed copper mirror under 45 degrees. The
mirror surface is convex to spread the power density of the beam on the final moveable
launching mirror. This mirror is concave and elliptically shaped with dimensions and radii
of curvature as shown in Fig. 5.5.

Figure 5.5: Left: launcher mirror as mounted in-vessel, with dimensions and radii of
curvature. To the right: mechanism of push and pull rods that move the mirror in toroidal
direction (rotation axis and rods in red) and poloidal direction (rotation axis and rod in
yellow).

The curvatures are chosen such that a beam waist of 10 mm is achieved at a the centre
of the vacuum vessel with the beam launched perpendicularly in the equatorial plane. The
mirror consists of a stainless steel frame, with a copper insert approximately the size of the
beam radius, and an overall copper surface. Mirror size and material are a compromise
between reduced weight (low inertia), sufficient heat capacity (no water cooling inside the
vessel), low surface losses (high conductivity → low losses), and manageable ”disruption
forces” (low induced current density). In a disruption, the plasma current disappears in a
short time (order 10 to 100 ms) which induces large currents in the in-vessel components.
As the current through the toroidal field coils can not cease in this short time, this results
in large j×B forces on those current carrying in-vessel components.

5.4.2 Steering mechanism and control

The launching mirror can be rotated around it’s vertical axis, and around it’s horizontal
axis, see Fig. 5.5. This corresponds to steering the ECRH beam in toroidal and poloidal
direction. The movement is initiated by means of push-pull rods mounted at the rear
of the mirror. These rods are fed through the vessel by means of vacuum bellows, and
connect to two linear electric actuators outside the vessel. The steering mechanism and
overall launcher construction is shown in Fig. 5.6. The steering mechanism allows the
ECRH beam to be steered over a range of −45o to +45o in toroidal direction, where to
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Figure 5.6: Drawing and photo of launcher. The two servo actuators operate two push-pull
rods that move the copper mirror (photo) up and down, and left and right. In the vessel
this correspond to movement in poloidal and toroidal direction respectively. The ECRH
Beam is incident on the launching mirror from below.

the right is defined as the positive direction. In poloidal direction, where the positive
direction is defined upwards, the beam can be steered from −30o to +30o. For the work
on feedback stabilisation of tearing modes, the mirror movement in both directions is
specified to be 10 degrees within 100 ms. The position accuracy is set at 1o. Analysis
of the inertia of the launcher components (launcher mirror, driving rods, motor shaft)
and an estimate of friction forces, [52] resulted in a nominal rating of the actuators of
F ≥ 500 N , P ≥ 250 W . The construction of the push pull rods is such that the
actuators require a stroke of ≥ 30 mm. Available actuators with this stroke were found
to have a rating of F = 1600 N and P = 250 W , and those were purchased. The
selected actuators are of type MA4085F, by Danaher Motion Kollmorgen. The actuators
are energised and controlled by digital servo amplifiers of type ServoStarTM600, also by
the company Daneher Motion Kollmorgen. The overall system has a versatile interface,
allowing to specify set-point or trajectories by software, but also offers position-, velocity,
and current (torque) control to configure customised closed-loop control.

5.4.3 Characterisation and dedicated closed-loop control

Currently a dedicated closed-loop control system for launcher steering is under develop-
ment [53, 54]. To this purpose the frequency response function of the overall launcher
system as installed at TEXTOR has both been measured in situ, and on a launcher mock-
up in the laboratory. In parallel an overall model of the launcher mechanics has been
developed. Based on the measurements and the model, the dynamics of the system have
been analysed in detail. The result of this analysis of the dynamical properties has enabled
the design and tuning of dedicated launcher closed-loop control [53, 54].

The set-points (rotation and elevation) that are input to the launcher closed-loop
control circuit, are either handed down by the ECRH control system (i.e. as fixed set-
points, or as pre-programmed sweeps), or by means of two reference signals generated by
the feedback system for stabilisation of tearing modes described in this thesis.
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5.4.4 Data acquisition and control system

The ECRH control system is based on a Programmable Logic Controller (PLC) and a
VME timing and data acquisition system. To accommodate the feedback system the data
acquisition system has been upgraded to a so called ”PXI” system by National Instru-
ments. This is a compact modular PC platform for industrial instrumentation. The system
bought for the ECRH installation consist of two sub-racks with ADCs, two input-output
cards that allow digital signal processing (”Field Programmable Gate Array” or FPGA
cards), a CPU card and a hard disk. These last two items are in fact a dedicated computer
on which a so-called ”real time” operating system runs that allows communication with
the cards in the sub-racks, and enables to load and execute the custom software. Dur-
ing operation the PXI system functions stand-alone, only triggered by the TEXTOR and
ECRH timing signals. It runs the custom software, which is presently the ADC software
that collects and stores the analog diagnostic signals from the ECRH installation. Cur-
rently under development on the PXI-platform, is the software for the implementation of
the feedback system for the stabilisation of tearing modes [53].

5.5 Summary

In this chapter an introduction to the gyrotron and the ECRH installation at TEXTOR
was given. ECRH will be used as the actuator in the line-of-sight feedback scheme for
the suppression of tearing modes, and particular attention was paid in this chapter to the
actuator set-points: i) power and power modulation of the gyrotron, and ii) the launching
arrangement to steer the ECRH beam through the TEXTOR vessel.
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Requirements for the line-of-sight
feedback system at TEXTOR

The subject of this chapter is closed loop control of tearing modes using ECRH as an
actuator. A prerequisite for effective suppression of the mode is accurate deposition of
the ECRH at the O-point of the mode. This requires a sensor to localise the mode with
sufficient accuracy, and in addition it requires the calculation of the actuator set-points
to achieve the desired ECRH deposition radius and on-time with sufficient accuracy. In
Section 6.1 of this chapter, the principle of detection and localisation of the mode by
possible sensors is given, followed by a discussion on how set-points for the actuator may
be derived from this. In Section 6.2 an introduction is given to control schemes to suppress
tearing modes. In Section 6.3 a control scheme based on localisation by a line-of-sight ECE-
receiver is introduced. This is followed by the requirements for a dedicated ECE receiver
for this scheme in Section 6.4. A chapter summary is given in Section 6.5.

To aid the discussion in this chapter, a generic schematic of a control circuit to suppress
tearing modes by ECRH is shown in Fig. 6.1. In this scheme, an island in the tokamak
plasma is controlled by means of the ECRH actuators. These are the ECRH launcher
angles, and the ECRH power. Detection, localisation, and monitoring of the island pa-
rameters is by means of sensors, referred to as diagnostics. Closed-loop control is obtained
by feeding the measurements of the diagnostics into the ”controller” that generates the
actuator set-points on the basis of the information contained in these signals.

Figure 6.1: Schematic of a generic
control system for the suppression
and stabilisation of tearing modes.
The diagnostics are the sensors
used to detect the mode(s) in the
plasma, while the ECRH gyrotron
and launcher are used as actua-
tors.
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6.1 Mode localisation and ECRH deposition

Detection and localisation of tearing modes

The sensors for the detection and localisation of tearing modes must provide the location of
the resonant surface rs, the rotation frequency, and the location of the X-and O-points as a
function of time. Depending on the type of control circuit used (open-loop or closed-loop,
discussed the next section) a measure of the island width is required as well.

In the section on tearing instabilities (Sec. 2.1.2), it was seen that tearing modes may
be detected, for example, by observing magnetic perturbations picked up by Mirnov coils,
and by observing the perturbation that the island causes on the electron temperature
profile.

Mirnov coils located around a poloidal cross section will pick-up the perturbation in
poloidal magnetic flux at the edge of the plasma, while Mirnov coils mounted such that the
coil windings are radial to the plasma, will pick up perturbations in radial magnetic flux
at the plasma edge. In Fig. 6.2, a set of Mirnov coils monitoring the poloidal magnetic
flux is shown. A rotating island will cause a perturbation in magnetic flux density at

Island

rotation

Figure 6.2: Poloidal cross section
of plasma with rotating m/n = 2,1
island. Consider a unit area as
given by the red square in the fig-
ure. In the island’s O-point there
is an imbalance of current density
(in the figure flowing into the pa-
per) with respect to the X-point.
As the island rotates, this leads to
a varying current density through
the square. The poloidal magnetic
flux that this causes is picked up
by the Mirnov coils.

the plasma edge as explained in the caption of Fig. 6.2. By correlating data from a set
of Mirnov coils, the presence of an island, the mode numbers, and a relative measure of
it’s size can be obtained. But crucially, the location rs of the resonant surface is not
determined. The mode numbers m,n identify the safety factor at the resonant flux surface
as q = m/n. The location of this magnetic flux surface will have to be derived from
other plasma parameters. An accurate reconstruction of the q-profile, in particular for
non circular plasma’s, requires a full plasma equilibrium reconstruction.

Detection and localisation of the island as achieved by observing the perturbation that
it causes on the electron temperature profile, is shown schematically in Fig. 2.8. In Fig. 6.3
an exploded view of the perturbation is given, together with an ECE channel on either
side of the resonant surface. The figure and caption show how a set of ECE channels
along the plasma radius enables to detect the presence of an island, and how the X- and
O-point can be inferred. The frequency of the oscillations is the frequency at which O-
and X-points pass in front of the ECE antenna. The phase relation between the channels
allows to find the resonant surface, and allows to determine the O-point and the X-point.
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Figure 6.3: Cartoon showing how
O- and X-point are determined
by the counter phase between two
ECE channels on either side of
the resonant surface. The red and
blue dots lie on the electron tem-
perature profile in case there would
not be an island. In the case an
island is present, the dots move
up and down with the island fre-
quency, modifying the profile

The ECE frequency span over which the oscillations are observed is a measure of the width
of the island. In case the ECE channels are relatively calibrated, the amplitude of the
oscillations may also be used to assess the island size. The ECE channels will normally be
laid out such that the channel spacing ∆fece is larger than the IF-bandwidth, in which case
the channel spacing determines the minimum island size that can be detected. Once the
island has been located in the ECE spectrum, the mapping of the ECE frequencies to the
plasma radius determines the absolute radial localisation. In order to do this, knowledge
of the plasma profiles and equilibrium is required. In addition, broadening of the emission
j(ω) due to relativistic mass correction and Doppler shift need to be taken into account.

Detection of X- and O-point

A number of real time algorithms to detect and localise islands using electron temperature
data exist [9, 10, 53, 55]. The basic method applied is that of correlation between ECE
channels. The first step is to a.c. couple each ECE channel to remove the average electron
temperature (the term 〈I(t)〉 in Eq. 3.4). Next, the cross correlation between channels can
be calculated. In case there are no other significant fluctuations present, the ECE channels
that are located on the same side of the resonant surface rs will show high correlation
with 0o phase difference, while the ECE channels that are on opposite sides of rs will show
high correlation with 180o phase difference. By knowledge of the relative radial position
between the ECE channels (and assuming a negative gradient in the temperature profile)
the location of the O- and X-points is determined uniquely.

Localisation of ECRH

Once the island location, size, rotation frequency, and X- and O-point are known, the
ECRH launching angles, and the phase and duty cycle of the ECRH power (in order
to apply O-point heating) need to be determined. In general, the sensors for detection
and localisation are situated at a different section of the torus, requiring a conversion of
coordinates. Moreover, in the section on wave propagation (Sec. 2.2.1) it was seen that
the plasma is dispersive. As a consequence, steering the beam at the ECRH frequency to
the location as derived from the sensors, will require ray tracing [8] in order to obtain high
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accuracy in alignment. Experiments on TEXTOR indicate that the required accuracy is of
the order of the ECRH spot size, which is about 1 cm. This accuracy does not reduce when
scaling to a bigger tokamak: extrapolations from current experiments and calculations of
the stabilising effect of ECCD predict that also in ITER the available power must be
localised at the position of the island with an accuracy of about 1 cm [7]. Variation of
the initial deposition location due to evolution of the equilibrium will need to be followed.
In order to maintain accurate alignment of ECRH with the island, it is envisaged that an
equilibrium reconstruction in real time is performed.

6.2 Control schemes for the suppression of tearing modes

Open-loop control

Suppression of tearing modes by ECRH in open-loop control has been verified by toka-
mak experiments equipped by ECRH [39, 56, 57]. Feed forward control requires advance
knowledge on the exact island position. This advance knowledge can e.g. be obtained by
a look-up table using previous experiments, or by a full reconstruction of the plasma equi-
librium. The actuator settings may be pre-programmed, or computed using the plasma
equilibrium to deposit at the required resonant surface. Data from Mirnov coils and ECE
may be used to modulate the power in phase with the island O-point. The method is only
effective as long as the plasma parameters stay in range. Another drawback of open-loop
control is that there are no criteria when to cease or reduce the ECRH / ECCD as the
effect on island size is not fed back into the control circuit.

Closed-loop control

To optimise suppression and stabilisation, the next step is to monitor the effect of the
ECRH / ECCD on the island size, and adjust the set-points of the actuators accordingly.
This is closed-loop control, or feedback control. Closed-loop control schemes for stabil-
isation of tearing modes are actively worked on at many tokamak experiments. When
limited to those schemes using ECRH to drive current for stabilisation, these include
[8, 9, 10, 11, 53].

In a closed-loop control scheme, the controller continuously monitors the island pa-
rameters, and computes modified actuator set points. For ECRH these are: the launching
angles, the power level, and the on-off time. One could also leave the ECRH launcher
angles constant, and change e.g. the toroidal field in order to move the radial location of
the island with respect to the ECRH. The disadvantage of the latter method is that it
cannot be applied on future, large tokamak reactors with super-conducting toroidal field
coils.

The principal control scheme does not come across as over-complicated in the above
terms, but what really makes it a difficult problem is the requirement to apply the current
in the island’s O-point with high accuracy [11, 58, 59].

To achieve the required accuracy in a closed-loop control scheme, given the localisation
problem explained in Section 6.1, one must therefore resort to include the reconstruction
of plasma profiles, and a reconstruction of the plasma equilibrium, inside the feedback
loop [8].
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6.3 A closed-loop control scheme based on line-of-sight

In the previous sections it has been illustrated that the real time steering of the ECRH
launcher to deposit the power at the proper location for the suppression of tearing modes
in general requires knowledge of profiles, and a plasma equilibrium reconstruction. These
calculations are complex, and depend on many measured plasma parameters, each prone to
error. Recalling that all these measurements and computations are inside the feedback loop
of the control circuit, it is appreciated that this forms a complex and delicate component
in the control system. An alternative approach has been suggested by Westerhof [12].
A scheme is proposed where the island is detected in the ECE spectrum using the same
line-of-sight as that used by the injected ECRH. By identifying the island location in the
ECE spectrum, and steering the launcher such that the island location overlaps with the
ECRH frequency, the ECRH power deposition on the island is ensured.

This removes the need to compute absolute coordinates, and the need to take refraction
effects of the ECRH beam into account. Such a scheme could be realised by placing an
ECE receiver inside the ECRH transmission line. The principle of this scheme is given in
Fig. 6.4.

Figure 6.4: Cartoon illustrating the principle of the line-of-sight feedback system. The
ECRH launching optics and transmission line are used in reverse direction as an ECE
receiver. The ECE spectrum is chosen to be centred around the gyrotron frequency. This
spectrum is analysed for the presence of an island, and if found, the launcher is moved
such that the island’s O-point is at the centre of the spectrum, and thereby at the gyrotron
frequency. This avoids the need to localise it in absolute coordinates, and avoids the need
to take dispersion of the ECRH ray in the plasma into account, which would otherwise
require a plasma equilibrium reconstruction.

The key component enabling the line-of-sight scheme is a Frequency Selective Coupler,
which has the task to separate the reverse ECE power from the forward ECRH power.
The ECE power to detect is extremely small compared to the ECRH power: in Section 3.1
it was seen that the ECE power per mode of radiation in a bandwidth B is kbTeB. Using
the expression for the radial resolution (Eq. 3.3) one finds that in order to resolve down to
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a cm range, one needs an IF-Bandwidth below 1 GHz. The typical electron temperature
on the q = 2 surface is of the order of 1 keV, on which fluctuations in the order of 10%
need to be detected, or 100 eV. Allowing for several dB of attenuation from the plasma
through the vacuum window to the Frequency Selective Coupler, the typical ECE power
level will be in the order of several nW. Now consider the challenge faced: the ECRH input
power in forward direction is in the order of 1 MW; 15 orders of magnitude above that of
the ECE in reverse direction! This clearly is a considerable challenge. Two facets in the
system may be exploited though: the ECRH power and the ECE power travel in opposite
direction, and the ECRH frequency itself is not of relevance in the ECE spectrum. This
means that the coupler must be made directional, and frequency dependant.

6.4 Requirements for a line-of-sight ECE diagnostic

In this section the specification for the dedicated ECE receiver to be used in the line-of-
sight feedback system for the suppression of tearing modes is drawn up. The requirements
of this diagnostic are detailed in the context of the overall closed-loop control system.
This context is defined by the parameters of the TEXTOR tokamak [13] and its ECRH
system [14], and by the main tasks of the system; namely, detection and localization of
the magnetic islands associated with tearing modes, and determination of the frequency
and phase of the island.

The most important modes for stabilization are the m,n = 2, 1 and m,n = 3, 2
tearing modes on the q = 2 and q = 1.5 surfaces, respectively. Also control of sawteeth
is considered, which requires localization of ECCD near the sawtooth inversion radius.
Fig. 6.5 sketches the geometry of the plasma and the ECRH system for plasma parameters
BT = 2.25 T, and Ip = 300 kA. For these parameters, the ECE resonance is on the high
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Figure 6.5: Flux surfaces and
power deposition for BT = 2.25
T, and Ip = 300 kA in TEXTOR.
The distance between the two ver-
tical green lines covers a frequency
span of 12 GHz centred around the
gyrotron frequency. Variation of
the launcher vertical angle from
0o(solid red line) to 25o(dashed red
line) gives access to the q = 1.5 to
q = 3 surfaces.

field side, and the ECW deposition can be changed from the q = 1.5 to q = 3 surfaces by
variation of the vertical injection angle. At higher magnetic fields the q = 1 surface can be
accessed as well. The ECW power must be localized at rs with an accuracy of the radial
deposition width which on TEXTOR may be as small as about 1 cm. This then sets the
required radial resolution for the ECE diagnostic to ∆R = 1 cm. The variation in ECE
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frequency as function of major radius can be estimated by ∆f/∆R ≈ −fgyr/R0 = −800
MHz/cm (Eq. 3.3), such that the required ECE channel spacing becomes 800 MHz. As
overlap of ECE channels would reduce radial resolution and limit the minimum detectable
island size unnecessarily, the IF-bandwidth BIF of the ECE channels must be less than
800 MHz. However, lower bandwidth results in reduced signal power (Eq. 3.1), and a
larger contribution of ECE intensity fluctuations on the detected signal as described by
Eq. 3.4, repeated below. √〈i(t)2〉

〈I(t)〉 =

√
2Bv

BIF
. (6.1)

As a compromise the IF bandwidth has been set to BIF = 500 MHz. The video band-
width Bv is generally the parameter to reduce the contribution of inherent ECE intensity
fluctuations on the measured signal. Here a compromise must be made with the maximum
rotation frequency that still needs to be followed. At TEXTOR the rotation frequency
of the m, n = 1,2 and the m,n = 3,2 modes is typically around 1 kHz, and the video
bandwidth has been set to 10 kHz. Having set both BIF and Bv, the inherent ECE in-
tensity fluctuations at given electron temperature Te can now be assessed. At an electron
temperature of 1 keV at the q = 2 surface this is 6.3 eV. This should be less than the fluc-
tuations caused by the minimum island size that still needs to be detected. By equating
the gradient length LT of the electron temperature profile with the minor radius a, it is
found that at an island width of 1 cm the relative fluctuation on the electron temperature
profile is 1/46 ≈ 2%. At a temperature of 1 keV this results in 20 eV, which is sufficiently
above the limitation imposed by the selected IF and video bandwidths.

Ideally the full minor radius would be covered by the ECE diagnostic requiring a
frequency span of a ·800 MHz/cm ≈ 37 GHz at equatorial launch. The minimum required
span, however, would be about 12 GHz covering, about a third of the minor radius, which
can be chosen to observe the most relevant part of the plasma between the q = 1 and
q = 2 surfaces (see Fig. 6.5).

The losses that can be tolerated in the system are found by evaluation of the S/N of
the diagnostic. The system noise temperature is Tsys = Trec + Te, in which the overall
receiver noise temperature is Trec = LTr (Table 3.2.1), with L the total losses between
plasma and radiometer mixer, and Tr the noise temperature of the radiometer itself. At the
q = 2 surface the electron temperature Te is taken as 1 keV. For the overall receiver noise
temperature Trec not to affect the performance of the diagnostic, it has been required
that Trec should be at least an order of magnitude below Te, i.e. Trec < 100 eV. The
radiometer (inclusive horn antenna) that is available has a maximum noise temperature
per channel of 1 eV, and as a result the maximum loss L allowed is a factor 100, or
20 dB. A sketch of the situation is given in Fig. 6.6. The losses from the plasma to the
Frequency Selective Coupler are estimated to be very low as this trajectory is part of the
existing high power ECRH transmission line. The losses on the aluminum mirrors in the
transmission line are less 0.5% and are neglected. The remaining losses are then those
caused by the CVD diamond window not being optimised for the ECE frequencies. A plot
of the power transmission of the CVD diamond window is given in Fig. 6.7. The figure
shows that the centre channels are less affected than the outer channels. As an average,
the losses from the plasma to the Frequency Selective Coupler are taken to be 1 dB. The
losses in the waveguide components preceding the mixer, i.e. the bend, the notch filter,
the image rejection filter, and the p-i-n switch are assessed to introduce a loss of 6 dB.
The overall losses excluding the Frequency Selective Coupler are then 7 dB, leaving a
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Figure 6.6: Schematic illustrat-
ing the composition of the losses.
The green box includes the TEX-
TOR vacuum window (not opti-
mised for the ECE frequencies)
and the quasi optical transmission
line with its various mirrors (not
shown). The red box comprises
the components of the overall Fre-
quency Selective Coupler (repre-
sented only by the dielectric plate
in the figure). The blue box con-
tains the waveguide components
preceding the mixer (the horn is
taken to be part of the radiome-
ter). The overall losses should not
exceed 20 dB. The combined losses
in the green and blue boxes are es-
timated at 7 dB, leaving a maxi-
mum of 13 dB for the losses in-
curred by the Frequency Selective
Coupler.
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Figure 6.7: Transmission as func-
tion of frequency of the CVD dia-
mond window on TEXTOR. The
window is optimised for the gy-
rotron frequency. The ECE fre-
quencies spaced 6 to 8 GHz away
from the gyrotron frequency suf-
fer a transmission loss of approx-
imately 1 dB.

maximum tolerable loss for the Frequency Selective Coupler of 13 dB.
The detection is to be achieved in the presence of up to 800 kW of forward power

from the gyrotron. In order to avoid non-linear response (compression) in the radiometer
the power level of stray radiation coming from the gyrotron should be reduced to levels
comparable to the ECE radiation. The CVD Diamond window at the tokamak is calculated
to reflect a fraction of 1 kW of incident power at 139.85 GHz. It is therefore placed
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under a small angle in the transmission line, and the interior of the shielding of the
transmission line is lined with absorber. However some reflected power, for example from
the plasma, is unavoidable. The total reflected power is estimated at 100 W at the position
of the Frequency Selective Coupler. This number is derived from the experiments that
were conducted to minimise reflected power towards the gyrotron during alignment of
the transmission line. The expected power in the ECE channels at this location is in
the order of 1 nW and as a consequence the overall Frequency Selective Coupler must
reduce the gyrotron component by 110 dB to ensure that all spectral components entering
the radiometer are in the same order of magnitude. The frequency selective attenuation
will need to be implemented between the coupling element in the transmission line, and
the input to the radiometer. A notch filter at about 140 GHz, which was available from
previous Collective Thomson Experiments at JET [60], is placed immediately in front of
the radiometer. It was re-tuned to the exact TEXTOR gyrotron frequency (139.85 GHz),
providing 80 dB attenuation with respect to the ECE channels. As a consequence the
coupling element will need to provide a minimum additional 30 dB of attenuation at the
gyrotron frequency with respect to the ECE frequencies under steady state conditions. In
the worst case of total reflection of the ECW power from the plasma, additional attenuation
is required to bring power levels down to a level that is still above possible breakdown of
the notch filter. Data of the actual breakdown voltage of the notch filter was not available,
but in [23] expressions are given for electrical breakdown in air-filled waveguides under
standard sea-level conditions of temperature, pressure, and humidity. For the D-band
horn antenna (inside dimensions 1.65 × 0.83 mm) this is in excess of 1 kW of RF power.
Taking a large margin to allow for finer mechanical structures inside the notch filter, the
maximum power at the input of the horn antenna is set at 10 W. Considering an absolute
worst case scenario where all ECRH power is returned from TEXTOR, this results in a
total required reduction of power at the gyrotron frequency of 50 dB. In such a worst case
scenario, the power level at the output of the notch filter would be a maximum of 100 nW,
well below power levels that can damage the mixer of the radiometer (20 mW absolute
maximum). It is noted that these conditions would never be present for more than a few
ms at the most, as the ECRH installation would initiate an emergency shutdown in case
reflected power levels exceed that of normal operating levels.

