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Abstract

The Tokamak à configuration variable (TCV) features the highest electron cyclotron wave power
density available to resonantly heat (ECRH) the electrons and to drive noninductive currents in
a fusion grade plasma (ECCD). In more than 15 years of exploitation, much effort has been ex-
pended on real and velocity space engineering of the plasma electron energy distribution function
and thus making electron physics a major research contribution of TCV.

When a plasma was first subjected to ECCD, a surprising energisation of the ions, perpendicular
to the confining magnetic field, was observed on the charge exchange spectrum measured with the
vertical neutral particle analyser (VNPA). It was soon concluded that the ion acceleration was
not due to power equipartition between electrons and ions, which, due to the absence of direct ion
heating on TCV, has thus far been considered as the only mechanism heating the ions. However,
although observed for more than ten years, little attention was paid to this phenomenon, whose
cause has remained unexplained to date.

The key subject of this thesis is the experimental study of this anomalous ion acceleration, the
characterisation in terms of relevant parameters and the presentation of a model simulation of
the potential process responsible for the appearance of fast ions. The installation of a new com-
pact neutral particle analyser (CNPA) with an extended high energy range (6 50 keV) greatly
improved the fast ion properties diagnosis.

The CNPA was commissioned and the information derived from its measurement (ion temperature
and density, isotopic plasma composition) was validated against other ion diagnostics, namely the
active carbon charge exchange recombination spectroscopy system (CXRS) and a neutron counter.
In ohmic plasmas, where the ion heating agrees with classical theory, the radial ion temperature
profile was successfully reconstructed by vertically displacing the plasma across the horizontal
CNPA line of sight. Active charge exchange measurements, by doping the plasma with ion neu-
tralisation targets injected with the diagnostic neutral beam (DNBI), were used to absolutely
calibrate the NPA. Advanced modelling of the measured hydrogenic charge exchange spectra with
the neutralisation and neutral transport codes KN1D and DOUBLE-TCV permitted a calculation
of the absolute neutral density profiles of the plasma species.

The energisation and the properties of fast ions were studied in dedicated, low density, cold ion,
hot electron plasmas, resonantly heated at the second harmonic of the electron cyclotron fre-
quency. The ion acceleration occurs on a characteristic timescale in the sub-millisecond range and
comprises up to 20 % of the plasma ions. The number of fast ions nsi and their effective tem-
perature T si are found to depend strongly on the bulk and suprathermal electron parameters, in
particular T si 6 T be (electron bulk) and nsi ∼ vde (toroidal electron drift speed). The suprathermal
electrons, abundantly generated in plasmas subjected to ECCD, are diagnosed with perpendicu-
lar and oblique viewing electron cyclotron emission (ECE) antennas and the measured frequency
spectra are reconstructed with the relativistic ECE radiation balance code NOTEC-TCV. With
steady-state ECRH and ECCD, the fast ion population reaches an equilibrium state. The spatial
fast ion temperature profile is broad, of similar shape compared to the bulk ion temperature pro-
file. The hottest suprathermal temperature observed is T si 6 6 keV.
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Various potential ion acceleration mechanisms were examined for relevance in the TCV param-
eter range. The simultaneous wave–electron and wave–ion resonances of ion acoustic turbulence
(IAT) show the best correlation with the available experimental knowledge. Ion acoustic waves are
emitted by the weakly relativistic circulating electrons and are mainly Landau damped onto the
ions. Destabilisation of IAT is markedly facilitated by the important degree of nonisothermicity
Te/Ti > 40 of X2 EC heated TCV plasmas.

Efforts were undertaken to consistently model the experimental observations using a numerical ex-
periment. The relevant physics describing