A summary of the requirements for the FSC is given in Table 6.1, and a summary on
the requirements of the radiometer is given in Table 6.2.

Parameter Required
ECE channel spacing 800 MHz
ECE span 12 GHz
Max. losses FSC at the ECE frequencies 13 dB
Gyrotron Forward Power 800 kW
Gyrotron pulse length 10 s
Transmission losses at the gyrotron frequency ≤ 5%
Rejection of gyrotron power 50 dB

Table 6.1: System requirements on the Frequency Selective Coupler.
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Parameter Required
RF bandwidth 12 GHz around 140 GHz centre frequency
Channel spacing ∆f = 800 MHz
IF bandwidth BIF = 500 MHz
Video bandwidth Bv = 10 kHz
Noise temperature Tr = 1 eV max

Table 6.2: System requirements on the radiometer.

6.5 Summary

Drawing from theory and the state of affairs described in the previous chapters, this
chapter launched the specification for the line-of-sight feedback system for the control of
tearing modes at TEXTOR. An introduction was given on how localisation is implemented
in existing schemes for tearing mode control, followed by the rationale for using a line-of-
sight scheme. The chapter then systematically analysed the requirements for the scheme at
TEXTOR, so that at the end of the chapter the functional specification for the line-of-sight
receiver was obtained.
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Frequency Selective Couplers

Detection and localisation of modes using the line-of-sight principle requires separation of
ECE power levels typically in the order of nWs from the 800 kW ECW beam traveling in
forward direction. This means that there are 15 orders of magnitude between the gyrotron
power in the system, and the power of the signal that is to be detected. Even tiny levels
of stray gyrotron radiation can disturb the ECE measurements. There are, however, two
aspects that can be exploited to make the task lighter: i) the two signals travel in opposite
directions, and ii) the gyrotron frequency may be excluded from the ECE spectrum to be
measured. A Frequency Selective Coupler (FSC) combines those two aspects, and in this
chapter candidate FSCs will be explored. The chapter is concluded by the arguments
leading up to the final choice of the solution for the TEXTOR system.

7.1 Frequency Selective Coupling elements

In this section candidate Frequency Selective Couplers are assessed by making critical
appraisal against the requirements listed in Table 6.1. In particular gratings, resonant
windows, and Fabry-Perot devices will be discussed.

7.1.1 Gratings

Principle of operation

A diffraction grating is a periodic grooved structure that alters the amplitude and phase
of the reflected waves with respect to the incident waves. As a result diffraction occurs
causing a frequency dependant angular spread of the reflected beam. The grooves may be
thought of as elements of a linear array. The incident beam excites the elements, and these
than act as secondary sources. In the far field, a distance > 2×(array dimension)2/λ [27],
the combined field of the sources decompose the beam such that each wavelength present
in the input beam is reproduced over a range of beams at different angles. The distribution
of power over the multiple output beams is a function of the groove facet angles, shape,
and depth. To find the relation between groove spacing, wavelength, and output beam
refer to Fig. 7.1a. A plane wavefront AB is incident on the two array elements under an
angle θi. Upon diffraction wavefront A′B′ exits under angle θ. The optical path between
A and A′ is d(2π/λ) sin θ while the optical path between B and B′ is d(2π/λ) sin θi. The
path difference is d(2π/λ)(sin θ− sin θi). Maxima occur in case the optical path difference
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Figure 7.1: (a) The black dots represent two elements of a linear array acting as sources
excited by the incident wavefront AB. A phase delay d(sin θ − sin θi) is incurred by the
wavefront A′B′ leading to the grating equation (Eq. 7.1). In (b) is shown how the diffrac-
tion peak can be made to shift away from order m = 0 by specular reflection off a facet
groove. In (c) is shown how the incident beam on the grating is decomposed into multiple
beams with order numbers m = 0, m = 1, etc. The diffraction effects in the higher orders
causes dispersion.

are multiples of 2π giving

d(sin θ − sin θi) = mλ (7.1)

The incoming beam is decomposed into multiple beams with orders denoted by m, where
m can be a positive or negative integer. The case m = 0 gives θ = θi with respect to
the grating normal. In this order no dispersion occurs, and the power in it is wasted for
spectroscopic purposes. In the higher orders θ is a function of the wavelength and the
groove spacing. This results in an angular spread of frequencies in the non-zero orders.
For use as a FSC one of the higher orders needs to be used. To put maximum power
into a higher order mode gratings are ”blazed” as shown in Fig. 7.1b. [61] The facets
are under blaze angle γ. By choosing θi such that approximate specular reflection on the
facet groove, i.e. the diffraction peak, occurs in the direction of a desired higher order, the
power in that order is maximised. In Fig. 7.1c the situation is shown for θi = 0, putting m
= 0 perpendicular to the grating. The diffraction peak is made to coincide with the order
m = 1. The greyed areas in the higher orders illustrate the angular spread in frequencies.
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Application to the Frequency Selective Coupler

Blazed gratings are expected to achieve efficiencies of upto 95 % [22], while even higher
efficiencies have been reported using numerically optimised gratings [62]. A practical
argument against the use of a grating, however, is the large size of the overall construction.
A large beam waist is necessary to reduce the power flux on the grating by the high power
forward ECRH beam. But this means that the spatial separation of each beam, for each
frequency, can only be achieved over very long distances. Six of such beams would need
to be isolated, and six separate RF front ends would be required.

7.1.2 Resonant window

Principle of operation

Vacuum windows used for transmission of gyrotron power can be made to transmit almost
100 % of the incident power, the only limitation being the losses in the window material
itself. The technique that is used is to make the window ”resonant” at the gyrotron
frequency. This is done by in particular tuning of the window thickness: one ensures
that the initial reflected wavefront of the window is in counter phase with all subsequent
reflected components of this wavefront that arise due to internal reflections. The principle
is sketched in Fig. 7.2a. The incoming ray in black is partly transmitted and partly
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Figure 7.2: (a) Light incident on a dielectric. The incident ray in black encounters the
interface air → dielectric. A fraction is transmitted, and a fraction is reflected. The same
happens at the next interface dielectric → to air. The dielectric is said to be resonant in
case ray 1 is fully compensated by the sum of rays 2 to infinity. Fig. 7.2b: Sketch to find
the phase delay between two successive reflected rays.

reflected as it encounters the interface air → dielectric. The situation repeats at the
interface dielectric → air. As a result multiple reflections occur inside the dielectric. Full
transmission occurs in case reflected ray 1 is compensated by the sum of rays 2 to infinity.
Ray 1 incurs a π change in phase upon reflection because it strikes the boundary from the
side of higher velocity. For full transmission (and minimum reflection) to occur the phase
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difference between ray 1 and the subsequent rays therefore needs to be 2π, or a multiple
of 2π. In Fig. 7.2b the the phase difference due to the different optical paths A1 and A2
can be found to be:

ϕ = (4πnd cos θt)/λ0 (7.2)

In this expression n is the refractive index which is equal to square of the relative per-
mittivity εr, d is the thickness of the plate, θt is the angle of refraction, and λ0 is the
wavelength in free space. By equating the expression to m2π the condition for maximum
transmission is found. It can be seen that at normal incidence this is the case for d = m1

2λ,
where λ is the wavelength inside the dielectric. By summing the series of rays 1 → ∞ the
expressions for the overall transmitted and reflected fractions of power in the case without
losses are found: [61, 63, 64]

Pt = Pi
(1−R)2

(1−R)2 + 4R sin2(ϕ/2)
(7.3)

Pr = Pi
4R sin2(ϕ/2)

(1−R)2 + 4R sin2(ϕ/2)
(7.4)

The expressions are know as Airy’s formulae for plane parallel plates. In the expressions
Pi is the incident power, Pt the transmitted power, and Pr the reflected power. Note that
in literature intensity is generally used in those expressions, but under all circumstances
the dimensions of the dielectric are chosen to cover the entire wave beams considered, such
that intensities (I) and total beam powers (P ) are interchangeable. In the expressions R is
the coefficient of reflection (also referred to as the power reflectivity), at normal incidence
and is equal to the square of the reflection coefficient Γb on the boundary between vacuum
and dielectric. At oblique incidence the polarisation must be taken into account and
the Fresnell reflection coefficient must be used [65]. Polarisation can be perpendicular
or parallel. In perpendicular polarisation the E-vector is perpendicular to the plane of
incidence, which is formed by the normal to the interface and the incoming ray. In parallel
polarisation the E-vector lies in the plane of incidence. In the ECRH transmission line
only perpendicular polarisation is used.

Application to the Frequency Selective Coupler

A plot of transmitted and reflected power as a function of frequency is given in Fig. 7.3.
It can be seen that in the case without losses maximum transmission is achieved, and
that the power at the ECE frequencies is only reduced by a factor 0.39 (the maximum
in the reflection coefficient). Inserting a plate under a precise angle in the quasi-optical
beam requires precision engineering, but is not considered a high risk (or cost) factor in
the design. The plate would, however, need to be thick to achieve the required frequency
spacing, and losses in the dielectric are expected to cause a problem. Another anticipated
problem is the effect of walk-off as a Gaussian beam is used at oblique incidence, i.e. the
summation of rays will encounter errors as points at different amplitudes and phase of the
beams will be added. The issue of walk-off will be discussed in detail in Chapter 8.
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Figure 7.3: Transmitted (red) and
reflected (green) power for a plane
wave incident under an angle of
22.5o on a infinitely long dielectric
slab as in Fig. 7.2a. The slab is
25.75 mm thick, εr = 3.805, per-
pendicular polarisation is used.

7.1.3 Fabry-Perots and resonators

Principle of operation

The anticipated problem of high dielectric losses in the principal coupling element could
be eliminated by replacing it with a Fabry-Perot [66]. In this construction the single
dielectric slab is replaced by two plane parallel semi-reflectors as shown in Fig. 7.4a. The

Γ Γ

Γ ΓBeam in Beam out

Reflected beam

Figure 7.4: To the left a basic Fabry-Perot using two semi-reflectors (blue) shown with
exaggerated thickness. Eq. 7.3 and Eq. 7.4 are used again to assess transmission and
reflection as a function of frequency, with the only difference an additional factor π in the
phase delay ϕ upon reflection off a metal surface. The lateral displacement of the beam
in this configuration is quite severe leading to the problem of walk-off in case a Gaussian
beam is used. The cartoon to the right shows an arrangement of a ’folded Fabry-Perot’,
or ring resonator, which eliminates this problem.

semi-reflectors are typically thin metallic meshes, or grids, which can be constructed to
have a reflection coefficient Γ that varies from practically zero to unity [26].
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Application to the Frequency Selective Coupler

Semi-reflectors in the form of metallic meshes or grids for high power microwave transmis-
sion are not possible. There is the problem of arcing due to the high electric field between
the mesh structures, and heating up due to ohmic losses. As illustration: reflection of
aluminium or copper mirror surfaces is typically in the order of a factor 0.999, depending
on the incidence angle and the material resistivity [22]. Despite this high reflectivity, at
800 kW it will still results in hundreds of watts dissipated power; far too much for a fine
mesh structure to handle without removing the produced heat.

An alternative could be the use of thin dielectric disks for the semi-reflectors. These
would need to be thinner than a mm (less than a wavelength at 140 GHz inside the
dielectric) in order to use Eq. 7.3 and Eq. 7.4. Alternatively two resonant windows of a
few λ could be considered, but further analysis of the multiple reflection problem using
two disks of several λ with the air-interspace is necessary to draw final conclusions. For
transmission of the ECRH beam at a large waist these disks would be extremely fragile.
But, transmission at a small waist can be an option in the case that a dielectric with a
very low loss tangent such as CVD diamond is used. For a frequency spacing of 3 GHz, as
in the example for the resonant window (d = 25.75 mm at 22.5o), the spacing between the
windows (the cube size) would need to be

√
er×25.75/ cos 22.5 is 54 mm. For comparison,

the CVD diamond windows currently in use in the TEXTOR ECRH installation have
a diameter of 80 mm. The overall construction, with optics to transform the Gaussian
beam waist to match the desired cube size, and the CVD windows acting as semi-reflectors,
would be costly.

The problem of transmission at high power can be overcome by using fully reflective
components. A resonator constructed on this basis has been high power tested at W7X,
Greifswald, Germany [67, 68, 69, 70]. Here the semi-reflectors are replaced by diffraction
gratings. This device has been designed as a fast directional switch (FADIS), as a com-
biner, and as a narrow-band filter for high-power millimetre wave beams. It can combine,
or separate, power coming from different gyrotrons, or separate power from a single gy-
rotron operating at different frequencies. A cartoon of the device is shown in Fig. 7.5. The

T
1

T
2

Power in

Figure 7.5: Resonant diplexer.
Top and bottom mirrors are grat-
ings. The use of the m = 0 and
the m = -1 order cause fractions
of the input power to follow one of
the two optical paths through the
resonator, coupling a fraction of
power out during each pass. The
round trip length through the res-
onator sets the spacing between
minima and maxima.

resonant diplexer has two outputs, corresponding to the transmission side and the reflec-
tion side of a Fabry-Perot. The m = 0 and the m = -1 grating orders (refer to Eq. 7.1 are
used to couple fractions of the incident power through the two different optical paths in
the resonator. The fraction of power that is not coupled out during a pass travels round
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in the resonator, and so on. The resonator length again determines the phase difference
between wavefronts arriving at the two outputs. The expressions for the fraction of power
into each output (T1 and T2) are [68]:

T1(f) ≈ 1− 1
1 + (4R0/R1

2) sin2(πLf/c)
(7.5)

T2(f) ≈ (1−A/R1)2

1 + (4R0/R1
2) sin2(πLf/c)

(7.6)

In the expressions R0 and R1 are the efficiencies of the grating in the m = 0 and the
m = -1 order, c is the velocity of light, L is round trip length of the resonator, and 2A the
round trip loss in the resonator. It can be seen that the spacing between the maxima in
each output is c/L. Thus, for application as a FSC with a frequency spacing of 1 GHz the
resonator length L would need to be 30 cm. This is too small to be practical given the
power levels and number of components required. A much larger system where each ECE
channel is formed by a number of maxima in reflection could be considered, but another
problem is that the notch covering the gyrotron frequency is very narrow compared to
the specified deviation in the gyrotron frequency of 100 MHz. For illustration a plot of
the FADIS as in use in W7X is given in Fig. 7.6, but on a frequency range of +/- 1 GHz
around the gyrotron frequency. In the plot the resonator length is 2.384 m resulting in
a spacing between maxima of 126 MHz. R0 = 0.78, R1 = 0.22, and A = 1.3%. Further
details of possible application of such a resonator as a FSC can be found in [71].
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Figure 7.6: Plot of the W7X resonant diplexer on a frequency scale of +/- 1 GHz around
the TEXTOR gyrotron frequency.

7.2 Conclusion

Three principal candidate FSCs for use in the TEXTOR quasi-optical transmission line
have been discussed in this chapter: a construction based on a grating, a resonant dielec-
tric window, and a ring resonator. A state of the art grating could possibly reach the
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required 95% requirement of transmitted power, but would in addition to the challenging
engineering requirement also need costly separate RF front ends for each ECE channel.
The resonant window design is relatively simple to manufacture and implement, but there
are concerns on the transmission losses and the effect of walk-off. The resonator based
on grating reflectors is a proven FSC, but for application in the TEXTOR system the
frequency spacing is too narrow. Placing a number of maxima in each ECE channel could
be considered, but the notch at the gyrotron frequency would for the TEXTOR system
still be too narrow.

On the basis of its simplicity and low cost in comparison to the other alternatives, the
resonant window has been chosen as the Frequency Selective Coupler to be implemented at
TEXTOR. A more detailed investigation of all relevant aspects of a FSC in the TEXTOR
transmission line on the basis of a resonant window is presented in the next chapter.
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Chapter 8

Modeling, verification, and
requirements of dielectric plates

In the previous chapter candidate Frequency Selective Couplers (FSC) were investigated.
The choice was made to use a resonant window (’plate’) in the TEXTOR ECRH trans-
mission line in order to couple the low-power ECE radiation out of the high-power ECRH
transmission line. This chapter provides an overview of the working of resonant windows.
Particular issues that are important in the context of the application as a FSC, such as
dielectric losses and oblique beam incidence are analysed in detail. These effects are quan-
tified and, together with the choice of size and position of the plate, set the final design
of the coupler and provide the plate specification.

The chapter is structured as follows. Section 8.1 lists the plate parameters to be fixed,
and recapitulates the context in which they need to be chosen. In Section 8.2 a review of
multiple reflections in a dielectric is presented. The first part of Section 8.2 is a review
from literature. It is presented in such detailed form as it draws and combines from several
sources. The second part evaluates the effect of walk-off, caused by oblique incidence of
wavefronts on a dielectric or in a Fabry-Perot arrangement. This in general leads to limited
multiple reflections, and in case of a Gaussian beam to imperfect beam overlap. It is found
that the effect of walk-off is hard to assess analytically, and in Section 8.3 a numerical
evaluation is made of multiple reflections inside a dielectric, allowing numerical evaluation
of walk-off. In Section 8.4 the plate parameters are evaluated step by step, guided by
the boundary conditions given by inclusion of the FSC in the ECRH transmission line,
and by available dielectric materials. In Section 8.5 an experimental evaluation of plate
performance with the selected parameters is carried out. The chapter is concluded in
Section 8.6 with a summary of performance of the FSC based on the specified plate
parameters. Tables with plate parameters, and expected performance of the FSC are
presented.

8.1 Plate requirements

The plate parameters that need to be fixed are:
• Plate diameter D
• Plate angle θi (angle between plate normal and incident beam)
• Plate thickness d
• Permittivity εr
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• Dielectric loss (”tan δ”)
• Temperature dependance of tan δ, εr, and d
• Tolerances on these parameters

The parameters are to be chosen such that the requirements on the Frequency Selective
Coupler in Table 6.1 are met. In summary these are: i) to accommodate the ECE channel
spacing of 800 MHz, ii) with a maximum transmission loss in the ECE channel of 13 dB,
iii) capable of handling 800 kW during 10 s at the gyrotron frequency, iv) with 95%
transmission of the gyrotron power, and v) at the same time to suppress the gyrotron
power by 50 dB.

8.2 Assessment of multiple reflection inside a dielectric

This section will investigate multiple reflections in a lossy dielectric under oblique incidence
for a plane wave, as well as for a Gaussian beam. The section is structured as follows:
Plane wave propagation in free space and inside a lossy dielectric are reviewed to obtain
expressions for the propagation constant and impedance of the medium. Reflection on a
boundary and multiple reflections are described, leading to an expression for the absorbtion
in the plate. Gaussian beam propagation and the effect of walk-off in the particular (mm-
wave) application of a Fabry-Perot are examined.

8.2.1 Plane wave propagation in a lossy dielectric

In a source free, linear, isotropic, and homogeneous medium the Maxwell equations can
be written as [33]:

∇×E = −jωµH, (8.1)

∇×H = jωεE. (8.2)

In the expressions, E and H are the time independent amplitudes of the electric field and
the magnetic field assuming a constant oscillation frequency ejωt. The permeability of the
medium is µ = µ0µr with the permeability of free space µ0 = 4π × 10−7 H/m, and the
relative permeability µr. The permittivity of the medium is ε = ε0εr with the permittivity
of free space ε0 = 8.854 × 10−12 F/m, and the relative permittivity εr. Losses inside the
dielectric are taken into account through the imaginary part of the complex permittivity
εr = ε′r − jε′′r . The latter is related to the conductivity as σ = ωε0ε

′′
r in Siemens/m. The

relative effect of the losses, can be assessed by rewriting εr as:

εr = ε′r(1− jε′′r/ε′r) = ε′r(1− j tan δ). (8.3)

The term tan δ is known as the loss tangent, and (recalling that ∇×H is the current den-
sity) is the ratio of the conduction current density over the displacement current density.

Eq. 8.1 and 8.2 are two equations with two unknowns, and E and H may thus be
solved. The two equations are expanded by taking the curls. Restricting one to plane
wave solutions, all terms with ∂/∂x and ∂/∂y are set to 0. In the resulting equations
E and H are found to be orthogonal. Combining these equations leads to the reduced
Helmholtz equations for either Ex, Ey, Hx, or Hy. For example, for Ex:

∂2Ex

∂z2
+ ω2µε0ε

′
r (1− j tan δ) Ex = 0. (8.4)
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This can be rewritten as:
∂2Ex

∂z2
− γ2Ex = 0. (8.5)

Solutions to this equation are traveling waves with propagation constant γ = α + jβ:

γ = α + jβ = jω
√

µε0ε′r
√

1− j tan δ. (8.6)

The real part (α) is the attenuation constant, and the imaginary part (β) is the phase
constant. The solutions to Eq. 8.5 take the general form:

Ex(z, t) = e−αzE+ cos(ωt− βz) + eαzE− cos(ωt + βz). (8.7)

The two terms represent two waves with frequency f = ω/2π traveling in opposite z-
directions. E+ and E− are arbitrary amplitude constants. The phase velocity υp is the
velocity at which constant phase (ωt−βz = constant) is maintained, and is υp = dz/dt =
ω/β = 1/

√
µε. The wavelength of an oscillation is λ = υp/f = 2π/β. The phase constant

β is expressed in terms of the wavelength in vacuum λ0 as:

β =
2π

λ
=

2π

λ0

√
εrµr. (8.8)

The expression for the corresponding Hy can be found by taking the curl of either Eq. 8.1
or Eq. 8.2:

Hy(z, t) =
√

ε

µ
[e−αzE+ cos(ωt− βz)− eαzE− cos(ωt + βz)]. (8.9)

The wave impedance is defined as the ratio of the electric field component over the mag-
netic field component and is

√
µ/ε. For transverse electro-magnetic waves (TEM-waves),

considered in this thesis, the wave impedance is identical to the intrinsic impedance of the
medium η [65]:

η =
√

µ/ε. (8.10)

8.2.2 Reflection on a boundary

To find expressions for reflection and transmission at the boundary between two media,
the circulations of E and H are evaluated around the interface [72]. Refer to Fig. 8.1a.
The circulation of the electric field is given by Faraday’s equation,

∮
E · dl = −

∫

S

∂µH
∂t

· dS, (8.11)

while according to Ampère’s law the circulation of the magnetic field is
∮

H · dl =
∫

S

(
J +

∂εE
∂t

)
· dS. (8.12)

Taking the circulation over the paths indicated in the figure in the limit ∆d → 0 in
the absence of surface currents the right hand sides are seen to cancel, such that both∮

E ·dl = 0 and
∮

H ·dl = 0. This means that the tangential components of E and H are
continuous. Given that ∇ ·B = 0 and ∇ ·D = ρ, the perpendicular parts of the magnetic
induction B = µH and, in the absence of surface charges, the displacement D = εE are
also seen to be continuous across the boundary.
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Medium 1 Medium 2
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Medium 1:
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Δd

Δd
θi

θt

x
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y

Figure 8.1: (a) Cartoon showing that the tangential components of E and H on either side
of the interface are continuous in case ∆d → 0. (b) Transmission and reflection of a wave
incident the boundary.

Now consider a plane wave at perpendicular incidence (i.e. in the z-direction) on the
boundary in Fig. 8.1b. In this example the electric field E is chosen to be directed in the
x-direction, such that the magnetic field will be in the y-direction. On the boundary a
fraction of the wave is reflected, denoted by Γb, and a fraction is transmitted denoted by
Tb. The incident electric field has amplitude E0. Using phasor notation the fields on the
left hand side of the interface is given by the sum of the incident and the reflected wave:

Ex
(1) = E0

(
e−jβ1z + Γbe

jβ1z
)

, (8.13)

Hy
(1) =

E0

η1

(
e−jβ1z − Γbe

jβ1z
)

. (8.14)

To the right hand side of the boundary the fields are given by the transmitted wave:

Ex
(2) = E0Tbe

−jβ2z, (8.15)

Hy
(2) =

E0

η2
Tbe

−jβ2z. (8.16)

At the boundary both the electric and the magnetic field being tangential to the boundary
are continuous. Thus, Eq. 8.13 and Eq. 8.15 as well as 8.14 and 8.16 must be equated
resulting in:

1 + Γb = Tb, (8.17)

and
1
η1

(1− Γb) =
1
η2

Tb. (8.18)
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The reflection coefficient Γb is now solved from the above expressions as

Γb =
η2 − η1

η2 + η1
, (8.19)

and the transmission coefficient is found to be

Tb =
2η2

η2 + η1
. (8.20)

These expressions are now used to find the reflected power at the boundary:
Pr = 1/2(Er × Hr

∗), which expressed as a fraction of the input power becomes:

Pr

Pin
= ΓbΓb

∗. (8.21)

With Γb real as in the case just reviewed, the reflected fraction of power is simply Γb
2.

Applying conservation of energy, the fraction of transmitted power across the boundary
then is 1− Γb

2.
The case for oblique incidence is shown in the lower section of Fig. 8.1b. Now, E

or H can have components both tangential and perpendicular to the interface, i.e. both
components are in the plane of Fig. 8.1. For the reflection and transmission coefficients
one now has to discriminate between different wave polarisations. A wave is said to be E
polarised when the electric field vector is tangential to the boundary. Similarly a wave is
said to be H polarised when the magnetic field vector is tangential to the boundary. E
polarisation is also referred to as perpendicular polarisation, since in this case the electric
field vector is perpendicular to the plane of incidence defined by the direction of wave
propagation and the normal to the boundary. H polarisation is also referred to as parallel
polarisation since in this case the electric field vector lies in the plane in incidence. In
line with most existing literature on the subject [63, 64, 65], in this thesis we will use the
latter nomenclature of parallel and perpendicular polarisation.

For the case of perpendicular polarisation, the magnetic field vector H is decomposed
in components tangential and normal to the interface, while the electric field vector E
is entirely tangential (i.e. in the x-direction). The tangential component of H and the
electric field vector E are next equated on either side of the boundary as in Eq. 8.13 to 8.16.
A similar set of equations is now found as in the case of normal incidence, but depending
on the angle of incidence and the angle of refraction, where the latter follows from Snell’s
law n1/n2 =

√
ε1µ1/

√
ε2µ2 = sin θt/ sin θi, with n1 the refractive index left hand side of

the boundary, and n2 the refractive index right hand side of the boundary. Solving the
equations leads to the Fresnel reflection and transmission coefficients for perpendicular
polarisation [65]:

Γb⊥ =
η2 cos θi − η1 cos θt

η2 cos θi + η1 cos θt
, (8.22)

Tb⊥ =
2η2 cos θi

η2 cos θi + η1 cos θt
. (8.23)

The coefficients for parallel polarisation are found in a similar way:

Γb‖ =
−η1 cos θi + η2 cos θt

η1 cos θi + η2 cos θt
, (8.24)

Tb‖ =
2η2 cos θi

η1 cos θi + η2 cos θt
. (8.25)
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8.2.3 Multiple reflections

In Fig. 8.1 reflection on an interface between two media extending into infinity is described.
In this section, the reflected and transmitted fractions of power are investigated as a
function of frequency for a dielectric slab with finite thickness between the media. This
situation is sketched in Fig. 8.2. The dielectric slab is medium 2 with impedance η2 and

Medium 2Medium 1 Medium 3

12
T

12
G

0
E

j
2

1

12

j

eT
- j

2

1

1223

j

eTT
-

j
2

1

1223

j

eT
-

G

j
2

1
1

122321

j

eT
-

GG
j

2

1
1

12232123

j

eTT
-

GG

j
2

1
1

12

2

2321

j

eT
-

GG

j
2

1
2

12

2

23

2

21

j

eT
-

GG
j

2

1
2

12

2

23

2

2123

j

eTT
-

GG

jj
eTT

-
G

122321

jj
eT

-
G

1223

jj
eT

-
GG

122321

j2

12

2

232121

j
eTT

-
GG

j2

12

2

2321

j
eT

-
GG

j2

12

2

23

2

21

j
eT

-
GG

Figure 8.2: Multiple reflections inside a dielectric slab at normal incidence. At normal
incidence the individual components can be developed into a series that converges to an
analytical expression in the limit of an infinite number of components. At oblique incidence
(in the case of a finite size slab) the series is truncated after a set number of internal
reflections. The effect of a limited amount of internal reflections is assessed by manually
summing the components in the figure.

thickness d. To the left side of the slab is medium 1 with η1, and to the right hand side
medium 3 with η3. The indices 1, 2, and 3 are used with η and γ, to refer to the medium
the quantity is located in. In case of Γ, a double index is used to indicate the interface
between the two media. The phase difference between successive reflected or transmitted
wavefronts incurred by a round trip (2d) is:

ϕ = 2β2d. (8.26)

Fig. 8.2 allows to individually assess each reflected and transmitted component. As a tool
to assess the effect of a finite number of reflections, occurring at oblique incidence and a
finite size plate, the components are written in a series in Eq. 8.27 and 8.28. In Eq. 8.27
the first reflection (n = 1) is Γ12 and the subsequent reflections are summed from n = 2
onwards. For the transmitted electric field, in Eq. 8.28, n = 1 corresponds to the first
transmitted component, but note that in the summation the phase difference is set to 0 for
n = 1 as T23T12 is the initial reference for the total transmitted field. The overall reflected
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electric field is written as Er = E0Γtot, where E0 is again the amplitude of the incident
electric field.

Γtot = Γ12 + T12T21

n=∞∑

n=2

Γ21
(n−2)Γ23

(n−1)e−j(n−1)ϕ. (8.27)

The total transmitted electric field is written as Et = TtotE0, where Ttot is:

Ttot = T12T23

n=∞∑

n=1

Γ21Γ23
(n−1)e−j(n−1)ϕ. (8.28)

The fractions of reflected and transmitted power are obtained from ΓtotΓtot
∗ and TtotTtot

∗.
Analytical expressions are found by summing the series expressions in the limit of an
infinite number of components. By setting media 1 and 2 to vacuum, the expressions for
Γtot and Ttot become [65, 73, 74, 75]:

Γtot =
Γb

(
1− e−jϕ

)

1− Γb
2e−jϕ

, (8.29)

Ttot =

(
1− Γb

2
)

e−j 1
2
ϕ

1− Γb
2e−jϕ

. (8.30)

In the loss-free case, the reflected fraction of power Rlf = Pr/Pin is found using Eq. 8.21
and results in:

Rlf(f) =
Γb

2
(
2− (

ejϕ + e−jϕ
))

1 + Γb
4 − Γb

2 (ejϕ + e−jϕ)
=

R (2− 2 cos ϕ)
1 + R2 − 2R cosϕ

=
4R sin2(ϕ/2)

(1−R)2 + 4R sin2(ϕ/2)
. (8.31)

This is the Airy formula for the reflected fraction of a plane parallel plate in the loss free
case in Chapter 7 (Eq. 7.4), with R = Γb

2.
In the case of oblique incidence, the same expressions are obtained, with the exception

that the phase difference between successive reflections/transmissions, ϕ = 2β2d, needs to
be replaced by ϕ = 2β2d cos θt (Eq. 7.2) to account for the longer optical path at oblique
incidence (Fig. 7.2). In addition Γb

2 needs to be replaced by Γb⊥2, or by Γb‖2, depending
on whether either perpendicular, or parallel polarisation, respectively, is used [76]. The
expression for the transmitted fraction of power, Pt/Pin (Eq. 7.3), is found in a similar
way from Eq. 8.30.

It is seen that in case of ϕ = n2π the reflected fraction goes to zero, resulting in
complete transmission. This case is referred to as resonant, and the frequencies at which
this occurs are referred to as the resonance frequencies.

8.2.4 Losses

The effect of losses is evaluated by investigating the consequences of an imaginary part of
the permittivity (εr = ε′r − jε′′r) on: i) the refractive index and the reflection coefficient
Γb, and ii) on the propagation constant γ. The loss tangent ε′′r/ε′r of candidate dielectric
materials ¿ 1, and it will be shown that only γ requires a modification. This modification
will be made to Eq. 8.29.
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The losses will be shown to result in the fraction of reflected power becoming finite
even at the resonance frequency of the plate. The losses will also lead to heating of the
plate, affecting the optical properties, and causing stresses.

To assess the impact of losses on i): the refractive index (
√

εr), ii): Γb, and iii): γ,
the parameter range of loss tangent and permittivity of the dielectric must be known.
This parameter range is similar to that of dielectric materials for use as RF-windows on
gyrotrons, as discussed in [47, 77]. It is found that dielectric materials for such windows
have a loss tangent below 5 · 10−4 and that the permittivity ranges from 3.8 to 11.5 (and
µr = 0). In the following evaluation the loss tangent will be taken at 5 · 10−4, and the
permittivity is set to ε′r = 3.8.

The refractive index with losses becomes (using Eq. 8.3):
√

ε′r(1− j tan δ). Evaluating
this, the real part of the refractive index changes after the 6-th decimal with respect to
the loss-free case, and the effect of losses on the refractive index is neglected.

The reflection coefficient Γb (with µr = 0) is:

Γb =
1−√εr

1 +
√

εr
. (8.32)

Including losses this becomes:

Γb =
1−√

ε′r(1− j tan δ)
1 +

√
ε′r(1− j tan δ)

. (8.33)

The modulus of Γb starts to deviate from the case without loss after the 6-th decimal.
The argument of complex Γr is 0.02o. It is concluded that the effect of losses on Γb can
be neglected as well.

The major effect of losses is the introduction of a real part α in the expression for the
propagation constant γ = α + jβ (Eq. 8.6). Recalling that the electric field amplitude is
multiplied by e−γz, it is seen that α causes a decrease in electric field amplitude due to
conductivity (absorption) between successive passages through the dielectric plate. How
this affects reflection and transmission expressed by the Airy formulae, is investigated by
writing the round trip phase delay in Fig. 8.2 with the propagation constant γ2 as opposed
to only its imaginary phase constant β2, i.e. e−jϕ = e−2jβ2d becomes e−2γ2d. Using the
expression for the complex permittivity (Eq. 8.3), γ2 is:

γ2 = j
2π

λ0

√
ε′r

√
1− j tan δ. (8.34)

As tan δ ¿ 1, a binomial expansion can be used to separate the real and complex part in
order to find expressions for α2 and β2:

γ2 ≈ π

λ0

√
ε′r tan δ + j

2π

λ0

√
ε′r. (8.35)

Inclusion of the losses is seen to replace the term e−jϕ by e−jϕe−2α2d, with α2 = 1
2β2 tan δ.

To obtain an analytical expression for the reflected fraction of power in the dielectric slab
inclusive losses, e−jϕ is replaced by e−jϕe−2α2d in Eq. 8.27, Eq. 8.28, and in Eq. 8.29,
Eq. 8.30 . It is proceeded as in the loss-free case (Eq. 8.31), one now obtains [73, 74, 75]:

R(f) =
R

(
1− 2L cosϕ + L2

)

1− 2RL cosϕ + R2L2
. (8.36)
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In this expression L represents the reduction of the E-field amplitude over one round trip,
L = e−2α2d. R and ϕ are identical to their values in the loss-free case. The transmitted
fraction is:

T (f) =
L

(
1− 2R + R2

)

1− 2RL cosϕ + R2L2
. (8.37)

The total absorbed fraction is A = 1−R− T which, in the low loss limit, can be approx-
imated by [74]:

A ≈ πfd tan δ(1 + ε′r)
c

. (8.38)

Oblique incidence and losses

Oblique incidence is again taken into account by using the Fresnel reflection coefficients
as before, and by replacing the term with the phase delay ϕ = 2β2d by

ϕ = 2β2d cos θt. (8.39)

For the losses the term −2αd is replaced by −2αd/ cos θt to bring absorption into account
along the actual optical path inside the slab, refer to Fig. 7.2b, such that

L = e−2α2d/ cos θt . (8.40)

8.2.5 Temperature increase due to losses

The absorption in the plate leads to an increase in temperature, and a temperature gradient
inside the plate. In this section the temperature profile as function of plate parameters
and beam parameters is established. The consequences of heating are described in the
section evaluating the plate parameters (Section 8.4.4).

The absorbed power as a fraction of the incident power is given by Eq. 8.38. The
incident power of the ECRH beam has a Gaussian profile. The actual power flux density
profile of the Gaussian beam is given below (Gaussian beam parameters will be discussed
in more detail in Section 8.2.6).

Pact(r) = Ptot
2

πw2
e−2( r

w )2

. (8.41)

The expression gives the power density in the Gaussian beam as a function of radial
distance r, where r is the distance from the centre of the beam outwards. The beam
radius w is the value of r where the E-field has fallen to 1/e compared to the centre value.
Ptot is the total ECRH power.

The absorbed power density pad is obtained by multiplying Pact with Eq. 8.38 and
dividing by d: pad = APact/d (in units: Wm−3). The rise in temperature is now found by
the relation ∆T = pad∆t/(cpnd), where t is the ECRH pulse length, cp is the specific heat
capacity, nd is the specific density. The temperature change ∆T (r) has the profile:

∆T (r) = Ptot
2

πw2
e−2( r

w )2
[
πf tan δ(1 + ε′r)

c

]
∆t

cpnd
. (8.42)

Note that the temperature increase is independent of the thickness d.
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8.2.6 Walk-off

Up to now, reflection and transmission have been analysed for incident plane waves. As
mentioned the gyrotron beam is not a plane wave, but a Gaussian beam. The propagation
of a Gaussian beam wave can be derived from Maxwell’s equations Eq. 8.1 and 8.2 by also
allowing variation of the electric field in the transverse directions to the direction of beam
propagation. The electric field of a Gaussian beam propagating in the z direction is given
by [22]:

E(r, z) =
(

2
πw(z)2

)0.5

e

(
−r2

w(z)2

)
e
−j

(
βz − πr2

λRc(z) − arctan zλ
πw2

0

)
, (8.43)

where w is the the beam radius and r is the transverse radial distance from the beam axis.
The distance from the beam waist in the direction of propagation is z. The beam radius
w evolves according to:

w(z) = w0

[
1 +

(
λz

πw0
2

)2
]0.5

. (8.44)

The beam waist w0 is the location where the beam width is smallest. The phase fronts
are no longer plane, and Rc(z) is the radius of curvature, which as a function of z is given
by:

Rc(z) = z +
1
z

(
πw0

2

λ

)2

. (8.45)

In the case of the ECRH beam, the beam radius will be À than λ, in particular as a large
beam radius is required in order to keep the temperature of the plate to a manageable
level (a numerical evaluation is given in Section 8.4). Evaluating Eq. 8.44 and 8.45 it is
seen that these can be considered constant over the distance of the plate thickness (order
cm at the most). The last contribution to the phase term in the exponential of Eq. 8.43
is the Gaussian beam phase shift. The latter leads to a change in the local wave length
which at most is of order λ2/w2

0. With the Gaussian beam parameters expected at the
location of the Frequency Selective Coupler (i.e. w0 À λ), the effect of this phase shift is
seen to be negligible. It is concluded that multiple passages of the beam though the plate
in this parameter range can be modeled with a Gaussian beam profile of constant radius
w, and retaining only the term jβz in the beam phase.

Only the electric field amplitude now is a function of r: E(r) = exp[− (r/w)2]. At
perpendicular incidence this poses no problem as the multiple reflections do not deviate
from their radial location in the beam. Under oblique incidence this is different: each
reflected (or transmitted) wavefront is now the sum of components originating from dif-
ferent locations, and therefore with different amplitude, of the Gaussian beam profile. In
this thesis (in the parameter range where oblique beam incidence leads to imperfect beam
overlap) this is referred to as walk-off [22]. The effect of a limited number of reflections due
to oblique incidence is analysed with the model in Section 8.3. The situation of walk-off
is illustrated in Fig. 8.3. To account for the effect of walk-off in Eq. 8.29 and Eq. 8.30
each term now in addition needs to be corrected in amplitude depending on the Gaussian
beam parameters. Summing the expressions in the limit of an infinite number of compo-
nents can no longer be done analytically. In the next section a numerical evaluation is
made of the expressions in this section. The effect of walk-off is then taken into account
simply by correcting each individual component of the multiple reflections for the changes
in amplitude by walk-off.
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Figure 8.3: Walk-off occurring in the case of oblique incidence of a Gaussian beam. Ampli-
tude A

′
is the sum of amplitudes T1A + T2A1 + T3A2, etc. The coefficients Tn are found

by analysis as in Fig. 8.2, and in case of a plane wave (no losses) lead to full transmission
at the resonance as A = A1 = A2. In the case of a Gaussian profile this is no longer the
case, and distortion of the profile takes place. From the insert, the walk-off distance ∆χ
may be seen to be ∆χ = 2d tan θt cos θi.

8.3 Model

The illustration in Fig 8.2 allows to numerically evaluate the addition of multiple reflec-
tions up to an arbitrary number n. This in turn allows to assess to which extend plate
performance is affected by a limited number of reflections due to a finite size plate under
oblique incidence. More importantly, it also allows to correct each term for walk-off as
explained in the previous section.

The numerical evaluation, or model, is made by programming Eq. 8.27 and Eq. 8.28,
and computing the result of the series for an arbitrary number of components. Losses for
each term are taken into account as explained below Eq. 8.35 and by Eq. 8.40, oblique
incidence is taken into account by Eq. 8.39.

To verify that the model is working properly, and to asses the effect of a limited number
of summations, the situation as in Fig 7.3 is again considered (quartz plate with d = 25.75
mm and εr = 3.805). The expression for the reflection coefficient at the boundary is given
by Eq. 8.32. Evaluating Eq. 8.32 gives Γb = −0.3222. The black trace in Fig. 8.4 is
calculated using Eq. 8.31, while the coloured curves (see legend) are computed with the
model using n = 1 to 3. It is seen that fast convergence occurs, as expected since Γb

2

is small: comparison with Eq. 8.36 and 8.37 shows that after the first round trip, the
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contribution to the series of each component of a subsequent round trip is order Γ2
b , or

≈ 10−1. For all subsequent work the series expression has been evaluated up to n=6.
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Figure 8.4: Comparison of ana-
lytical expression (Eq. 8.31, black
trace) with results from a com-
puter model accounting for a fi-
nite number of reflections. The
coloured traces (refer to legend) re-
sult from an increasing number of
summations. (Normal incidence,
quartz with d = 25.75 mm and
εr = 3.805.)

Walk-off is included as follows. For the gyrotron power a Gaussian profile for the
incident beam is generated with finite width w as in Eq. 8.41. The diameter of the plate
is taken D > 4 × w. This allows to take sufficient multiple reflections into account for
the relevant part of the beam, while power at the edges (low at r = 2 × w) is lost. The
incident beam is sampled at each mm in radial direction, i.e. taking D · 1000 points. For
each corresponding point on the reflected and transmitted profiles, the program computes
the result of n components in the series of Eq. 8.27 and Eq. 8.28. Each component of the
series is corrected for the amplitude of the incident Gaussian beam profile according to
exp[−(r− (n− 1)∆χ)/w0)2]. The walk-off distance ∆χ is found from Fig. 8.3 as distance
∆χ = 2d tan θt cos θi.

8.4 Evaluation of plate parameters

In this section the plate parameters as introduced in Section 8.1 are evaluated. The bound-
ary conditions imposed by constructing the Frequency Selective Coupler in the TEXTOR
bunker, and the (forced) choice of a particular type of quartz, dictate most parameters in
a narrow range. The model is used to assess plate performance based on those parameters,
and to put final numbers on each parameter.

8.4.1 Diameter and angle

From work on RF vacuum windows in ECRH installations [47, 77] it is apparent that the
high power density in the lossy dielectric will limit the ECRH power and pulse length
due to the increase in temperature. Over the pulse lengths considered, the resulting
temperature rise occurs practically instantaneous compared to the thermal time constant
of a dielectric plate. At given dielectric losses the only way to reduce the temperature
rise in the ECRH pulse is to minimise the power density by moving to a larger beam
radius. At given beam radius w the diameter of components in a quasi-optical design
need as a rule to be 4w as this results in coverage of 99.97% of the power in the beam
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[22]. The overall coupler construction thus will need considerable space. A location in the
TEXTOR transmission line was identified where a large beam waist exists (w = 97 mm),
and of practical importance, with several metres of space available around the beam. The
location of the waist along the quasi-optical transmission line is at z = 15 m in Fig. 5.2
in Chapter 5. Photo’s of the actual situation in the TEXTOR bunker at the location are
shown in Fig. 8.5.

Figure 8.5: Side view and rear view of the location where the Frequency Selective Coupler
will be implemented in the TEXTOR transmission line. The resonant plate is shown in
blue. The red box (drawn in) is the enclosure that will contain all the optic components
to guide and focus the ECE beam into the radiometer. Note that the ECRH transmission
line is quasi-optical, but for practical reasons is shielded by the aluminium tube visible
overhead.

In order to place the plate in a practical arrangement as shown in Fig. 8.5, the plate
angle θi needs to be several tens of degrees, otherwise length Lb in Fig 8.5 will become
excessive. However, the effect of walk-off and transmission losses in the plate, both scale
with plate angle. As a design choice is now required to continue the specification, an angle
of 22.5o has been selected, as this allows construction and alignment at convenient angles
(22.5o, 45o, 90o). Note that in practice the plate angle will need to be tuned depending on
construction and alignment of the overall frame, but also to the exact gyrotron frequency.
In the final design a range of several degrees around θi is to be accommodated. With the
plate at 22.5o, the minimum plate diameter is D = 97× 4/ cos 22.5o, and has been fixed
at 450 mm.
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8.4.2 Choice of material

The next items in the list (plate thickness, permittivity, and dielectric losses) can now in
principle be optimised for frequency spacing, channel bandwidth, coefficient of reflection,
and transmission losses. However, despite the fairly large plate diameter, the problem
of losses in the dielectric forces a choice of material with the lowest possible loss, and
the highest thermal conductivity. Currently this is Chemical Vapor Deposited (CVD)
diamond, used as vacuum windows in ECRH installations [47, 78]. Such windows have
a loss tangent (refer to Section 8.2.1) of 2 to 4 ×10−5 at the gyrotron frequency, and
a permittivity of εr = 5.67. The overall disks are in the order of 100 mm in diameter.
The thickness is selected at few ’half wavelengths’ of the gyrotron frequency in the ma-
terial. The CVD diamond windows in use at the TEXTOR ECRH installation have a
diameter of 106 mm, and are 1.795 mm thick (2 λ). This is close to the limit of what
is feasible in terms of cost and production. Reducing the ECW beam radius to accom-
modate such a windows diameter would be an option, but the thickness would still need
to be excessive: to obtain a channel spacing as in Fig. 7.3, the thickness would need to
be 25.75 × √

εQuartz/
√

εCVDdiam. = 21 mm. This is almost twelve times the thickness
of the CVD diamond windows in use. The next best alternative, available in the size
required, was found in a particular fused silica with low OH-content [79], referred to as
’Infrasil301TM’ by the company Heraeus, Hanau, Germany. This material is specified to
have a loss tangent of 2.9×10−4 at 90 GHz, and a relative permittivity of 3.805. These pa-
rameters are expected to be practically identical at 140 GHz. The material is of high grade
meaning that it has ’low bubble content’ and optimised homogeneity in three directions,
both minimising diffraction inside the plate.

8.4.3 Plate thickness

The thickness of d = 25.75 mm, used up to now for illustration in Fig 8.2 and Fig 8.4
is in fact the value selected in the final system, and is set by the maximum transmission
loss. Using the approximation for the transmission losses (Eq. 8.38) at a thickness d =
25.75 mm, and an angle of incidence of 22.5o, the absorbed power in the plate is 5.7%.
This is just over the requirement of 5% in Table 6.1, but reducing the thickness in order
to get below 5% transmission losses will further increase the ECE channel spacing. At
d = 25.75 mm the ECE channel spacing is 3 GHz (Fig. 7.3), while 800 MHz is required. In
other words, the limit on absorption imposed by the transmission losses force an increased
channel spacing of 3 GHz.

The plate response using Infrasil301TMat an angle of 22.5o, and with a thickness of
22.75 mm is shown in Fig 8.6 and Fig 8.7. These figures include the effect of losses, but
not yet walk-off. For all figures the model was used with n = 6. (Agreement with the
analytical expressions was verified.) With respect to Fig. 7.3, the losses are seen to reduce
the transmitted fraction by approximately 5%. The reflection of ECE power towards the
radiometer is not significantly affected, and lies still at 37%. The effect of the losses in
reflection at the gyrotron component is greater cause for concern. As full de-constructive
interference is not possible due to absorption, a finite reflection coefficient at the resonant
frequencies occurs. This is illustrated in Fig. 8.7, where the reflected fraction is shown
on a log-scale for both polarisations. The losses are seen to cause a reflected fraction of
-35 dB of ECRH power towards the radiometer.

Fig. 8.8 shows the absorption, calculated as 1-R-T, and by using the expression in the
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fected, but the minimum at the
resonance is in fact no longer zero,
see Fig 8.7.(Conditions: plane
wave incident under an angle of
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slab as in Fig. 7.3.)
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Figure 8.7: Reflected fraction of
power as a function of frequency
for perpendicular and parallel po-
larisation inclusive losses. The
absorption causes a finite reflec-
tion at the resonant frequencies.

low loss limit (Eq. 8.38). The latter shows a modest overestimate of the losses. The figure
also shows a slight preference for parallel polarisation with respect to absorption, but the
effect is marginal.

Polarisation

In the line-of-sight receiver the ECE can be detected in either perpendicular or parallel
polarisation by rotation of the receiver horn. With respect to the detection by the line-
of-sight receiver of those two modes, a minor trade-off can be observed: perpendicular
polarisation gives a slightly larger reflection for the ECE frequencies compared to parallel
polarisation, but the notch at the resonant frequencies is less deep by about the same
fraction. The effect on losses is marginal.

In the arrangement of the Frequency Selective Coupler, the polarisation of the ECRH
power incident on the quartz plate is perpendicular. This corresponds to injection of the
power with the E-field perpendicular to the toroidal magnetic field (”X-Mode”).
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Figure 8.8: Absorbed fraction of
power in the plate. The green and
blue curves are computed using
the relation A = 1-R-T (Eq. 8.36
and Eq. 8.37), and apply for the
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end). The magenta curve is plot-
ted using the approximation for
the absorption in the low loss limit
(Eq. 8.38), and is seen to result in
a slight overestimate of the losses.

8.4.4 Heating and its consequences

A plot of the power density profile for a 800 kW ECRH beam with beam radius of 97 mm
is given in Fig. 8.9.
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] Figure 8.9: Power flux density
profile of the ECRH beam with a
waist of 97 mm and a total power
of 800 kW. The beam is axial sym-
metric and the profile represents
the same radial dependence in the
x and the y direction.

The density of Infrasil301TMnd = 2.2·103 kg/m3. The specific heat capacity is specified
cp = 964 J/(kgK) in a temperature range of 0 to 500oC. Fig. 8.10 shows the increase in
plate temperature as a function of radius for a 10 s, 800 kW, ECRH pulse.

The temperature rise of the dielectric will go hand in hand with changes in its optical
properties and dimensions. The consequences for its operation as a Frequency Selective
Coupler thus need to be investigated. In Ref. [80], it was found that the loss tangent in
fact decreases at elevated temperatures, avoiding a runaway process of increased heating
leading to increased absorbtion. Furthermore the expansion coefficient of quartz is very
low, 6 · 10−7K−1 for Infrasil301TM. At a temperature increase of 500 K (10 s ECRH) d is
expected to increase from 25.75 to 25.76 mm. Evaluation with Eq. 8.36 shows that this
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Figure 8.10: Calculated increase
in plate temperature after a 10 s
ECRH pulse at 800 kW. The max-
imum temperature increase is set
at 150o (3 s ECRH at 800 kW)
in order to limit the shift in reso-
nance frequency caused by temper-
ature dependence of εr.

causes the minimum in reflection at the resonance to move 50 MHz downwards. As a result
the rejection of the gyrotron reflected power decreases from -35 dB to -28 dB. This is tol-
erable given that this reduction will only occur at the end of the maximum specified pulse
length of 10 s. Data on change in permittivity with temperature for Infrasil301TMwere not
available. As an alternative a measurement report on quartz properties at elevated temper-
atures was used [81]. In this report measurements on a sample of fused silica ”SuprasilTM”,
by the same manufacturer as Infrasil310TM, are described. The changes between the two
types of fused silica mainly relate to maxima in transmission in Ultra Violet or Infra Red,
and the relative change in permittivity for Infrasil301TMand SuprasilTMas a function of
temperature are taken to be comparable. From the report a 0.4% increase in permittivity
is found at a temperature increase of 182 K from room temperature. This changes the
permittivity from 3.805 to 3.820, which in turn shifts the resonance down by 250 MHz,
reducing the rejection of the gyrotron reflected power from -35 dB to -15 dB. This is quite
considerable and the gyrotron pulse length will have to be limited. A practical limit with
respect to TEXTOR plasma operation has been set at 3s. The expected rejection of the
gyrotron power at the end of such a pulse is still -20 dB.

Stresses caused by temperature gradients were investigated next for a plate thickness
of 25.75 mm. The absorption profile in the direction of propagation [77] was evaluated
and found to be a mean level with superimposed closely spaced (less than a mm) minima
and maxima, resulting in a approximately homogeneous temperature distribution. The
gradient in temperature in tangential direction, and the gradient in temperature along
the direction of propagation caused by cooling at the surfaces, were investigated using
the finite element package ANSYSTM. It was found that with normal convection (i.e.
not using forced cooling) the maximum stress is 2.8 MPa, and is directed in tangential
direction of the plate. This is well below the maximum allowable stress which is specified
by the manufacturer as 50 MPa.

8.4.5 Effect of walk-off

With all parameters fixed or assessed, deterioration of plate performance by walk-off is
assessed. Fig. 8.11 shows profiles calculated with walk-off applied for 138.5 GHz (a) and
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140.0 GHz (b). Note that the beam displacement on passing the plate is not of interest
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Figure 8.11: The effect of walk-off is not noticeable on the transmitted fraction. The notch
in the reflected fraction is badly distorted though, as is illustrated in Fig. 8.12.

here, and is not shown. All profiles are seen to retain their Gaussian shape except for the
minimum in reflection of the ECRH power at 140 GHz, which shows severe distortion of
the profile. This is shown in Fig. 8.12, where the magenta curve is the reflected fraction
without walk-off, and the green curve with the effect of walk-off. Integrating the fraction
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Figure 8.12: Distortion of the pro-
file of reflected power at the gy-
rotron frequency (angle of inci-
dence 22.5o, and perpendicular po-
larisation).

of power of the magenta curve gives -35.5 dB below unity (incidence power) as expected
from Fig. 8.7. Integration of the green curve results in -27.5 dB, i.e. the walk-off has
deteriorated the notch in the reflected fraction by 8 dB. The code was extended to give
the integrated fraction as a function of frequency. The result is shown in Fig. 8.13. In
Fig. 8.14 a detail of the notch in the case with and without walk-off is shown.
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Figure 8.13: Plate response as a
function of frequency taking into
account the effect of losses and the
effect of walk-off (angle of inci-
dence 22.5o, and perpendicular po-
larisation).
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Figure 8.14: Detail of analysis of
the reflected fraction of power of
the plate in the case with, and
without walk-off (angle of inci-
dence 22.5o, and perpendicular po-
larisation).

8.5 Experimental verification

The suppression of the gyrotron component with respect to the ECE channels is compro-
mised by the effect of walk-off and by the losses. In order to achieve the required 50 dB
attenuation a double plate arrangement is chosen. In this arrangement the first dielectric
plate is placed under an angle of 22.5o in the ECRH beam, and the power reflected off
this plate is directed to the second dielectric plate outside the ECRH beam. This second
plate is also placed under 22.5o such that two identical plates can be used. The calculated
reduction of ECRH power to ECE power is in this case 55 dB, and the transmission loss
of forward power is that of one plate, i.e. 5.3%.

Experimental verification of the two plate arrangement was carried out at low power
in the laboratory, followed by high power tests at TEXTOR. The arrangement for the
low power test is shown in Fig. 8.15. The figure shows the frame supporting the two
dielectric plates inclusive two aluminium mirrors required to guide the power from the
test transmitter to the receiver horn. The frame is in fact the basis for the final Frequency
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Figure 8.15: Set up to assess
the rejection of the gyrotron com-
ponent with respect to the ECE
power, and to assess the coupling
of the ECE frequencies. To the top
right the construction to inject a
test signal into the overall coupler.

Selective Coupler, and only the construction on the top right corner to inject the test signal
has been added for the acceptance test. The added construction allows illumination of the
first quartz plate with a beam with identical quasi-optical parameters as the ECRH beam.
The performance of the two plate arrangement was assessed with a network analyser. The
transmitter of the instrument was used to launch power from the TEXTOR end (right
hand side) while the receiver was connected to the horn antenna shown below in the frame.
The angle of incidence on the plates was tuned to 21.8o to place the resonance frequency
at the exact gyrotron frequency of 139.85 GHz. The measurement was carried out in two
stages. First the plates were covered with plane aluminium reflectors to obtain a zero
dB reference trace, next the measurement was repeated with the reflectors removed and
the zero dB reference trace subtracted. This is the green curve in Fig. 8.16. The dashed
black trace is the two plate response calculated with the model. The expected -27 dB
attenuation per plate at the notches is achieved. Next the frame was installed and aligned
in the TEXTOR bunker. A wooden rim was mounted in the ECW transmission line
with an inner diameter of 390 mm to truncate the Gaussian beam to avoid reflections off
the plate holder into the optics box. Fig. 8.17a shows the construction in the TEXTOR
bunker, while Fig. 8.17b shows a close up of the 1-st dielectric plate with the wooden rim,
and the load for the absorbtion of the reflected ECRH forward power. For the tests the
gyrotron was set to 400 kW and fired onto the first quartz plate. The microwave dump
arrangement above the optics box was used to tune the plate to minimum reflection.
Using a caloric measurement the total absorbed power for a 1 second gyrotron pulse at
400 kW was found to be 700 W, corresponding to a reflected power fraction of −27.5 dB.
It should be noted that not all energy deposited in the microwave dump can be measured
by the caloric measurement system, resulting in an underestimate of the reflected fraction.
Heating up of the quartz plate was found to be 22 K/s at 400 kW. Both the number on the
reflected fraction and the increase in plate temperature are in agreement with expected
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Figure 8.16: Verification of
the fraction of reflected power as
a function of frequency for the
two plate arrangement. The solid
green curve gives the measured re-
sponse, the dashed black curve the
response calculated with the model
taking walk-off into account.

Figure 8.17: (a) Frame in TEXTOR bunker holding both dielectric plates and associated
aluminium mirrors. Visible in the left hand top corner the interrupted tube of the trans-
mission line shielding ( refer to Fig. 8.5). (b) Close up of the 1-st dielectric plate (viewing
Fig. a from the right).

values. The tests were concluded by a measurement of stray radiation and reflected power
while the gyrotron launched 400 kW of ECW power into the plasma. The power at the
horn antenna was monitored and found to be fluctuating around 0.1 mW, not exceeding
0.5 mW, see Fig. 8.18. This level will be reduced by the notch filter by 80 dB resulting in
power levels at the mixer below 10 pW, well below levels that would compromise detection
of the ECE power.

The performance tests, and also the data presented in the following section, were all
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Figure 8.18: Assessment of
140 GHz stray radiation at the
horn antenna during a 150 ms
ECRH pulse at 400 kW (TEX-
TOR discharge #106235). The
stray radiation at the input of the
radiometer should not exceed the
ECE signal levels. The level is
fluctuating around 0.1 mW, not
exceeding 0.5 mW. The stray radi-
ation will be attenuated by an ad-
ditional 80 dB by the notch filter,
reducing it to pW levels, smaller
than the expected ECE levels.

taken at 400 kW. At 800 kW similar performance is expected, but different gyrotron RF
output power levels generally cause a shift in gyrotron frequency requiring fine tuning of
the gyrotron.

8.6 Summary and plate specification

Multiple reflections inside a dielectric plate under oblique incidence have been analysed.
A model based on summing a finite number of multiple reflections was created allowing
assessment of plate transmission and reflection as a function of frequency, taking into
account the effects of losses and walk-off. Tests in the laboratory at low power, and
in the TEXTOR bunker at high power, showed that the model is in agreement with
experimental results. The temperature increase of the plate in the high power tests is also
in accordance with plate properties (loss tangent, permittivity, specific heat, density), and
beam properties (beam radius and power).

The assessment shows that the plate thickness is limited by the maximum transmission
loss (5%) to 25 mm, using fused quartz with the lowest loss tangent currently available
(Infrasil301TM). The ECE channel spacing is forced to 3 GHz at this thickness.

The effect of walk-off and losses have been shown to cause finite reflection at the
resonant frequency, where the walk-off in this specific case is the dominant effect. At an
angle of incidence of 22.5o, the fraction of power reflected at the resonant frequency is
-27.5 dB (perpendicular polarisation). This falls short of the required -50 dB. As the plate
thickness cannot be made any less without compromising the channel spacing further,
a second plate is employed, resulting in 54 dB attenuation as verified (Fig. 8.16). The
rejection of the gyrotron component is now achieved, while the fraction of ECE power
lost due to transmission by the two plate arrangement (9 dB) is still within specification
(13 dB).

Plate specification

The exact plate thickness follows from the angle of incidence of 22.5o, and the modified
requirement of a 3 GHz channel spacing at a centre frequency of 140 GHz, and results in
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d = 25.75 mm. Note that the plate will be fine-tuned to the actual gyrotron frequency by
adjustment of the plate angle by fractions of a degree (1o giving a shift of ≈ 200 MHz).
The plate diameter has been set to 45 cm in order to cover 4w of the beam at the location
of the plate (w=97 mm), taking into account the plate angle of 22.5o (4w/ cos 22.5o =42
cm). Variation in thickness should not cause a frequency shift larger than 100 MHz, which
corresponds to a deviation in thickness of 50 µm absolute maximum (again to be corrected
by fine-tuning the plate angle). The degree by which the plates are allowed to deviate
from perfect parallel has been set at 0.01o. These tolerances are not extreme for optical
components and are expected to be met with relative ease. Finally the permittivity is
specified at 3.805 +/- 0.05 (corresponding to +/- 100 MHz) and the loss tangent at <
2.9E-4 +/- 10% (losses in transmission not exceeding 5.5%).

The dielectric plate is specified in Table 8.1.

Parameter Value Tolerance
Plate diameter 450 mm ±1 mm (not critical)
Plate angle θi 22.5o adjustable by ±2.5o, accuracy 0.05o

Plate thickness d 25.75 mm ±50 µm
Permittivity ε′r 3.805 ±0.05
Dielectric loss tan δ ≤ 2.9 · 10−4 ±10%
Temperature dep. tan δ Negative temp. coeff. (no thermal run-away)
Temperature dep. ε′r < 1% / 500 K -
Thermal expansion < 6 · 10−7 / K -

Table 8.1: Specification dielectric plate.

Summarizing the considerations and conclusions of this chapter, Table 8.2 shows an
overview of requirements versus achievements using the two plate arrangement, based on
the plate specification.

Parameter Required Achieved Comment
Channel spacing 800 MHz 3 GHz -
ECE span 12 GHz 15 GHz o.k
Max. losses FSC 13 dB 8.5 dB o.k.
Forward Power 800 kW 800 kW o.k.
Pulse length 10 s 3 s -
Transmission losses ≤ 5% 5.3% o.k.
Rejection gyrotron power 50 dB 54 dB o.k.

Table 8.2: Requirements versus achievements with specified plate.
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Abstract

An ECE receiver inside the ECRH transmission line has been brought into operation.
The ECE is extracted by placing a quartz plate acting as a Fabry-Perot interferometer
under an angle inside the ECW beam. ECE measurements are obtained during high power
ECRH operation. This demonstrates the successful operation of the diagnostic and, in
particular, a sufficient suppression of the gyrotron component preventing it from interfer-
ing with ECE measurements. When integrated into a Feedback System for the control
of plasma instabilities this Line-of-Sight ECE diagnostic removes the need to localise the
instabilities in absolute coordinates.
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9.1 Introduction.

The principle route to the development of fusion power plants is formed by tokamak
devices. In a tokamak the plasma is confined by magnetic fields forming closed toroidal
magnetic surfaces [3, 4]. In order to make the fusion process economically viable the ratio
of the magnetic pressure over the plasma pressure needs to be sufficiently high. This ratio
is expressed by the normalized parameter β = 2µ0p/B2, where p is the plasma pressure
and B the magnetic field. At these high values of β, however, various instabilities are found
to occur. For example, Neoclassical Tearing Modes (NTMs) are created once β exceeds
a certain threshold [82]. These modes form magnetic islands through the reconnection of
magnetic field lines on opposite sides of resonant surfaces. Because the heat and particle
transport along magnetic field lines is very fast, this leads to increased radial transport of
energy and decreased confinement, and causes a flattening of the temperature and pressure
profiles across the magnetic islands [82]. This flattening of the pressure profile inside the
island leads to the loss of the neoclassical, pressure driven bootstrap current in the islands,
which is responsible for nonlinear destabilization of the mode. NTMs are characterized
by their poloidal and toroidal mode numbers m and n, respectively. In addition to the
reduced confinement caused by NTMs, the m = 2, n = 1 NTM is often seen to lead to
disruptive termination of the discharge. Stable and safe plasma operation of high β fusion
reactors therefore requires proper control of NTMs.

The most promising method of NTM control is by means of high power Electron
Cyclotron Waves (ECW) [20]. Absorption of these waves as well as Electron Cyclotron
Emission (ECE) occurs in the region where the wave frequency is resonant with the electron
cyclotron frequency or one of its harmonics, i.e. f = n · fce = n · qB/(2πm), with n = 1,
2, . . . , q the electron charge, m the electron mass, and B the magnetic field. In tokamaks,
the magnetic field is typically of the order of several Tesla so that one is dealing with
frequencies of the order of 100 GHz. At these frequencies a wave beam can be focused
down to a few cm, such that the power will be absorbed / emitted from a well localized
region in the plasma. A moveable launching mirror can be used to steer the beam such
that its intersection with the resonance plane is at a desired location. The suppression of
NTMs by high power ECW has been demonstrated, for example, on ASDEX-Upgrade [58],
JT-60U [11] and DIII-D [59]. Suppression of NTMs by ECW is achieved by replacing the
missing bootstrap current inside the island by currents driven by the ECW power. These
currents may either be driven directly through electron cyclotron current drive (ECCD)
or may be generated inductively through peaking of the temperature profile inside the
island as a consequence of electron cyclotron resonance heating (ECRH). The suppression
of NTMs can only work if the current is added at the precise location where the ”hole” in
the bootstrap current exists, i.e. inside the magnetic island. As generally the plasma and
the islands are rotating, this means that the ECW power must not only be placed at the
precise location of the island, but must also be timed such that the power is only deposited
at the island O-point, i.e. where the island has it’s maximum width. Power deposited
around the island X-point, where the separatix of the island is, is at best wasted, but can
also lead to further destabilization of the mode. Recent experiments on ASDEX-Upgrade
have confirmed the advantage for NTM suppression from modulation of the ECW power
in the proper phase of the island rotation [83]. Effective and efficient control of NTMs
thus requires accurate localization, and modulation of the ECW power.

NTMs can be detected by monitoring the electron temperature as measured by Elec-
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tron Cyclotron Emission (ECE) or by monitoring perturbations on the magnetic field at
the plasma edge through Mirnov coils. The flattening of the temperature profile across the
rotating magnetic island leads to fluctuations in the electron temperature, which reveal
the presence of the island and its precise location in the ECE spectrum through the char-
acteristic 180o phase jump between adjacent channels on opposite sides of the resonant
surface. This also allows the determination of the phase of the mode. The absolute co-
ordinates are found by mapping of the ECE spectrum onto an equilibrium reconstruction
of the plasma. In case Mirnov coil signals are available, the poloidal and toroidal mode
numbers of the mode can be identified through the proper combination of different coils.
The subsequent radial localization of the mode then requires knowledge about the location
of the resonant surfaces from magnetic equilibrium reconstructions.

A computation of the proper launching angle for the ECW power not only requires
the precise location of the mode, but also the full plasma equilibrium in order to be able
to account for the effects of refraction of the ECW beam. In summary, implementation of
a real time control scheme of NTMs by ECCD or ECRH requires much more input data
than detection of the mode alone: it also requires real time computation of the plasma
profiles and the magnetic equilibrium. All these measurement are prone to errors, which
cause errors in the computed launching angle and may result in power deposition outside
the required range. A control system based on line-of-sight detection of the modes [12, 84]
considerably reduces the number of measurements and computations, making it much
more simple and robust. In this scheme the ECW launcher is used as antenna to feed an
ECE spectrum centered around the gyrotron frequency through the ECW transmission
line into a radiometer. The ECE spectrum is scanned for the presence of a mode, and
if found the launcher is moved such that the location of the power deposition coincides
with the location of the island. This ensures that the ECW power is deposited at the
exact center of the mode, without the need to compute absolute coordinates, or requiring
knowledge of the plasma equilibrium.

Figure 9.1: Schematic of the
frequency selective directional cou-
pler. R is the frequency dependant
reflected fraction of power of the
directional coupler: low for the gy-
rotron frequency, and high for the
ECE frequencies of interest. Rt
is the fraction of ECW power re-
turning from TEXTOR. Note that
losses in the coupler, and reflec-
tions from TEXTOR to the gy-
rotron, have been left out.

This is an elegant solution but there is a catch. The forward power in the ECW
transmission line is in the order of a MW, while the reverse ECE power is typically in
the nW range. The coupling element in the transmission line must thus be capable of
separating power levels that differ by 15 orders of magnitude! Two aspects can be exploited
to overcome this problem: i) the waves to be separated travel in opposite direction, and
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ii) the gyrotron frequency itself needs not to be present in the required ECE spectrum.
What is required is a frequency selective directional coupler, transparent to the gyrotron
frequency, but reflective for the ECE frequencies of interest as illustrated in Fig. 9.1.

The ECRH installation at the TEXTOR tokamak [13] is well suited to implement
a pilot scheme of a line-of-sight feedback system. The ECRH installation consists of a
140 GHz, 800 kW, 10 s gyrotron with steerable launcher [14]. At the TEXTOR tokamak
a set of perturbation coils, the so called ”Dynamic Ergodic Divertor (DED) [17], allows
to induce tearing modes in a controlled way. Islands can be driven in the plasma using
the DED, or by programming discharges that produce natural tearing modes. The ECRH
installation allows to deposit ECW with an accuracy of a few % of the minor radius, and
if required, modulated as a function of time to only heat during the O-point phase of the
island.

The line-of-sight system may not only be used for the feedback control of NTMs, but
also for other applications which require the precise localization of the ECW power relative
to a feature in the plasma that can be identified in an ECE spectrum. Another example
is the control of sawteeth which requires ECCD on either side of the sawtooth inversion
radius depending on the desired effect: co-ECCD leading to sawtooth (de)stabilization
when deposited just (inside) outside the inversion radius [85, 86]. Application of the
line-of-sight feedback scheme for manipulation of sawteeth is also being explored.

This paper is organised as follows. In section 9.2 the system requirements are defined
by analysing the detection and localisation of modes in TEXTOR. Section 9.3 describes
the choices that were made in the design of the instrument and the realisation. This is
followed in section 9.4 by performance test of the instrument. In section 9.5 first results
are presented. The paper is concluded in section 9.6 by a summary, discussion of results,
and an outlook.

9.2 System requirements.

The system requirements are set by the parameters of the TEXTOR tokamak [13] and its
ECRH system [14], and by the main tasks of the system: i.e., detection and localization
of the magnetic islands associated with tearing modes, and determination of the phase of
the island. The most important modes for stabilization are the m = 2, n = 1 and m = 3,
n = 2 tearing modes on the q = 2 and q = 1.5 surfaces, respectively. Also control of
sawteeth is considered, which requires localization of ECCD near the q = 1 surface.

TEXTOR is a medium sized tokamak with circular cross-section, major radius R0 =
1.75 m, and minor radius a = 0.46 m [13]. Typical operational parameters are BT =
2.25 T, and Ip = 350 kA. The typical electron temperature on the q = 2 surface is
0.5 to 1 keV, while the typical rotation frequency of a m = 2, n = 1 island is several
kHz. The ECRH system consists of two gyrotrons: a 140 GHz, 800 kW, 10 s pulse length
gyrotron used for ECRH and ECCD, and a 110 GHz gyrotron used exclusively for collective
Thomson scattering [14]. The two gyrotrons cannot be operated simultaneously, and only
the 140 GHz is used for MHD control [39]. During a pulse the gyrotron frequency is stable
within a range of about 100 MHz. Transmission of the high power gyrotron radiation to
the tokamak is through a fully quasi-optical transmission line. Waves are injected from
the low field side using a fast steerable mirror with two degrees of freedom. The horizontal
injection angle can be changed from −45o to +45o for co- or counter-ECCD, while the
vertical injection angle can be varied from −30o to +30o to cover effectively the entire
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poloidal cross-section. Waves are injected in X-mode providing almost full absorption
over a wide range of parameters. Fig. 9.2 sketches the geometry of the plasma and the
ECRH system for the typical plasma parameters given above. For these parameters, the
EC resonance is on the high field side, and the ECW deposition can be changed from the
q = 1.5 to q = 3 surfaces by variation of the vertical injection angle. At higher magnetic
fields the q = 1 surface can be accessed as well.
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Figure 9.2: Flux surfaces and
power deposition for BT = 2.25
T, and Ip = 350 kA in TEXTOR.
Variation of the launcher vertical
angle from 0o(solid red line) to
25o(dashed red line) gives access
to the q = 1.5 to q = 3 surfaces.
The horizontal black bar indicates
the size of a large (10 cm) m=2,
n=1 island.

Fast transport along magnetic field lines results in a flattening of the temperature
profile inside the magnetic island. This results in a perturbation of the temperature profile
as a function of the minor radius as sketched in Fig. 9.3: when viewed across the island
O-point a distinct flattening of the profile across the width of the island is observed,
whereas a gradient is maintained when viewed across the X-point. Since the island is
rotating with the plasma in front of the point of observation, this results in an almost
sinusoidal perturbation of observed temperature as a function of time. This perturbation
is characterized by a 180o phase jump between signals on either side of the island. Such a
phase jump between adjacent ECE channels can thus be used to determine the location of
the island. The insert in Fig. 9.3 shows time traces of two ECE channels, the top channel
is located at r < rs while the lower channel is located at r > rs, where rs is the radius of
the resonant surface where the island is located. This also shows how the O- and X-point
phases can be determined from ECE signals from opposite sides of rs: the signal from
r < rs has a minimum at the O-point and a maximum at the X-point, and vice versa for
the signal from r > rs.

Stabilization of the island requires deposition of the ECW power inside the island
[11, 58, 59]. Consequently, the ECW power must be localized at rs with an accuracy of the
radial deposition width which on TEXTOR may be as small as about 1 cm. This then sets
the required radial resolution for the ECE diagnostic to ∆R = 1 cm. The variation in ECE
frequency as function of major radius can be estimated by ∆f/∆R = −fgyr/R0 = −800
MHz/cm, such that the required ECE channel spacing becomes 800 MHz. As overlap of
ECE channels would reduce radial resolution and limit the minimum detectable island size
unnecessarily, the IF-bandwidth BIF of the ECE channels must be less than 800 MHz.
However, lower bandwidth results in reduced Signal-to-Noise and a compromise is set at
BIF = 500 MHz. Ideally the full minor radius would be covered by the ECE diagnostic
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requiring a frequency span of (a/∆R) × ∆f ≈ 37 GHz. The minimum required span,
however, would be about 12 GHz covering, in about a third of the minor radius, the most
relevant part of the plasma between the q = 1 and q = 2 surfaces (see Fig. 9.2).

The required signal to noise from the ECE radiometer is set by the relative fluctuation
in the electron temperature caused by an island of the minimum size wmin that is to be de-
tected and for which the phase is to be determined. This fluctuation is given by ∆Te/Te =
wmin/LT , where the temperature gradient length is given by LT ≡ Te(rs)/∇Te(rs). Equat-
ing the gradient length LT to the minor radius sets the minimum required signal to noise
level for the detection of a 1 cm magnetic island to S/N ≤ wmin/a ≈ 2%. Observing
fluctuations of 2% in the electron temperature at the q = 2 surface at 1 keV requires
detection of ECE signal levels ∆Te down to about 20 eV. The intrinsic thermal noise level
in the ECE signal is given by the radiometer formula [28]:

∆TECE = Te

√
2Bv

BIF
(9.1)

The video bandwidth Bv is set to 10 kHz in order to have sufficient temporal resolution in
case of island rotation up to 10 kHz. This results in a minimum detectable ECE fluctuation
of 6.3 eV, or 73 kK. The noise in the overall receiver system should not exceed this limit.
The overall receiver Noise Temperature is dominated by the product of the radiometer
Noise Temperature with the total front end losses [33]. The required Noise Temperature
of the radiometer has been set to 5 kK. The total front-end losses should therefore be less
than a factor 15, or 12 dB.

This is all to be achieved in the presence of up to 800 kW of forward power from
the gyrotron. In order to avoid compression in the radiometer the power level of stray
radiation coming from the gyrotron should be reduced to levels comparable to the ECE
radiation. The 15 orders of magnitude difference between the 800 kW gyrotron power and
the 1 nW in a typical ECE channel gives an impression of the enormous challenge faced
here. The tokamak window is placed under a small angle in the transmission line in order
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Figure 9.3: The effect of an is-
land on the temperature profile.
Fluctuations on ECE channels on
either side of the island resonant
surface indicate the presence of the
island, and allow detection of O-
and X-point. On the left the per-
turbed electron temperature pro-
file as observed through the X-
point (blue curve) and as observed
through the O-point (green). On
the right two ECE channels as a
function of time showing counter
phase fluctuations (not to scale).
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to minimize reflection back into the line. However some reflected power, for example from
the plasma, is unavoidable, and the reflected gyrotron power is estimated at 100 W at
the position of the in-line coupler for the ECE. The overall in-line coupler must therefore
reduce the gyrotron component by 110 dB with respect to the ECE component.

A summary of the requirements for the in-transmission-line ECE diagnostic for detec-
tion and control of tearing modes is given in table 9.1, presented at the end of section
III.

9.3 Design choices and realization.

The in-line receiver must perform two tasks. The first is to extract the ECE power coming
from the plasma out of the quasi-optical transmission line through which the high power
ECW waves are transported towards the plasma. The second is the detection of the
ECE power at selected frequencies. These two parts of the receiver will be discussed
consecutively.

9.3.1 Frequency Selective Directional Coupler.

Monitoring of reverse power in an ECW transmission line is generally used to obtain an
estimate of the total reflected gyrotron power [50]. A basic technique to extract power
from the transmission line is by small coupling holes in a mitre bend or mirror. A more
sophisticated technique deploys a shallow grating to project a fraction of the overall beam
towards a collection horn. The first method only provides a limited fraction of the Gaus-
sian beam, and lacks frequency selectivity in the required band of interest. The grating
arrangement does provide the overall beam profile and frequency selectivity, but the ex-
tracted frequencies are fanned out in space requiring individual front ends for each channel.
Both methods have a fairly low coupling efficiency resulting in a huge reduction of ECE
power.

In the present application, the frequencies of interest are the ECE frequencies and not
the frequency of the high power gyrotron waves. This allows the use of a third option, a
resonant dielectric plate placed under an angle in the transmission line, which combines
frequency selectivity with a high coupling efficiency. The plate is based on the principle
of resonant vacuum windows [74, 76] used in ECW installations. The transmission and
reflection of such a plate are determined by the interference of multiple reflections from
the two vacuum interfaces of the plate. These interfaces play the role of mirrors in a
Fabry-Perot interferometer [66]. A maximum in transmission at the gyrotron frequency
is achieved by setting the thickness of the plate such that the optical path through the
disk corresponds to a multiple of a 1

2λgyr, where λgyr corresponds to the wavelength of the
radiation in the plate at the gyrotron frequency. Maxima in reflection occur at frequencies
corresponding to odd multiples of 1

4λgyr. By placing the plate under an angle of 22.5o

and making it resonant at the gyrotron frequency a coupler is obtained that will pass
the gyrotron component, but will reflect selected ECE frequencies under 45o towards the
receiver. The required plate dimensions follow from the location in the transmission line,
the required channel spacing, the angle with respect to the ECW beam, and the material
properties. The situation is sketched in Fig. 9.4.

General expressions for the reflection and transmission coefficients including losses in
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the plate are given below in the low loss limit [74, 76]:

R(f) =
R0⊥

(
1− 2L cos(ϕ) + L2

)

1− 2R0⊥L cos(ϕ) + R2
0⊥L2

(9.2)

T (f) =
L

(
1− 2R0⊥ + R2

0⊥
)

1− 2R0⊥L cos(ϕ) + R2
0⊥L2

(9.3)

A(f) = 1−R(f)− T (f) (9.4)

R(f) and T(f) are the reflectivity and transmissivity respectively and represent the frac-
tions of reflected and transmitted power of a uniform plane wave. R0⊥ is the square of the
reflection coefficient on the vacuum-dielectric interface. Oblique incidence of the ECW
beam and perpendicular polarization1 are used resulting in magnetic field components
both normal and tangential to the interface. By requiring continuity of the tangential
magnetic field component on either side of the interface the Fresnel reflection coefficient
for perpendicular polarization is obtained [65]:

√
R0⊥ =

η1 cos θi − η0 cos θt

η1 cos θi + η0 cos θt
(9.5)

The angles θi and θt are the angles of incidence and refraction respectively, as indicated
in Fig. 9.4, η0 =

√
(µ0/ε0) is the wave impedance in free space and η1 =

√
(µ0/ε0εr) is

the wave impedance in the dielectric assuming non magnetic material. The phase shift
between successive reflections is responsible for the resonances in reflection and transmis-
sion and is ϕ = (4π/λ1)d cos θt, with d the thickness of the plate and λ1 the wavelength
in the dielectric. Finally, L = exp(−(2π/λ1)z tan δ) describes the decrease of power from

1Perpendicular with respect to the plain of incidence, which is formed by the normal to the interface
and the incoming ray.

Figure 9.4: Principle of a di-
electric plate as frequency selec-
tive coupling element. This case
shows the plate under an angle of
22.5o. The reader can appreci-
ate the ECW power incident from
the left, and the ECE power from
the plasma incident from the right.
The ECW power is transmitted
under a slight displacement of the
beam, while a fraction of the ECE
power (as determined by the reflec-
tion coefficient) is reflected away
under 45o towards a radiometer.
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absorption during a single pass through the dielectric. Here, z = d/cos(θt), and tan δ is
the loss tangent which is the ratio of the conduction current density over the displace-
ment current density, i.e. (ε′′/ε′) using the complex permittivity εr ≡ ε′r − jε′′r . Note that
in the calculation of the reflection coefficient R0⊥ only the real part of the permittivity
has been considered, which is safe in the low loss limit. The total absorbed fraction is
A(f) = 1−R(f)− T (f) which, in the low loss limit, can be approximated by [74]:

A ≈ πfz tan δ(1 + εr)
c

. (9.6)

This is the general expression used in the assessment of low loss windows, and is indepen-
dent of polarization and resonances in reflection or transmission.

The choice of material is motivated by optimizing transmission at the gyrotron fre-
quency, which requires minimizing the absorption. For this reason, Infrasil301TM, a fused
quartz, has been selected which has a particularly low loss tangent of 2.9 × 10−4 [79] in
this range of frequencies and a permittivity of 3.805. In addition it has high homogeneity
and low bubble content which minimise diffraction effects within the plate. Using Eq. 9.6
the absorption in the plate is found to be 2.0 % per cm. The thickness of the plate also
affects the minimum in reflection: a thicker plate means more absorbtion resulting in
degraded interference and an increase in the minimum of reflection. An alternate choice
of material would be Chemical Vapor Deposited (CVD) diamond, which possess superior
properties in terms of its extremely low loss tangent and high thermal conductivity, and
is the preferred choice of material for the gyrotron and tokamak vacuum windows in high
power ECRH systems [78]. However, at the required thickness to achieve a minimum
ECE channel spacing such windows are simply not available or would become excessively
expensive.

In order to minimize the absorbed power density in the plate, it has been located near
the largest waist along the gyrotron transmission line. This location is found approx-
imately half way the transmission line where the waist is 97 mm. At this location also
sufficient space to install the support structure for the overall coupler is available. In order
to cover 99.97 % of the Gaussian beam a plate diameter of 4× w is required. Correcting
for the plate angle of 22.5o, a diameter of 450 mm has been selected. The spacing between
maxima in reflection is inversely proportional to the number of 1

2λs that fit in the plate. At
an incidence angle of 22.5o a channel spacing of 800 MHz would require a plate thickness
of 98 mm. However, this would amount to losses in the plate at an unacceptable level
of 20%. Therefore, a compromise was made by increasing the channel spacing to 3 GHz,
which reduces the required thickness to 25.75 mm, and reduces the losses to an acceptable
level of 5%. The reflected power fraction at the gyrotron frequency then becomes -35 dB.
Fig. 9.5 shows the reflected and transmitted fractions of power of the plate according to
its final specifications.

Using the material properties of Infrasil301TM, the increase of the central temperature
of the plate due to the power absorption is estimated at 50 K/s in case of an 800 kW
gyrotron beam. The temperature increase causes a change in permittivity in quartz [81]
which changes the resonance frequency. A temperature increase of 150 K is calculated
to shift the resonance by 250 MHz, causing the reflection at the gyrotron frequency to
increase from -35 dB to -15 dB. As a precaution the gyrotron pulse length has therefore
been limited to 3 s at 800 kW. At this rating, expansion and stresses resulting from the
absorption in the plate were investigated using the finite element package ANSYSTM. It
was found that the maximum stress is 2.8 MPa, and is directed in tangential direction of
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the plate. The maximum allowable stress specified by the manufacturer is 50 MPa. The
expansion of the disk was found to be in the order of 1 µm. This causes no significant
deviation of the resonant frequency.

In the case of a uniform plane wave the amplitude of the multiple reflections is de-
termined by the reflection coefficient, Eq. 9.5, and the losses. The gyrotron beam is not
a uniform plane wave but has a Gaussian beam shape. With the beam at an oblique
angle with respect to the plate this results in a shift of the maxima in the beam from
subsequent passages through the plate, which will affect the interference. This effect is
called walk-off [22] and scales inversely proportional with the beam waist, and propor-
tional with the offset between successive passages. The effect of walk-off was investigated
using a computer model. The code sums the phase and amplitude of an arbitrary number
of internal reflections [65]. After summing 4 components, that is the initial reflected (or
transmitted) ray followed by 3 round trip internal reflections, the reflected or transmitted
fraction has converged to within 1% of the final result. This low number is a consequence
of the relatively low permittivity, which gives rise to a low reflection coefficient (Eq. 9.5),
which in turn is squared to give the reflected fraction of power on a single reflection. After
verification of the model with Eqs. 9.2 and 9.3 the code was adapted to take the Gaussian
beam profile into account. The input beam was sampled with 450 points (1 mm spacing)
and for each point of the reflected and transmitted profiles the first 10 components of the
multiple reflections were taken into account. The effect on the transmitted profile is found
to be negligible, but in the minimum of reflection the reflected beam showed substantial
distortion and, when integrated over the full beam profile, it is found that the reflected
fraction increased from −35 dB to −27 dB. The effect on the maxima in reflection used
for the ECE measurements is again negligible.

A reduction of 27 dB brings the estimated 100 W of reflected power from TEXTOR
down to 200 mW. In principle a notch filter with an attenuation of 83 dB can now be used
to achieve the required 110 dB attenuation in table I, but an accidental increase in reflected
power over a few orders of magnitude due to changing plasma conditions, would cause a
breakdown in the notch filter. To avoid this, and to ease the burden on the notch filter,
a second quartz plate has been included. This brings the gyrotron power before entering
the notch filter down to fractions of a mW. The overall coupler arrangement based on the
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two dielectric plates, a plane mirror, and a curved mirror to project the beam onto the
horn antenna is shown in Fig. 9.6.

The total efficiency of the ECE transmission from the plasma to the radiometer horn
is now estimated as follows. The path of the ECE power from the plasma via the launcher
and through the CVD Diamond window is estimated to cause an average loss of 1.0 dB,
the major part of this is due to the CVD Diamond window not being resonant at the ECE
frequencies. The signal is next relayed over 4 aluminium mirrors in the transmission line,
and encounters 2 more aluminum mirrors in the coupler. The losses of these 6 mirrors are,
using a conservative estimate [22], in the order of a percent and are therefore neglected.
The maxima in reflection in Fig. 9.5 that theoretically can be achieved are not at unity
(0 dB), but at -4.3 dB. Leaving a margin for the value that can be achieved in practice,
the total reduction in power from the plasma to the horn antenna is therefore estimated
at 11 dB.

Figure 9.6: Layout of the cou-
pler arrangement (”Optics Box”).
To the right: The front view show-
ing the optical components and
the beam path of ECW and ECE.
Note the ECW power reflected to-
wards a water cooled microwave
load (not shown here) on the left
hand top corner. To the left: The
side view of the box as viewed from
the left.

A fraction of at least -27 dB of the ECW power incident on the first plate is reflected
away upwards. At 800 kW this still represents 1.6 kW. A microwave dump has been
installed at this location to absorb and monitor reflected power levels. The quartz plates
and aluminium mirrors in the optics box are made fully adjustable to tune the plate angles
to full transmission and to be able to couple the horn antenna precisely to the ECE beam.
A corrugated horn was chosen to give low side lobes in order to reduce pick-up of stray
radiation. The waist at the horn is 4.9 mm, the half power bandwidth is at 8o.

9.3.2 Radiometer.

The characteristics of the corrugated horn antenna were measured in the laboratory, and
the parameters on the waist and the opening angle were used to optimise the curvature
of the focusing mirror. The horn antenna is followed by an 80 dB notch filter with a
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bandwidth of 100 MHz, originally used in the Collective Thomson Scattering experiment
at JET [60]. It was tuned in the laboratory to a minimum of −80 dB, at the gyrotron
frequency, falling off to −40 dB over a frequency shift of 100 MHz. See Fig. 9.7.
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Actual protection of the radiometer by the notch filter is only at the narrow notch, but
during the rise time of the gyrotron beam current other modes will be excited resulting
in ECW power at other frequencies. To protect the radiometer a p-i-n switch has been
included which switches 53 dB attenuation in circuit between the notch filter and the ra-
diometer during the gyrotron switch on and switch off period. The waveguide components
and radiometer are shown in Fig. 9.8.
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Figure 9.8: Front-end and ra-
diometer.

The radiometer has been build to specification by Amtron Mikrowellentechnik (Bonn,
Germany). It is a single side band heterodyne receiver with the LO at 126.6 GHz and
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an IF band from 5.6 to 21.2 GHz. In the IF band an additional notch filter at 30 dB
at the down shifted gyrotron component has been included, the total IF gain is 60 dB.
The 6 ECE frequencies start at 132.5 GHz, with 3 GHz spacing and 500 MHz bandwidth.
The video bandwidth can be set to 1 kHz, 10 kHz, 100 kHz, and 500 kHz. The average
noise temperature of the 6 channels is 5 · 103 K, with the central channels having Noise
Temperatures as low as 3.6 ·103 K. The coupling losses to the horn, loss of the notch filter,
loss of the p-i-n switch, and insertion losses are estimated to cause = 6 dB losses from the
horn to the mixer in the radiometer.

9.3.3 Discussion of specifications and final design

Table 9.1 compares the requirements of section III with the predicted performance of the
final design of the system outlined in this section. In comparison to the requirements, the
maximum gyrotron pulse length is reduced to 3 s to avoid a too large shift of the notch
in reflected power due to the temperature increase in the quartz. For application and
demonstration of the scheme at TEXTOR this is not a serious problem. The rejection of
the gyrotron component is better than required, which provides a comfortable margin in
case the reflected fraction of ECW power from the plasma rises due to unforeseen effects.
The channel spacing around the gyrotron frequency, set only by the plate thickness after
selection of material and angle of incidence, has increased from 800 MHz to 3 GHz in
order to limit the losses by absorption to 5%. At the 140 GHz resonance a 3 GHz spacing
corresponds to approximately a 3 cm radial resolution. This could compromise localisation
and suppression of islands with a full island width of less than 3 cm. The overall losses
from plasma to mixer are 11 dB (section IIIA) + 6 dB (Section IIIB) = 17 dB. The front-
end losses are 5 dB too high, but recall that these losses were calculated to put the overall
Noise Temperature below 6.3 eV, while 20 eV is required for island detection. The overall
receiver performance is expected to be sufficient.

Parameter Required Design Comment
Forward Power 800 kW 800 kW o.k.
Pulse length 10 s 3 s -
Rejection ECW to ECE 110 dB 127 dB ++
Channel spacing 800 MHz 3 GHz -
ECE span 12 GHz 15 GHz +
IF BW 500 MHz 500 MHz o.k.
Video BW 10 kHz 10 kHz o.k.
Tr Radiometer 5 kK 5 kK o.k.
Losses plasma to mixer 12 dB 17 dB -

Table 9.1: System requirements and theoretical system validation.

9.4 Performance tests.

Manufacturing and assembly were done in stages allowing optimalisation during the pro-
cess. Low power microwave measurements on the quartz plate provided design details on
accuracy and stability necessary for the adjustment mechanisms of the angle of the plate,
and of the aluminum mirror adjustments. The optics box was assembled and padded with
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high grade eccosorb (VHP-2-NRL, EEMCOIMEX) to reduce stray radiation levels in the
enclosure. It was then subjected to an overall low power acceptance test in the laboratory.
The principle aim was to assess and minimise the reflected fraction of power at the gyrotron
frequency, which implies automatically optimising transmission at the gyrotron frequency.
To this purpose a test rig with additional focusing mirrors was constructed which allowed
illumination of the first quartz plate with a beam with identical quasi-optical parameters
as the ECW beam. The performance of the coupler was assessed with a network analyser.
The transmitter of the instrument was used to launch power from the TEXTOR end while
the receiver was mounted behind the horn antenna. The angle of incidence on the plates
was set to 21.8o to fine tune the notch to the exact gyrotron frequency of 139.85 GHz.
The measurement was carried out in two stages. First the plates were covered with plane
aluminium reflectors to obtain a zero dB reference trace, next the measurement was re-
peated with the reflectors removed and the zero dB reference trace subtracted. This is the
green curve in Fig. 9.9. The dashed black trace is the two plate response calculated with
the model. The expected -27 dB attenuation per plate at the notches is achieved.
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Figure 9.9: Verification of the
fraction of reflected power as a
function of frequency for the two
plate arrangement. The solid
green curve gives the measured re-
sponse, the dashed black curve the
response calculated with the model
taking walk-off into account.

Next the optics box was installed and aligned in the TEXTOR bunker. A wooden
diaphragm was mounted in the ECW transmission line with a diameter of 390 mm to
avoid radiation in the tail of the Gaussian beam reflecting off the plate holder into the
optics box. The gyrotron was set to 400 kW and fired onto the first quartz plate. The
microwave dump arrangement above the optics box was used to tune the plate to minimum
reflection. Using a caloric measurement the total absorbed power for a 1 second gyrotron
pulse at 400 kW was found to be 700 W, corresponding to a reflected power fraction of
−27.5 dB. It should be noted that not all energy deposited in the microwave dump can
be measured by the caloric measurement system, resulting in an underestimate of the
reflected fraction. Heating up of the quartz plate was found to be 22 K/s at 400 kW.
Both the number on the reflected fraction and the increase in plate temperature are in
agreement with expected values. The tests were concluded by a measurement of stray
radiation and reflected power while the gyrotron launched 400 kW of ECW power into
the plasma. The power at the horn antenna was monitored and found to be fluctuating
around 0.1 mW, not exceeding 0.5 mW, see Fig. 9.10.

This level will be reduced by the notch filter by 80 dB resulting in power levels at the
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mixer below 10 pW, well below levels that would compromise detection of the ECE power.
The performance tests, and also the data presented in the following section, were all

taken at 400 kW. At 800 kW similar performance is expected, but different gyrotron RF
output power levels generally cause a shift in gyrotron frequency requiring fine tuning of
the gyrotron.

The alignment of the in-line receiver was verified by injecting microwave power at
138.5 GHz into the horn antenna, and scanning the 2D Gaussian power profile at the
TEXTOR window. The microwave alignment was found to be in good agreement with
the laser alignment.

The noise temperature of the radiometer was verified in the laboratory by compar-
ing the response to room temperature with LN2, measured with a millivoltmeter. The
measurements were taken directly at the input of the mixer and confirmed an average
noise temperature of 5 · 103 K for channels 1 to 5. Channel 6 gave a very poor result and
the noise temperature could not be measured without reverting to signal averaging, not
available at the time. The gain of channel 6 has been set extremely high in order to still
use it in the experiments, but the data should be interpreted with care as it is prone to
non-linearity and cross-talk.

9.5 First ECE measurements during high power ECRH.

Initial measurements were taken in the absence of ECRH to assess ECE performance of
the receiver. Temperature traces were obtained on which structures such as sawteeth and
island fluctuations can be clearly observed. Fig. 9.11 shows data from TEXTOR discharge
106478. The plasma current Ip was 350 kA, the toroidal field BT was 2.4 T. The ECRH
beam was injected under a vertical angle of 1o (upwards is positive) and a toroidal angle
of 0o (to the right is positive). At these angles and plasma parameters the ECE channels
are located around the q = 1 surface. The detailed view shows the inversion radius in the
vicinity of channel 3 (138.5 GHz).

Data with combined ECE and ECRH are shown for discharge 106913 in Fig. 9.12.
Plasma conditions were Ip = 300 kA, BT = 2.3 T, and plasma density ne = 2× 1019m−3.
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Figure 9.10: Measurement of
stray radiation at the horn an-
tenna during a 150 ms ECRH
pulse at 400 kW (TEXTOR dis-
charge #106235). The level is
fluctuating around 0.1 mW, not
exceeding 0.5 mW. The power at
the radiometer mixer will be atten-
uated by an additional 80 dB by
the notch filter.
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Figure 9.11: Line of sight receiver data for a pulse without ECRH, TEXTOR discharge
# 106478. Fig. 9.11a shows the full discharge, and Fig. 9.11b a detailed view around 2.2
seconds. The inversion radius on the q=1 surface is observed around channel 3. Cross
calibration against Thomson Scattering shows that the fluctuations of the pre-cursor os-
cillations on channel 3 are in the order of 10 eV.
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Figure 9.12: Line of sight receiver data with combined ECE and ECRH, discharge 106913.
The effect of the heating on the ECE channels is observed (a), and sawteeth are suppressed
at the moment the ECRH is switched on (b).
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400 kW of ECRH was injected under a vertical angle of 1o, and a toroidal angle of 2o. At
these parameters the ECE channels are still approximately located symmetrically around
the q = 1 surface. The ECRH was applied between 2 and 4 seconds and the increase in
electron temperature can be clearly observed in Fig. 9.12a. A close up around t = 2.20 s in
Fig. 9.12b shows the sawtooth inversion visible between the 132.5 GHz and the 135.5 GHz
channels. The gyrotron power at 139.85 GHz will therefore be deposited outside the q = 1
surface. Theory predicts stabilisation of the sawteeth in that case which indeed occurs
after the gyrotron is switched on at t = 2.0s. When the ECRH is switched on the sawteeth
are stabilized. A cross calibration of the data with Thomson Scattering shows that features
during ECRH, for example the residual sawteeth on channel 2 at 2.01 s, can be resolved
down to 10 eV. This implies that the system requirements as defined in table 1 are fulfilled.

The next measurement shows # 107125 with combined ECE and ECRH in the presence
of a tearing mode. Plasma conditions were Ip = 300 kA, BT = 2.25 T, and plasma density
ne = 2.5 × 1019m−3. The power was 400 kW, injected at a toroidal injection angle of
−10o corresponding to co-ECCD, and the vertical injection angle was varied from −15o

to 15o during the 2 seconds gyrotron pulse. Fig. 9.13 shows a cross section of the plasma
indicating the flux surfaces and ECE channel locations at the two extreme beam angles.
As the beam is swept through the plasma the 140 GHz resonance crosses the q = 2 surface
twice.
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Figure 9.13: ECE channel loca-
tion with the beam launched un-
der a vertical angle of −15o, and a
vertical angle of 15o for TEXTOR
discharge # 107125.

The overall discharge is shown in Fig. 9.14a. For comparsion an ECE channel at
141 GHz from another radiometer at TEXTOR has been added to the plot. At 1.3 seconds
into the discharge a m = 2, n = 1 island is formed. The detailed view in Fig. 9.14b at 1.5
seconds shows the fluctuations on the electron temperature caused by the rotating island.
Phase reversal is observed between channels 132.5 GHz and 138.5 GHz.

In Fig. 9.15a and Fig. 9.15b details are given of combined ECE and ECRH during the
island phase. Fig. 9.15a shows the period between switch on of ECRH and stabilisation of
the island near 200 ms. Once the mode is stabilised as the heating has come close enough
to the q = 2 surface, the instability does not reappear as the heating again moves away
from the q = 2 surface. It also shows a large perturbation signal on the in-line receiver
channels during the period that the island is present. Fig. 9.15b shows the perturbed
signals at a finer time resolution. It is seen that only during a particular period of time,
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fixed to the island rotation, the perturbation occurs. A close examination learns that the
channel at 138.5 GHz is fully saturated during this period, causing the response of the
other in-line receiver channels to be compressed.

Perturbations are also seen at several degrees around perpendicular injection in dis-
charges without rotating tearing modes.
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Figure 9.14: Combined ECE and ECW in the presence of an island, TEXTOR discharge
# 107125. Fig. 9.14a: overall plot. The black channel is a channel from a radiometer
using another viewing line into the plasma. Fig. 9.14b: detail before switch on of ECRH.
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Figure 9.15: Suppression of the island in TEXTOR discharge # 107125 occurs as the ECW
beam is overlapping with the resonant surface (Fig. 9.15a). Viewed closely (Fig. 9.15b)
the perturbations are in fact very large spikes occurring during a particular phase of the
island rotation.
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9.6 Summary and discussion.

The principle of a novel scheme to localise and suppress tearing modes using Line-of-Sight
ECE has been demonstrated. In this scheme the high power ECRH transmission line is
used in the reverse direction as an ECE receiver. By localising a mode symmetrically
at the gyrotron frequency it is ensured that the applied ECW in forward direction will
be placed exactly on top of the mode. This paper has presented the design of the ECE
receiver, and first results of measurements with the system as implemented on TEXTOR.
Macroscopic MHD modes like islands and sawteeth have been detected. It is shown that
these modes can be localised in the ECE spectrum in the presence of 400 kW of forward
ECW power. The minimum fluctuations in electron temperature that can be detected are
in the order of 10 eV. This is satisfactory for the implementation of the receiver into a
feedback system that is under development.

In some cases strong perturbations in the measured signals are observed during com-
bined ECE and ECW. In the presence of an island a very high power level saturates
the channel at 138.5 GHz during a particular phase of the mode. This phase typically
lasts 10 to 20 % of the mode period time. During saturation the power level is so large
that the radiometer goes into compression, forcing all other channels down. In case the
ECW is launched perpendicularly the ECE measurements are perturbed in a similar way,
without clear correlation to MHD activity. The mechanism causing these perturbations,
probably from plasma physics origin, should be investigated for two reasons: in the first
place because it is an unknown and intriguing phenomenon on itself and secondly because
understanding might lead to measures to avoid the perturbations that sometimes could
hamper the proper working of the feedback control system.

Work is ongoing to integrate the measurements into a feedback scheme to suppress
tearing modes and control sawteeth. In the scheme the location of the mode will be derived
from the characteristic 180o phase jump between the ECE channels. This information is
used to move the steerable launcher and control the gyrotron power and timing in order
to stabilise the mode. The perturbations that occur in the combined presence of a mode
and ECW may hamper algorithms used to detect and localise modes.

The presence and control of NTMs are a considerable challenge for safe and stable
operation of ITER [87]. The advantages of a Line-of-Sight scheme discussed in this paper,
and the demonstration of ECE measurements in the presence of 400 kW forward ECW
power, make it a promising addition to the tools for NTM localisation and suppression
in ITER. The present system, which has been designed for a quasi-optical environment,
has limited spatial resolution and limits the pulse length of the gyrotron. A Fabry-Perot
etalon, two thin disks accurately separated by an air gap, might be a candidate to achieve
a higher spatial resolution and a longer pulse length. The ECW installation in ITER
does not use a quasi optical transmission line but waveguide transmission. Other possible
implementations in a waveguide environment are currently under investigation as well [71].
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9.8 Comments

The next comments result from insights obtained following publication of the paper.

9.8.1 X-mode / O-mode

In Section 2.2.1 it was shown that the 2-nd harmonic O-mode in TEXTOR is optically
thin, and therefore not the preferred choice for ECE measurements. For the in-line receiver
there is little difference between reception of X-mode and O-mode: in Section 8.4.3 it was
shown that perpendicular polarisation (which corresponds to X-mode in TEXTOR) gives
a few dB more transmission for the ECE frequencies, while parallel polarisation (which
corresponds to O-mode in TEXTOR) gives a few dB additional reduction at the gyrotron
component.

Due to a practical problem with the radiometer waveguide arrangement, the measure-
ments in Chapter 9 were all taken in O-mode, however, strong signals and localised mea-
surements were obtained. Careful comparison with X-mode measurements showed that
absolute signal levels in X-mode are a factor 1.5 to 2 on average above that in O-mode.

Wall reflections (see Sec.2.3.1) caused by the high reflectivity of the carbon tiles inside
TEXTOR could explain strong signal levels in O-mode. Localisation is less straightforward
as the multiple reflections result in an average over the full vertical cord. It should be
realised though that the weight of the initial reflections is highest, and those are likely to
be still localised. Also, localised fluctuations on a time scale much faster than the evolution
of the temperature profile will be maintained in the average (with some attenuation) as
long as no other strong other fluctuations are present along the cord.

Finally one should realise that in practice not only O-mode is detected. There is a
X-mode component due to the helicity of the field lines, which at the q = 2 surface in
TEXTOR, is already close to 10%. In addition the fraction of X-mode will also increase
with larger launcher angles, as the plasma modes become more elliptically polarized as
compared to the linear polarization of the receiver.

9.8.2 Signal to noise requirement

The requirement on the maximum receiver noise temperature referred to the in-vessel
launcher (Section 9.2) of 6.3 eV is too stringent. A sketch showing the signal and noise
temperatures in the in-line receiver is given in Fig. 9.16. Using the radiometer equation

Figure 9.16: Schematic show-
ing the signal and noise tempera-
tures in the line-of-sight receiver.
Note that the noise powers [W]
are obtained by multiplication with
kbBIF .

(Eq.9.1) with Bv = 10 kHz, and BIF = 500 MHz, the intrinsic fluctuations on the ECE
are indeed 6.3 eV, but the minimum fluctuation level that the single sideband radiometer
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can detect with a signal to noise ratio of unity is given by

Pmin = kbTsysBIF

√
2Bv

BIF
, (9.7)

in which Tsys = Tece + Trec. It is seen that the receiver noise temperature Trec needs to
be small compared to the electron temperature Tece, and not compared to 6.3 eV. The
requirement, identical to the calculation in Chapter 6 is now set at Trec = 0.1 · Tece, or
0.1 keV. This means that losses between radiometer and plasma are allowed to be higher
as well: using a radiometer with a noise temperature of 1 eV (good, but not exceptional),
and referring to Fig. 9.16, it is seen that the losses between plasma and radiometer at the
ECE frequencies are allowed to be a factor 100, or 20 dB.

An additional requirement arises from the recent choice to set a figure of 10 W to
the maximum power that is allowed before entering the notch filter. This requires the
gyrotron power at this location to be reduced by 50 dB should 100% reflection of gyrotron
power occur. By specifying 50 dB attenuation of the gyrotron component, and by adding
the 80 dB notch filter, 130 dB attenuation of the gyrotron component is required. It is
noted that by specifying a maximum loss of 20 dB at the ECE frequencies, this then also
translates to the requirement of 110 dB rejection between ECW to ECE.

To make Table 9.1 compatible with the new insights (and ensuring consistency with
Chapter 6), an update table is given below. The design value for rejection ECW to ECE
has been set to 125 dB (2 plates @ 27 dB, minus 9 dB losses @ ECE frequencies, plus
80 dB notch filter).

Parameter Required Design Comment
Forward Power 800 kW 800 kW o.k.
Pulse length 10 s 3 s -
Rejection ECW to ECE 110 dB 125 dB ++
Channel spacing 800 MHz 3 GHz -
ECE span 12 GHz 15 GHz +
IF BW 500 MHz 500 MHz o.k.
Video BW 10 kHz 10 kHz o.k.
Tr Radiometer 1 eV 0.7 eV o.k.
Losses plasma to mixer @ ECE frequencies 20 dB 17 dB +

Table 9.2: Updated requirement and theoretical system validation table.
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Chapter 10

Experimental results

In this chapter the performance of the line-of-sight receiver is assessed. Its ability to detect
and localise MHD activity while applying ECRH is demonstrated. The chapter is organised
as follows. In Section 10.1 the determination of the radiometer noise temperature and
sensitivity in the laboratory is described. Detection of ECE inside the ECRH transmission
line is demonstrated. The overall losses in the system are found by comparison to the
laboratory measurements. This allows to calculate the minimum fluctuation in electron
temperature that can be detected. The latter is shown to be in agreement with the
observed fluctuations on TEXTOR. In Section 10.2 operation of the receiver is assessed
while ECRH is applied. It is demonstrated that sawteeth and islands can be detected and
localised in the presence of forward ECRH power. Section 10.3 addresses perturbations
that are observed under a number of conditions, but in particular during - and in phase
with - MHD activity. Initial observations on this spurious signal are reported. It is shown
that the nature of the perturbations is such that the perturbed data can often still be used
for island detection and localisation. The chapter is concluded in Section 10.4.

10.1 Instrument characterisation

In order to assess the overall ECE receiver, the noise temperature at the antenna input
inside the vessel (i.e. the ECRH launcher) is required. This figure, together with the
plasma temperature, and the IF- and video bandwidths then allow to calculate the mini-
mum noise power that can be measured with a signal-to-noise ratio of unity (see Eq. 3.11).
An established and accurate method to obtain the overall noise temperature is by plac-
ing a thermal source inside the vessel, and performing a Y-measurement as described in
Chapter 3. This method also allows to absolutely calibrate the overall receiver. As the
temperatures used will be orders of magnitudes lower than the plasma temperature, such a
measurement in general requires signal averaging techniques to detect the relatively small
step in temperature. In addition a dedicated in-vessel construction is required to carry
out the experiment. Time did not allow this experiment, but instead the radiometer noise
temperature, its sensitivity, and the losses of the RF front-end components were mea-
sured in the laboratory. Next, the radiometer was installed in the final arrangement in
the bunker (with its gain settings unchanged), and the plasma response was measured. A
cross calibration with Thomson Scattering provided the actual measured electron temper-
atures in TEXTOR. By comparing the sensitivity in the lab with that in the bunker, the
losses between radiometer and plasma are found. The losses in turn allow to determine
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the overall noise temperature at the ECRH launcher by taking the product of the losses
with the radiometer noise temperature (see Table 3.2.1).

The experimental set-ups are shown in Fig. 10.1. The upper schematic shows the
situation in the laboratory, and the lower schematic the full assembly in the TEXTOR
bunker. Note that in order to fill the full antenna pattern of the radiometer waveguide, the
horn antenna preceding the radiometer is required. The horn antenna is therefore treated
as an integral part of the radiometer, and the figure of the radiometer noise temperature
includes the attenuation and couplings losses of the horn.

Figure 10.1: Schematic of measurements on the radiometer only, and on the overall re-
ceiver as installed in the TEXTOR bunker. The color coding of the boxes is consistent
with the analysis in Section 6.4.

10.1.1 Characterisation in the laboratory

In the laboratory the radiometer was exposed alternatingly to a hot source at 773 K, and
a cold source at 77 K (LiN2). In the experiment the radiometer RF input was connected
by means of a 10 cm piece of straight waveguide to the horn antenna that is also used
in the final system. The gains in the video stage were set relatively high in order to
get sufficient response to the hot- and cold sources used. It was noted that the gain of
channel 147.5 GHz (highest frequency) needed to be set about 20 times higher compared
to the other channels. On occasion this channel also shows erratic behaviour, and as a
consequence it has been decided to eliminate it from the experiments. Using the procedure
of a Y-measurement as outlined in Chapter 3, the noise temperature of the individual
channels was determined according to the upper schematic in Fig. 10.1. The sensitivity,
in eV/V, was determined. The results are given in Table 10.1. Next the losses of the
additional waveguide components preceding the radiometer in it’s final set-up (blue box
in Fig. 10.1, details in Fig. 6.6) were measured, and found to be 6.5 dB.

10.1.2 Characterisation on TEXTOR

The radiometer was installed in the TEXTOR bunker and aligned to the Frequency Se-
lective Coupler, as shown in the lower schematic in Fig. 10.1. The video gains of the
radiometer were left unchanged. The orientation of the horn antenna was adjusted for
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Chn Tr Sensitivity
[GHz] [eV] [eV/V]
132.5 0.7 0.64
135.5 0.5 0.97
138.5 0.9 0.68
141.5 0.5 0.19
144.5 0.8 0.45

Table 10.1: Summary of radiometer responsivity and noise temperature measurements in
the laboratory. The figures apply to the radiometer inclusive the horn antenna and a small
piece (10 cm) of straight waveguide.

X-mode, i.e. such that the electric field vector is perpendicular to the toroidal field of
TEXTOR. This is the same polarisation as ECRH injection.

Responsivity and system losses

Fig. 10.2a shows data for TEXTOR pulse #107785. Plasma conditions were Ip = 300 kA,
BT = 2.25 T, and the line averaged density ne = 1.5× 1019m−3 (parameters at t = 1.2 s).
The ECRH toroidal launching angle was 0.4o (positive angle corresponds to launching
direction to the right and corresponds to counter ECCD under standard conditions for
the plasma current on TEXTOR). The vertical launching angle was 3.7o (positive angle
corresponds to launching direction upwards). Only the channels at 135.5 GHz, 138.5 GHz,
and 144.5 GHz are shown as the other channels saturated (the range of the ADC is±10 V ).
Fig. 10.2b shows a Thomson Scattering temperature profile on which the location of the

Figure 10.2: a) ECE measurements of 3 channels of the line-of-sight receiver on the plasma,
without ECRH. Figure b) shows the corresponding plasma temperature.

ECE receiver channels are mapped. Note that the Thomson data used are that of the
next pulse (#107786), however, over the period of assessment (up to 1.2 s) the plasma
parameters of both pulses are the same. The plasma response of the overall receiver for the
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three ECE channels is given in Table 10.2. The ECE channels each have a constant DC

Chn Offset ∆ V (@ 1.2 s) ∆ T Sens. Tot. losses Losses FSC
[GHz] [V] [V] [eV] [eV/V] [dB] [dB]
135.5 0.56 5.79 922 159 22.2 14.7
138.5 1.32 7.08 747 106 21.9 14.4
144.5 1.89 1.66 538 324 28.5 21.0

Table 10.2: Radiometer response on plasma and calculated losses.

offset (column 2) which is found at t = 0. The sensitivity is then determined as before as
the ratio between increase in temperature to increase in output voltage of the radiometer,
and is given in column 5. These numbers are much larger, expressing that the sensitivity
of the overall receiver has been reduced by the components added with respect to the
laboratory experiment. These losses are found by dividing the in-TEXTOR-sensitivity by
the lab-sensitivity, and are given in column 6. From Fig. 10.1 it may be seen that a total
of 1 dB is accounted for by the section of transmission line between plasma and Frequency
Selective Coupler, and 6.5 dB by the waveguide componenst preceding the radiometer. A
total of 7.5 dB is then substracted from the figures in the 6-th column to obtain the total
losses introduced by the Frequency Selective Coupler (the last column). The average loss
of the Frequency Selective Coupler is seen to be around 17 dB, which is 4 dB higher than
specified, and 8 dB higher as designed. The impact of the higher losses is evaluated in the
next paragraph.

Signal-to-noise

The total losses (from mixer to plasma) determined in the previous section are on average
24 dB. The average radiometer noise temperature (Table 10.1) is 0.7 eV. The overall
receiver noise temperature (see Table 3.2.1) is therefore 0.2 keV, still small compared to
the electron temperature of 1 keV. Using Eq. 3.11, a video bandwidth Bv = 10 kHz, an
IF bandwidth BIF =500 MHz, and a 1 keV plasma, the ECE intensity fluctuations are
expected to be around 8 eV. This is verified in Fig. 10.3 by viewing a detail on channel
132.5 GHz in pulse 107785. The temperature of the channel at 135.5 GHz is in the order
of 1 keV, as is seen in Fig. 10.2b. The peak-to-peak fluctuations in Fig. 10.3 are seen
to be in the order of 10 eV. The noise expressed by Eq. 3.11 is a r.m.s. value, and the
noise in Fig. 10.3 is assessed as 7 eV r.m.s. Recalling that the requirement is 20 eV in
order to resolve islands with a width down to 1 cm, (Sec. 6.4) it is concluded that the
Signal-to-noise ratio is more than sufficient, despite the higher losses found in the previous
section.

10.1.3 Conclusions on instrument characterisation

It is found that the losses between plasma and the radiometer are on average 24 dB, which
is 8 dB higher than the design value (and 4 dB higher than the specification). The losses
at the ECE frequencies of the two dielectric plates should amount to no more than 9 dB
(see Table 8.2), and it is not clear where these additional losses occur. It is noted that the
overall line-of-sight receiver has been aligned to nominal dimensions, but at no time has
it been attempted to optimise signal strength from the plasma by e.g. adjustment of horn
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135.5 GHz Figure 10.3: Detail of #107785,
channel 135.5 GHz, used to assess
the signal-to-noise of the overall
receiver. The peak-to-peak fluctu-
ations are seen to be in the order
of 10 eV. The r.m.s. value of the
noise is in the order of 7 eV. The
saw tooth amplitude is in the or-
der of 30 eV. An island of 1 cm is
expected to cause a fluctuation on
the electron temperature of 20 eV.

or mirrors. It is also noted that the followed procedure assumes the radiometer response
to be linear between 0.06 eV and 1 keV. Finally, it is noted that the high average of 24 dB
of the losses in Table. 10.2 is mainly due to the contribution of the losses of the channel
at 144.5 GHz. This could be a starting point when investigating the higher losses.

Despite the higher losses the signal-to-noise of the instrument is still good, as the
radiometer noise temperature is still small compared to the electron temperature of the
plasma. At low electron temperatures (several 100 eV), the noise contribution of the
radiometer will become a problem. When plasmas at such temperatures are of interest,
the additional losses should be investigated further.

The inherent noise fluctuations of the ECE are around 7 eV, very close to the expected
value of 8 eV. This is more than sufficient to detect islands down to a size of 1 cm, which
are expected to cause fluctuations on the electron temperature of 20 eV.

10.2 Measurements with combined ECE and ECRH

In this section measurements with combined ECE and ECRH are presented. The mea-
surements have been taken with video gains adjusted to match the signal levels to the
ADC range of ±10 V. Also the reader is advised that a 3-dB coupler was included in the
waveguide components preceding the radiometer. The ECE channels are shown as the
actual ADC voltage, with only a DC offset correction in order to display the channels in
a logical order. The channel with the lowest frequency is plotted on top, such that going
from top to bottom corresponds to a decrease in temperature (the channels are located
on the high field side, lowest frequency closest to the plasma centre).

Sawteeth

Fig. 10.4 shows data with combined ECRH and ECE in #107907. The plasma parameters
during the ECRH phase were Ip = 357 kA, BT = 2.43 T, and density ne = 2.5×1019m−3.
The ECRH power was 400 kW, and was injected at a toroidal angle of −3.6o, and a
vertical angle of 7.7o. A detailed view and the plasma equilibrium are shown in Fig. 10.5.
In the period without ECRH, from 1.8 to 2.0 s, the sawtooth oscillations are clearly visible
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f = 132.5 GHz
f = 135.5 GHz
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Figure 10.4: TEXTOR discharge
107907 illustrating the response
of the line-of-sight receiver dur-
ing ECRH. The ECRH pulse is at
400 kW, 1 s, and starts at 2 s. The
receiver is not perturbed, and the
increase in temperature is clearly
observed.

Figure 10.5: a) detail of #107907 just before and after the heating. The inversion radius
is seen to be located, and combined ECE and ECRH is demonstrated. b) plasma profiles
for #107907.

on all channels. The sawtooth inversion is seen to be located in the vicinity of channel
135.5 GHz. This is close to the position of the q = 1 surface as estimated from a simple
estimate of the equilibrium. This demonstrates the potential of the receiver to localise the
inversion radius in the plasma. As the ECRH is switched on, the radiometer channels are
not perturbed by the gyrotron power, demonstrating that ECE measurements during the
ECRH phase can be made. The effect of the heating is seen by the increase in temperature,
and by the reduction of the sawtooth amplitude. The dips in all signals at t = 2 s, and
t = 3 s are caused by the p-i-n switch closing during 1 ms at the switch-on and switch off
of the gyrotron to protect the receiver from spurious gyrotron modes.

Islands

A discharge with combined ECE and ECRH in the presence of an island is shown in
Fig. 10.6. The discharge shown is # 108029, with Ip = 305 kA, BT = 2.25 T, and
ne = 2.0× 1019m−3. ECRH at 400 kW was injected between 2 and 3 s at a toroidal angle
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f = 132.5 GHz
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Figure 10.6: Discharge 108029
with a m,n = 2,1 mode in the
plasma, and 400 kW ECRH be-
tween t = 2 and t = 3 s. The qual-
ity of the line-of-sight ECE during
the ECRH phase is as is observed
outside the ECRH phase, except
for some spikes, discussed in Sec-
tion 10.3.

Figure 10.7: a) Detailed view of #108029. The mode induced oscillations are clearly seen.

of −3.6o, and a vertical angle of 3.7o. The DED was applied between 1.5 and 3.2 s. The
DED induces a large m = 2, n = 1 mode. In addition a m = 1, n = 1 mode is generally
observed, while sawtooth oscillations cease to exist. Fig. 10.7 shows a close up around
t = 2.2 s together with the plasma profiles. Phase inversion is seen between the 132.5 GHz
and 135.5 GHz channels probably caused by a m = 1, n = 1 mode. The 144.5 GHz channel
shows an extended constant Te phase indicating that it is inside the magnetic island but
still on the same side as the 141.5 GHz channel.

10.3 Spurious signals

On discharge #108029 a few perturbations are seen to be present during the ECRH phase.
In particular the ECE channel at 138.5 GHz shows occasional large spikes. Similar per-
turbations are in fact observed in many discharges, and can be quite severe. On many
occasions the perturbations are seen to be synchronised to MHD activity such as a rotat-
ing island. An example of strong perturbations in phase with a rotating island is shown
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f = 132.5 GHz
f = 135.5 GHz
f = 138.5 GHz
f = 141.5 GHz
f = 144.5 GHz

Figure 10.8: TEXTOR discharge
107904 illustrating strong pertur-
bations on the line-of-sight re-
ceiver during the ECRH phase in
the presence of an magnetic is-
land. The ECRH is switched on
at 2 s, and the perturbations start
very shortly afterwards. They are
seen to disappear again around 2.7
s, while the ECRH lasts up to 3 s.

Figure 10.9: a) detail of the line-of-sight receiver channels around switch on of ECRH,
#107904. The MHD activity is clearly seen, and counter phase is observed between the
top two channels. Shortly after ECRH switch on strong perturbations synchronised to the
MHD activity appear on the channels. In Fig. b) data from the EC11 radiometer is shown
for comparison. The MHD activity is seen, and the phase reversal is noted as well. The
perturbations are not observed, however.

in Fig. 10.8. The discharge shown is #107904, with Ip = 305 kA and BT = 2.25 T. The
density varied during the ECRH phase between ne = 2.4 . . . 2.2 × 1019m−3. ECRH at
400 kW was injected between 2 and 3 s at a toroidal angle of −3.6o, and a vertical angle
of 3.7o. These perturbations last up to t = 0.7 s in the ECRH pulse, and then disappear
again. A detailed view around switch on of the ECRH, and the onset of the perturbations
is shown in Fig. 10.9. The MHD oscillations are clearly seen. Shortly after switch on
the perturbations appear, which are seen to be synchronised to the rotating island. Close
inspection shows that the perturbations are positive on channel 138.5 GHz, and negative
on the other ECE channels. In the plot adjacent to it, 4 channels of the EC11 radiometer
are shown. The MHD activity is observed, but the perturbations do not occur, indicating
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that they are specific to the line-of-sight receiver, or to its line of sight through the plasma.

10.3.1 Summary of initial observations on spurious signal

In the context of the work in this thesis the perturbations are a nuisance that need to
be reduced or eliminated. At the same time it is realised that, in particular the observed
correlation with MHD activity, is possibly of physics interest. This section summarises
a number of initial tests and experiments into the spurious signal. These are conducted
with a view to avoid or reduce the perturbations, and are not a thorough investigation
into the physics.

In addition to the discharges discussed in this chapter, several tens of discharges with
mode activity and spurious signal are available for analysis. For all discharges 400 kW
ECRH power was used, with a standard set of gyrotron parameters (such as beam voltage,
beam current, magnet current). To aid the discussion the perturbations may, from an ob-
server point of view, be classified into two categories. A type of perturbation is observed
with clear correlation to a rotating magnetic island as shown for #107904. These pertur-
bations are very strong, but as they correlate to the island rotation, they tend to corrupt
the ECE channels for a limited fraction of each island rotation period. In most cases
these perturbations affect all the channels. Variation of launcher angle has to date given
little or no reduction in these perturbations. Another type of perturbation is that showing
clear relation with launcher angles: they are only seen around perpendicular injection of
ECRH (launcher angles typically −2o . . . 2o). In this case the signals are perturbed almost
continuously during the ECRH pulse. In some cases the amplitude of the perturbation is
seen to decrease in the period up to the sawtooth collapse, to increase suddenly again at
the time of the sawtooth collapse.

Affected channels

In the majority of cases, the perturbations result in saturation of the 138.5 GHz channel
while the response of other channels during the saturation period is strongly reduced. The
latter is very likely a compression effect [33] in the radiometer: the response in the affected
frequency band is so large that the response at other frequencies is reduced.

Signal strength

The power associated with the perturbations showing correlation with MHD can be very
high. In order to investigate this further a novel Heterodyne Frequency Measurement
system was developed [88]. In addition the CTS receiver (see Sec. 5.1) was modified to
measure around the 140 GHz frequency. Initial measurements with both the Heterodyne
Frequency Measurement system, and the CTS receiver show that during the perturbations,
components in the ECE spectrum at hundreds of keV are present.

Gyrotron parameters

To eliminate the possibility of either type of perturbations originating from the gyrotron,
the gyrotron frequency has been monitored with the aid of a Spectrum Analyser. The
observed deviation in frequency was not more than 60 MHz for the pulses investigated.
The dynamic range over which the Spectrum Analyser can measure is, however, limited:
20 to 30 dB at maximum, and spurious gyrotron modes below this level could still perturb
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the ECE receiver as the frequency of these modes could be outside the 134 dB notch of
the overall line-of-sight receiver.

Reduction of gyrotron power to 200 kW is seen to reduce perturbations, while increase
of power to 600 kW and above increases the perturbations.

X- and O-mode

Perturbations are observed both in X-mode as well as in O-mode. As the radiometer
saturates it is difficult to compare the strength of the signal between both polarisations.

Plasma parameters

A correlation between the occurrence of perturbations and a particular window in electron
density has been observed. This is shown in Fig. 10.10 for discharge #107904. In the figure,
the density is plotted in the top plot and a measure for the amount of perturbation on
channel 138.5 GHz in the bottom plot. This measure is given by the fraction of time

Figure 10.10: Correlation between
electron density and spurious sig-
nal.

during which perturbations are present. The time vector of the ECE signal is divided in
a discrete number of bins of 5 ms each. The number of perturbed samples in each bin is
counted, and this number is expressed as a percentage of the total number of samples in
the bin. A sample is defined to be perturbed when the ADC voltage is more than 20%
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above the maximum ADC voltage in the absence of perturbations (for #107904 taken at
t = 2.8 s).

10.3.2 Using perturbed data for island detection

The perturbations that occur at perpendicular injection can be avoided or reduced by
moving the launcher towards a modest toroidal angle, e.g. 4o. This leaves, however, the
problem caused by perturbations that are correlated to rotating islands. A small window
in density has been identified during which perturbations do not occur, but one cannot
expect the density of TEXTOR, or future devices, to be fixed to accommodate a line-of
sight receiver. In this section a method is proposed that enables to use perturbed data,
provided the perturbation is limited in time.

Looking at Fig. 10.9a the situation looks pretty bad, but it was also seen that the
perturbations in fact are only present during a particular fraction of the period of an island
induced fluctuation. The amount of perturbations, causing saturation or compression, is
plotted for the ECE channels for pulse #107904 in Fig. 10.11. Compression is measured by
counting the number of samples in each bin falling below a set voltage, in this case by 20%
below the minimum ADC voltage of unperturbed data (again taken at t = 2.8 s). It is seen
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Figure 10.11: Saturation (Chn
138.5 GHz), or compression
(other channels) expressed as a
percentage over time in a time
frame (5 ms) during which the
perturbations are present.

that the channel showing saturation during the perturbations (138.5 GHz) is not saturated
for more than half the time, while the other channels are affected by a maximum 1/3 of
the time. A detailed view of the perturbed data indeed allows to still recognise by eye the
fluctuations, and the phase relation between individual channels. A circuit was therefore
proposed and built [89] that removes the perturbations, and holds the output voltage
during the perturbations. The signal is next filtered by a 5 kHz low pass filter to smoothen
the transitions in the signal caused by the hold circuit. The principle of the circuit, and the
result for channels 132.5 GHz to 141.5 GHz around 2.05 s are shown in Fig. 10.12. This test
was done by replacing the radiometer with an Arbitrary Wave Generator (AWG) which
was loaded with the actual line-of-sight data from #107904, and is therefore representative
for real time application on TEXTOR. The AWG could not process more than 4 channels
at a time. Hence only data for the first four channels are shown. The ”spike” signal is
either obtained from a detector at the RF input of the radiometer, or by means of a ”spike
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Figure 10.12: Schematic of a circuit that detects and removes the perturbations. Actual
data of #107904 has been used by replacing the radiometer with an Arbitrary Wave Gen-
erator that reproduced the waveforms. The traces shown are ECE channels 132.5 GHz to
141.5 GHz. The top trace (magenta)shows channel 138.5 GHz with the perturbations, fol-
lowed by processed data of the first four channels. The raw data from channel 138.5 GHz
was used to isolate the perturbations and to ”hold” the value of all other signals during
the time of the perturbations. The signals are subsequently low pass filtered. The phase
relations between processed channels 135.5, 138.5, and 141.5 GHz are clearly recognised.
The phase relation with channel 132.5 GHz is harder to see, but it is noted that the raw
data shows a reduction in amplitude of this channel after switch on of the ECRH.

detection” circuit on one of the ECE channels (not shown in the figure). The magenta
curve shows the actual data of channel 138.5 GHz, which is seen to periodically saturate.
During this period the other channels are compressed. The four other curves show the
processed ECE channels. It is seen that the spike in the 138.5 GHz channel is not fully
removed yet, and the circuit still needs tuning. The phase relations between channels
135.5 GHz, 138.5 GHz, and 141.5 GHz can still clearly be recognised though. The phase
inversion of channel 132.5 GHz is harder to see, but in the raw data it is seen by eye that
the amplitude of the fluctuations start to reduce during the ECRH period, possibly due to
shrinking of the island. In fact, careful analysis of the data shows that towards the end of
the ECRH pulse (at t = 3 s), the amplitude of channel 132.5 GHz has picked up somewhat
again, but is now almost in phase with the other three ECE channels indicating that it
has moved to the same side of the resonant surface as those channels.

10.4 Discussion and conclusion

Line-of-sight ECE measurements in the presence of 400 kW of forward ECRH power have
been demonstrated. The ECE data before and during the ECRH phase is seen to be of
the same quality.

Localisation of sawteeth and rotating islands using the line-of-sight ECE data in the
presence of 400 kW forward ECRH power has been demonstrated.

The losses in the overall line-of-sight receiver are on average 24 dB, 4 dB higher than
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specified. The signal-to-noise of the overall receiver is, however, still better than required.
This results from the low noise temperature of the radiometer, combined the stringent
requirement that was set on the losses. At a 1 keV plasma, fluctuations in the order of
10 eV can be observed, while the minimum island size to be detected (1 cm) on the q = 2
surface causes a fluctuation of 20 eV in a 1 keV plasma.

A 1 cm island is small compared to the ECE channel spacing of 3 GHz, but this does
not necessarily mean that such islands can not be detected or suppressed. As already
noted in Section 3.2, the width of the emission profile will be increased due to relativistic
broadening and Doppler shift. In [90] it is shown that in the case of the ECE-Imaging
receiver at TEXTOR (Gaussian beam waist 12 mm), the radial line width is about 3 cm
for a 1 keV plasma. Recalling that the waist of the ECRH beam is 10 mm (Section 5.4),
the radial line width of the line-of-sight receiver will be similar. This widening of the
emission profile will result in modest loss of signal power due to averaging, but with a
resolution of 10 eV this will cause no problem. Another aspect is that the flux surfaces
outside the separatrix of an island will also be deformed, which in turn will appear as
a perturbation exceeding 1 cm on the radial temperature profile. Finally, when using
the receiver with ECRH as a probing beam in feedback, one could continue to fine-tune
the launcher angle (while applying ECRH) until all oscillations are gone. Assuming that
ECRH can always fully eliminate the island, the minimum island size is then determined
by the signal-to-noise of the receiver, or by launcher steering accuracy. In such cases this
will result in detection and suppression of islands well below 3 cm.

Perturbations on the line-of-sight data are often observed around perpendicular injec-
tion of ECRH, but noticeably also at larger injection angles in the case of rotating islands
in the plasma. In the latter case, the perturbations are very strong and synchronised to
the island rotation period time. A window in the plasma density has been detected where
the latter perturbations do not occur.

The perturbations are possibly an interesting physics phenomena, but hamper usage
of the data for island localisation. In the case of rotating islands the perturbations are
present only during a particular fraction of the island rotation, and a circuit has been
suggested and demonstrated that removes the perturbations. In case the perturbations
do not last for more than 30 to 40 % of the island period time, the line-of-sight data can
in such case still be used for localisation of the island.
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Discussion and outlook

This thesis addressed the problem of active control of tearing modes in tokamaks. The
issue is of importance to fusion reactors firstly because the occurrence of tearing modes,
in particular the pressure gradient driven neo-classical tearing mode, constitutes a limit
to the pressure achievable in the tokamak, and thereby to the performance and efficiency
of the reactor. Active control of tearing modes is also needed to avoid or mitigate the
major disruption, the final stage of which starts with the uncontrolled growth of the
m = 2 tearing mode. Finally, control of tearing modes could be employed to influence the
transport of heat and particles, as well as the confinement of energetic alpha particles, and
thus can provide the essential tools for ’burn control’ in a fusion reactor. The stabilisation
of tearing modes is achieved by Electron Cyclotron Current Drive. This is the tool of
choice in the ITER reactor. In reactors beyond ITER, it is likely to be the only option
available at all. The ECCD is controlled by i) steering the beam (i.e. steering the mirror
in poloidal and toroidal direction) and ii) the phase and power of the gyrotron. These
parameters would have to be steered in a closed-loop control system. This needs real
time information on location, phase and amplitude of the tearing mode. In this thesis we
investigated the feasibility of the line-of-sight scheme, of which the principle was proposed
in [12]. The principal strength of this scheme is that the signal used for control is detected
using the same antenna as the ECCD, and thus always provides the relevant measurement,
independent of perturbing factors such as refraction by the plasma or plasma movement.
The challenge is that the receiver in this scheme must detect a 1 nW signal through the
same antenna that carries 1 MW forward power at a frequency that lies in the middle of
the detection range. The problem was approached by the following steps:
• analysis and derivation of requirements of the system
• selection of solutions that would allow to meet the requirements
• design and construction of a prototype set-up
• characterisation of the prototype
• measurements at the TEXTOR tokamak.
The results of these steps are reported in chapters 6 to 10 of this thesis. In short, a
heterodyne radiometer was constructed with an in-vessel noise temperature of 100 eV, a
channel spacing of 3 GHz, an IF bandwidth of 500 MHz, and a video bandwidth of 10 kHz,
that was coupled to the ECRH antenna to a directional coupler that realised a 125 dB
suppression in a 100 MHz band around the 140 GHz gyrotron frequency. The sufficiently
low noise temperature, resolution and the sharp rejection of the gyrotron power accomplish
the goal that followed from the analysis of the requirements. When applied to a plasma
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the two main observations are: First, the system works according to specification. It
provides in-sightline low-noise ECE measurements during ECRH operation that allow the
detection of islands down to a size of typically 1 cm. Hence, the input signal for a closed
loop tearing mode control system is realised. Second, a new phenomenon is observed:
bursts of high signal, shifted from the gyrotron frequency. In the presence of magnetic
islands the observed bursts are correlated to the island rotation period and are thought
to be a plasma physics phenomenon. A detailed investigation of the physics of the bursts
is outside the scope of the present thesis, but the subject requires attention here because
the bursts could affect the phase detection with the ECE system.

In the following sections the results are reviewed, evaluated in the light of insights
gained during the course of the research, and the next steps are commented upon.

11.1 Discussion on the line-of-sight receiver

The table below lists the requirements as well as the results obtained for the line-of-sight
receiver.

Parameter Required Achieved
Spatial resolution 1 cm 3 cm
ECE span 12 GHz 15 GHz
Receiver noise temperature referred to in-vessel < 0.1 keV 0.18 keV
Capable of handling 800 kW forward ECRH power 10 s 3 s
Maximum transmission loss introduced by receiver 5 % 5 %
Rejection ECW power to ECE power 110 dB 125 dB
Capable of handling 100% reflected ECRH power o.k. o.k.
Video bandwidth 10 kHz 10 kHz
IF bandwidth < 1 GHz 500 MHz

The major challenge of suppressing the gyrotron component has been addressed by
using two resonant plates as a Fabry-Perot type filter providing in total 54 dB suppression,
followed by a notch filter in waveguide providing an additional 80 dB. In the arrangement
the ECE signal is attenuated by 9 dB, such that a net suppression of the ECRH power
over the ECE power is 125 dB.

The signal-to-noise evaluation of the measurement requires the fluctuations caused by
a 1 cm rotating island to be smaller than the inherent ECE fluctuations, and the receiver
noise must be small compared to the ECE signal. For the latter, it is sufficient that the
in-vessel receiver noise temperature is small compared to the electron temperature, and
not necessarily small as compared to the fluctuation in the electron temperature. This
insight was obtained in the course of the work, and as a consequence the initial demand on
the in-vessel receiver noise temperature was in fact too severe. In the system as operated
some 8 dB losses are not accounted for, but the better than required in-vessel receiver noise
temperature cancels this, such that the signal-to-noise requirement is achieved despite the
higher losses.

The coupler can not be used for the full 10 s at maximum power due to absorption losses
in the dielectric plate, but this does not compromise the pilot experiments at TEXTOR.
Another effect of the absorption losses is the large channel spacing (3 cm), as the channel
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spacing is inversely proportional to plate thickness. As discussed in Section 10.4, the fact
that the channel spacing is 3 cm does not mean that the smallest island width that can
be detected is also 3 cm. First, islands cause perturbations of the flux surfaces, hence
oscillations on the ECE signals, well outside the separatrix. Second, as the ECRH island
suppression is a dynamic system, the resolution can be effectively enhanced by scanning
the deposition.

Measurement with the line-of-sight receiver

ECE measurements on TEXTOR show that the receiver performs according to design. The
noise added by the instrument does not mask fluctuations on the ECE caused by a 1 cm
rotating island. The good signal-to-noise is obtained by the high-sensitivity radiometer,
which allows a comfortable margin on the losses in the system. The ECRH stray radiation
is more than a factor 10 below the average ECE power. This means that the ECRH power
in the receiver will not interfere with detection of power at the ECE frequencies. Detection
and localisation of rotating islands during 400 kW of ECRH have been demonstrated.
Fluctuations on the electron temperature below 10 eV have been resolved, while a rotating
island of 1 cm on the q = 2 surface causes fluctuations on the electron temperature of
20 eV.

Due to experimental conditions a number of measurements were carried out in 2-nd
harmonic O-mode as opposed to 2-nd harmonic X-mode. Despite the 2-nd harmonic
O-mode being optically thin, remarkably good localisation was obtained as discussed in
Section 9.8.1.

In the presence of ECRH, perturbations are frequently seen on the line-of-sight re-
ceiver around perpendicular incidence, and in the case of rotating islands also away from
perpendicular injection. In the latter case the perturbations are often synchronised to
island rotation. Observations with a dedicated instrument to investigate the phenomenon
[88], and with the CTS receiver, show that the perturbations occur at frequencies a few
100 MHz to several GHz away from the gyrotron frequency.

The perturbations observed at perpendicular incidence raise questions about reflected
gyrotron power, but the difference in frequency is noted. Additional experiments are
required to exclude spurious gyrotron modes as the origin of the perturbations. These
spurious gyrotron modes could for instance be caused by reflected power off the vessel
wall, or even off rotating islands. Note that the power in spurious modes could be many
orders lower than gyrotron power at 140 GHz, but could still cause havoc as they are
outside the 125 dB notch of the receiver.

The perturbations that are correlated to island rotation are more likely to originate
from the plasma. A further indication is the observation of a range in plasma density
in which the perturbations are observed. Perturbations originating from interaction with
the plasma are not strange considering that hundreds of kWs of power are pumped into a
highly non-linear system.

The large perturbations synchronised to island rotation are a very clear marker for the
presence of islands, and could be used in an island detection scheme. At the same time per-
turbations hamper use of the data for island localisation. By moving to non perpendicular
injection angles, continuous perturbations are mostly avoided, but perturbations synchro-
nised to the island rotation remain. As these in general are seen to occur during a limited
fraction of the island rotation period, the data may still be used for island localisation by
removing the perturbations. A pilot scheme to do so has been demonstrated.
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11.2 Outlook

Improvements on the line-of-sight receiver

The good signal-to-noise of the receiver opens the possibility to sacrifice some ECE signal
power for a more narrow ECE channel spacing. One could allocate additional ECE chan-
nels away from the maxima in reflection of the dielectric plate, say by 1 GHz. This would
give a reduction in signal power of 8 dB (for the combination of 2 plates) which with the
current signal power would still yield data of sufficient quality. With a frequency spacing
of 1 GHz, a channel spacing of 1.3 cm is achieved (see Eq. 3.3). If more signal power would
be required, one could possibly replace the second dielectric plate with a plane reflector,
as from operational experience full reflection of ECRH power does not occur. There are
also the higher than expected losses (thought to be up to 8 dB), which may be improved
upon through identification and amelioration of the causes.

A potential problem not addressed in this work, but worth noting, is that of stationary
magnetic islands. Plasma conditions are possible in which islands rotate very slowly or
come to a standstill. In such case no fluctuations on the electron temperature are observed.
In case the launcher would be looking at the X-point, even the static perturbation on
the electron temperature profile would be hard to spot. Sweeping of the launcher and
monitoring the complete electron temperature profile could in such case provide indications
of the island. However, it should be said that the situation of stationary islands should not
occur in a fusion reactor. Islands should be detected and controlled when they are small
and rotating. If they are allowed to grow so large that they lock to the wall, a pathological
situation has developed that calls for a controlled ending of the discharge.

Demonstration of the line-of sight scheme

The next major step in the line-of-sight scheme is using the measurements to steer the
ECRH launcher, and control the ECRH power. This work is outside the scope of this
thesis, but the current status is that the actuators of the ECRH installation are ready
to be used, or nearing completion. The required modulation has been demonstrated, and
the upgraded ECRH launcher system is in the final stages of being tuned to perform
even better [54] than the requirements. Development of software to extract the island
parameters from the line-of-sight ECE data, and development of the dedicated circuit to
control gyrotron power and launcher angles, are currently ongoing [53].

Application to future devices

The line-of-sight receiver as in use at TEXTOR performs well for the pilot scheme. Pro-
jecting the scheme to ITER, assuming a quasi-optical section of transmission line could
be made available, the signal-to-noise is expected to be even better than at TEXTOR as
a lower video bandwidth could be employed. A fundamental obstacle is, however, the ab-
sorption in the dielectric plate, which prevents the scheme from working with ITER ECRH
power levels and pulse lengths. Below two possible schemes that avoid high transmission
losses are discussed.

A Frequency Selective Coupler described in [71] uses the FADIS [69] (Fast Directional
Switch) as a Frequency Selective Coupling element to separate the ECRH and the ECE.
The FADIS is a resonator ring constructed with 2 gratings and 2 metallic mirrors. The use
of metallic reflectors, as opposed to a dielectric, strongly reduces losses, while the resonator
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principle provides the required frequency selectivity. The output port of the FADIS not
containing the main ECRH beam is followed by a Mach-Zehnder-type interferometer with
a broad notch at the gyrotron frequency. This second filter suppresses the remaining
ECRH power caused by stray radiation and cross coupling. The broad notch in the Mach-
Zehnder device also addresses the potential problem of gyrotron drift outside the narrow
notch of the FADIS.

An alternative approach that could be explored or build upon is the resonant cube with
2 CVD Diamond windows as proposed in this thesis in Section 7.1.3. As CVD diamond
disks are used, the absorbtion losses can be managed as demonstrated on present high
power CW gyrotrons. When using such commercial CVD diamond disks (free aperture in
the order of 80 mm), the disks could be mounted in a cube (”Folded Fabry-Perot”), such
that the optical path in free space would give an interference pattern with a periodicity in
the order of a GHz, i.e. a channel spacing in the order of 1 cm. A problem to overcome in
the scheme would be the large space that the cuffs providing the water cooling take up.

Presently work is ongoing on the FADIS based scheme on ASDEX-Upgrade.
In conclusion, a proof-of-principle of the in-sightline ECE detection of islands for ECRH

tearing mode control has been given. It has been shown that the principal problem, that
of filtering out a nW signal from a waveguide carrying MW ECRH power in the same
frequency domain, can be overcome with well-designed and carefully constructed filters.
For application in transmission lines with CW ECRH a variation of the pilot scheme must
be applied that avoids the losses in the separator plate. Such a system is presently in
development. At the same time, the pilot line-of-sight radiometer is being integrated in a
closed-loop ECRH tearing mode control system at TEXTOR. With these developments,
a viable technology for the control of tearing modes in fusion reactors is within reach.
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Towards a self-aiming microwave antenna to stabilise fusion plasmas

Summary

Over the past decades research into controlled nuclear fusion as a source of energy has ma-
tured to a level where engineering aspects of a reactor are being addressed. The principal
reactor design currently is a tokamak, a torus shaped vessel in which the fusion fuel - a
hot plasma of hydrogen isotopes - is contained by magnetic fields. The goal of ITER, the
large international fusion reactor presently under construction in France, is to generate
500 MW of fusion power, with a tenfold power gain.

It has been known for a long time that the plasma confined by magnetic fields in a tokamak
can develop structures, known as ”tearing modes” or ”magnetic islands”. These deterio-
rate the quality of the confinement of the plasma. This is sometimes wanted - for instance
to flush the ash out of the fusion reactor - but mostly undesirable. For fusion reactors, con-
trol of tearing modes is therefore of great importance as a tool to optimize the performance.

Tearing mode control requires two ingredients: detection and actuation. The actuator of
choice is Electron Cyclotron Resonance Heating (ECRH), which allows precise localisation
of power by the resonant absorption of a focused beam of high-power millimetre waves.
The beam must be steered to the heart of the magnetic island with a steerable mirror,
which is established technology. This is also the technology that will be applied in ITER.
The problem addressed in this thesis is the detection and localisation of the island.

In principle, any method that can detect and accurately localise a magnetic island could
be suited for the purpose. There are, however, severe complicating factors. The most
important is the fact that the plasma is a dispersive medium, in which the path of the
ECRH beam is curved and depends on the local gradients of pressure and density. To
convert a measurement of the position of a magnetic island at one place in the tokamak
to the correct launching angles and phasing of the ECRH installation requires accurate
measurements of a number of plasma parameters and major computational processing.
For this reason, this method of steering the ECRH beam is susceptible to error.

In this thesis a detection system is described that radically deals with the problem of abso-
lute island localisation - by avoiding it. A receiver is developed that detects the island via
the same sight line as used by the ECRH. In this scheme the island is detected by looking
for the characteristic fluctuations on the Electron Cyclotron Emission (ECE) caused by
an island. In the receiver, the ECE channels are selected around the ECRH frequency. In
this way it is possible to steer the ECRH beam using the ECE signals as input, without
having to localise the island in absolute coordinates. The minimum island size to which
the ECRH beam can be steered only depends on the sensitivity of the detector (i.e., the
minimum fluctuations the line-of- sight receiver can still detect) and the degree to which
the launcher can be fine-tuned.

There is a price to pay for the elegance of the scheme and that is the huge difference in
power between the actuator (ECRH) and the sensor (ECE) sharing the transmission line.
The ECRH power is of the order of 1 MW, while the ECE power in the transmission line is
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of the order of 1 nW, i.e. a difference of 15 orders of magnitude! First, there is the obvious
problem of ECRH stray radiation coupling into - and destroying - the receiver. Secondly,
even if a way is found to suppress the ECRH stray radiation at the gyrotron frequency,
the gyrotron may produce spurious modes that cause problems; Thirdly, the element that
separates the ECE from the ECRH must be capable of passing the 1 MW forward power.
And finally, there is the possibility that the application of ECRH leads to emission from
the plasma at frequencies shifted with respect to the ECRH, thereby disturbing the ECE
spectrum.

In this thesis, an in-sightline ECE radiometer was developed and applied at the TEXTOR
tokamak at the Forschungszentrum Jülich. In TEXTOR, with large radius 1.75 m and
small radius 0.46 m, islands can be generated by external coils and reach a size of some
10 cm. The islands in general rotate in the plasma with a typical frequency of several
kHz. The ECRH system uses a gyrotron with a maximum power of 850 kW at 140 GHz,
with a 10 s pulse duration.

The challenge of separating the MW ECRH power from the nW ECE signal is taken on by
developing a Fabry-Perot type filter based on a resonant dielectric plate. This plate acts
as a Frequency Selective Coupling element and is placed in the ECRH transmission line.
In the final construction two of such dielectric plates are used, giving 45 dB suppression
of the ECRH component with respect to the ECE power. The beam containing the ECE
spectrum is coupled to a 80 dB notch filter in waveguide. The ECRH power that travels
in the same direction as the ECE signal is estimated to be several hundreds of Watts
at maximum. The total reduction of 125 dB reduces this to tens of pW, which is well
below the ECE power levels. The notch filter at the gyrotron frequency has a spectral
width of 100 MHz, which under normal operating conditions is wide enough not to cause
problems due to drift of the gyrotron frequency. After the notch filter the signal is fed
to a 6-channel heterodyne radiometer. The channel spacing of this radiometer is 3 GHz,
the channel width is 500 MHz, the video bandwidth is 10 kHz, and the in-vessel receiver
noise temperature is 100 eV. With this instrument, fluctuations caused by a 1 cm rotating
island can still be detected. The limit on the ECE channel spacing is imposed by the
dielectric losses in plate, as the channel spacing decreases with increasing plate thickness.
At a channel spacing of 3 GHz, the ECRH transmission losses are 5%. The temperature
rise of the plate limits operation to 3 s at 800 kW. In the final instrument specification
the 3 GHz ECE bandwidth and the 3 s ECRH pulse length has been used.

This instrument has been designed, built and tested at TEXTOR, and was found to per-
form according to its design values. In the absence of ECRH power, it was shown that
the in-vessel receiver noise temperature, noticeably due to the high-sensitivity radiometer,
does not limit the minimum island size that can be detected. The ECRH stray radiation
was measured to be a factor 10 below the ECE levels, which ensures that ECRH stray
radiation cannot lead to a non-linear response of the instrument at the ECE frequencies.
In the presence of 400 kW ECRH power, rotating islands have been detected and local-
ized. Fluctuations in electron temperature have been detected below 10 eV, while the
requirement for a 1 cm island is 20 eV. In short, the instrument performs according to its
design values and in particular has given proof-of-principle of the in-sightline radiometer
concept, with 15 orders of magnitude separation of forward and backward power.
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In some plasma conditions, in particular in the presence of magnetic islands, strong per-
turbations are observed on the ECE channels: bursts of emission with a typical duration
of several 100 µs. A closer inspection shows that these are caused by powerful frequency
components that are shifted several 100 MHz, up to a few GHz, from the ECRH frequency.
It is also noted that in the case of rotating islands the perturbations are correlated to the
island rotation period. The correlation with a particular phase in the island supports
the idea of a conversion process in the plasma with the high power ECRH beam. These
anomalous bursts of ECE emission, however interesting from a plasma physics point of
view, perturb the signals that are used for the island detection. However, a method was
devised that filters the bursts from the signal, thus allowing the island localisation also in
the presence of spurious ECE emission.

With that, the proof-of-principle of the in-sightline ECE radiometer as the basis for a
feedback control of the ECRH island suppression system is given: Towards a self-aiming
microwave antenna to stabilise fusion plasmas!

The next step is to use the line-of-sight ECE data to control the ECRH launcher and
ECRH power. This work is outside the scope of this thesis, but considerable progress
towards this goal has already been made in a follow-up project. In parallel to this, work
has started on an in-sightline scheme with an in-waveguide coupling element that can
handle continuous ECRH. This will open the way to application in ITER, and is presently
being developed for application at the Asdex Upgrade tokamak at IPP-Garching.
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Naar een zelfrichtende microgolfantenne om fusieplasma’s te stabiliseren

Samenvatting

Wereldwijd werken onderzoekers aan de ontwikkeling van kernfusie als energiebron. Veruit
het meest populaire reactorconcept is de tokamak, waarin de brandstof - een plasma (heet,
geladen gas) van de waterstofisotopen deuterium en tritium - door magneetvelden is opges-
loten in een torus- of donutvormige kamer. De grote internationale fusiereactor ITER,
momenteel in aanbouw in Frankrijk, heeft als doel 500 MW fusievermogen te produceren,
tien keer zoveel als de 50 MW die nodig is om de reactor te bedrijven.

Bij de opsluiting van plasma met magnetische velden kunnen substructuren in de reactor
ontstaan, zogenaamde ”tearing modes” of ”magnetische eilanden”. Deze verstoringen ver-
minderen de kwaliteit van de plasma-opsluiting. Soms kan daar nuttig gebruik van worden
gemaakt, bijvoorbeeld om de restproducten van de fusiereactie af te voeren uit het hart
van de reactor, maar in het algemeen zijn de verstoringen ongewenst. Goede beheersing
van tearing modes is daarom van groot belang om het rendement van de reactor te opti-
maliseren.

Voor het manipuleren van tearing modes zijn twee ingrediënten nodig: detectie en onder-
drukking. Voor onderdrukking wordt gebruik gemaakt van Electron Resonance Cyclotron
Heating (ECRH). Deze techniek concentreert een microgolfbundel van hoog vermogen op
een nauwkeurig bepaalde plaats in het plasma. Een beweegbare spiegel (launcher) stuurt
de bundel naar het hart van het magnetische eiland. Deze techniek wordt al toegepast en
zal ook worden gebruikt in ITER. Het probleem dat dit proefschrift heeft aangepakt is de
detectie en de lokalisatie van het magnetische eiland.

In principe komen allerlei methodes om een magnetisch eiland voldoende nauwkeurig te
detecteren en te lokaliseren in aanmerking. Er zijn echter factoren die de lokalisatie een
stuk ingewikkelder maken. De belangrijkste factor is dispersie in het plasma, waardoor
de microgolfbundel van zijn rechte pad afbuigt door gradiënten in druk en dichtheid. Om
de gemeten locatie van het eiland om te zetten naar de juiste hoeken van de beweegbare
spiegel en naar het aansturen van het vermogen van de ECRH-installatie, moet een aantal
aanvullende eigenschappen van het plasma met grote nauwkeurigheid worden gemeten.
Die moeten daarna in een omvangrijke berekening worden verwerkt. Deze aansturing van
de microgolfbundel is daardoor principieel gevoelig voor fouten.

In dit proefschrift wordt een systeem beschreven dat het probleem van eiland-lokalisatie
in absolute coördinaten radicaal oplost - door het te vermijden. Er is een ontvanger on-
twikkeld die het eiland opspoort via de zelfde zichtlijn (line-of-sight) als die waarlangs
de ECRH het plasma in straalt. Het eiland wordt hier gevonden door te kijken naar de
karakteristieke fluctuaties die een bewegend eiland veroorzaakt op de Electron Cyclotron
Emission (ECE). De ontvanger gebruikt ECE-kanalen die zijn afgestemd op frequenties
die liggen rond de ECRH-frequentie. Het signaal uit het plasma (de ECE-detectie) en
de microgolfstraal die het plasma ingaat (de ECRH-bundel) reizen langs dezelfde zichtlijn
en worden op dezelfde manier afgebogen door dispersie-effecten. Als de ECE-detectie het
eiland ’ziet’, wijst de ECRH-bundel automatisch in de juiste richting om het eiland te
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manipuleren. Hierdoor is het mogelijk om de ECRH-bundel te sturen op basis van de
ECE-signalen, zonder dat de absolute coördinaten van het eiland bekend hoeven zijn. De
minimale afmetingen van het eiland waar de ECRH-bundel nog naartoe kan worden ges-
tuurd hangt alleen nog af van de gevoeligheid van de ontvanger (de kleinste fluctuaties die
de ontvanger nog kan detecteren) en de nauwkeurigheid waarmee de launcher kan worden
gericht.

Er is een prijs voor deze elegante methode en dat is het grote verschil in vermogen tussen de
actuator (ECRH) en de detector (ECE), die de transmissielijn delen. Het ECRH-vermogen
is in de orde van 1 MW (een miljoen watt), terwijl het ECE-vermogen in de transmissielijn
rond de 1 nW ligt - een miljardste watt, dus een verschil van 15 ordegroottes! Allereerst
is er uiteraard het probleem van verstrooide ECRH-straling die wordt opgepikt door de
ECE-ontvanger en hem ontregelt of zelfs vernielt. Ten tweede: zelfs al wordt een methode
gevonden om het strooivermogen van de ECRH-bron (gyrotron) te onderdrukken, dan nog
kan het gyrotron soms vermogen produceren die niet op zijn eigen originele frequentie ligt,
maar daaromheen. Ten derde, het element dat het ECE-vermogen scheidt van het ECRH-
vermogen moet in de doorlaatrichting bestand zijn tegen 1 MW aan ECRH-vermogen.
Tenslotte is er de mogelijkheid dat de opname van het ECRH-vermogen in het plasma
ervoor zorgt, dat het plasma zelf straling uitzendt op andere frequenties dan die van het
gyrotron, waardoor het ECE-spectrum wordt verstoord.

In dit proefschrift is een line-of-sight ECE-ontvanger ontwikkeld en gebruikt op de toka-
mak TEXTOR in het Duitse Forschungszentrum Jülich. In TEXTOR, een tokamak waarin
het plasma een doorsnede van ca. 90 cm heeft, zijn speciale magneetspoelen aangebracht
waarmee magnetische eilanden kunnen worden opgewekt tot circa 10 cm groot. De ei-
landen draaien rond door het reactorvat met een typische frequentie van enkele kHz. De
ECRH-installatie gebruikt een gyrotron met een maximaal vermogen van 850 kW, met
een frequentie van 140 GHz en een maximale pulsduur van 10 s.

Om het ECRH-vermogen van elkaar te scheiden, is een Fabry-Perot-filter gebruikt. Het
filter is gebaseerd op een resonante diëlectrische plaat, die straling afhankelijk van de fre-
quentie blokkeert of doorlaat. De plaat wordt in de ECRH-transmissielijn gemonteerd. In
de uiteindelijke constructie worden twee van deze platen gebruikt, die het ECRH-vermogen
samen ongeveer 45 dB verzwakken. Het ECE-signaal wordt via een tweede filter (een notch
filter, goed voor 80 dB verzwakking van het overgebleven ECRH-vermogen) gekoppeld
aan de golfpijp die de signalen naar de detector brengt. Naar schatting kan het ECRH-
vermogen dat in dezelfde richting als het ECE-signaal loopt honderden watts bedragen.
De totale filtering van 125 dB brengt dit terug tot enkele tientallen picowatts (pico:
biljoenste - duizend keer kleiner dan nano), ruim beneden het ECE-vermogen.

Het gebruikte notch filter blokkeert straling in een gebied van 100 MHz, onder normale
bedrijfsomstandigheden van het gyrotron voldoende om problemen door verschuiving van
de gyrotronfrequentie op te vangen. Na het notch filter komt het signaal in aan een 6-
kanaal heterodyne radiometer. De ECE-kanalen liggen op 3 GHz van elkaar en zijn elk
500 MHz breed. De videobandbreedte is 10 kHz en de ruistemperatuur van de ontvanger
ter plekke van de launcher is 100 eV. Met deze configuratie kunnen nog fluctuaties op de
ECE worden gemeten die worden veroorzaakt door een roterend eiland van 1 cm groot. De
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afstand tussen de ECE-kanalen van 3 GHz wordt begrenst door de diëlectrische verliezen
die optreden in de plaat, omdat de afstand tussen de ECE-kanalen omgekeerd evenredig
is met de plaatdikte. Bij een afstand tussen de kanalen van 3 GHz treedt 5% trans-
missieverlies op van het ECRH-vermogen. Temperatuurtoename van de plaat beperkt de
lengte van de ECRH-puls: van tien naar drie seconden. In de uiteindelijke specificatie van
het instrument is de afstand tussen de ECE-kanalen daarom vastgelegd op 3 GHz en de
ECRH-pulsduur op 3 s.

Met de bovenstaande specificaties is het instrument ontworpen, gebouwd en getest op
TEXTOR; het functioneert volgens het ontwerp. Metingen zonder ECRH, om de gevoe-
ligheid van het instrument te onderzoeken, laten zien dat de detectie van eilanden met een
grootte van 1 cm niet beperkt wordt door de ruistemperatuur van het systeem, met name
dankzij de zeer gevoelige radiometer. Het gemeten ECRH-strooivermogen bleek nog ruim
een factor 10 onder het ECE-vermogen te liggen. Dit garandeert dat het strooivermogen
niet leidt tot niet-lineariteiten in de detectie van de ECE. Detectie en localisatie van eilan-
den is ook aangetoond mét ECRH-vermogen, van 400 kW. Daarbij bleek het ECE-signaal
minder dan 10 eV te fluctueren, terwijl fluctuaties van een roterend eiland van 1 cm groot
20 eV bedragen. Samengevat: het instrument voldoet aan de verwachtingen. In het bij-
zonder is proof-of-principle geleverd voor het concept van een gecombineerde line-of-sight
zender-ontvanger die tot 15 ordegroottes van vermogen in de transmissielijn kan scheiden.

Onder bepaalde experimentele omstandigheden, met name in plasma’s met roterende ei-
landen, zijn sterke verstoringen op de ECE-kanalen gemeten: kortstondige emissiepieken
met een typische duur van enige honderden µs. Dit blijken zeer sterke componenten in
het ECE-spectrum te zijn, enige honderden MHz tot enkele GHz verschoven vanaf de gy-
rotronfrequentie. De verstoringen blijken in geval van roterende eilanden in fase te zijn
met de omlooptijd van het eiland. Dit ondersteunt het idee van een conversieproces van
de ECRH-bundel in het plasma. Deze afwijkende emissiepieken, hoewel interessant vanuit
het oogpunt van plasmafysica, verstoren de signalen die gebruikt worden om magnetische
eilanden op te sporen. Er is een methode ontwikkeld om deze pieken uit het signaal te
filteren, waardoor de ECE-signalen ook in aanwezigheid van deze verstoringen toch bruik-
baar zijn voor detectie en lokalisatie van eilanden.

Hiermee is de basis gelegd voor een terugkoppelend regelsysteem dat magnetische eilan-
den meet met ECE en onderdrukt met ECRH via een enkele antenne: een zelfrichtende
microgolfantenne om fusieplasma’s te stabiliseren!

De volgende stap is het gebruik van de signalen van de line-of-sight ontvanger om de
launcher en het gyrotron aan te sturen. Dit werk valt buiten het kader van dit proefschrift,
maar in een vervolgproject zijn inmiddels aanzienlijke vorderingen gemaakt. Verder is
begonnen aan een line-of-sight project met een koppelaar die bestand is tegen continu
ECRH-vermogen. Dat maakt de weg vrij naar toepassing van de methode op ITER.
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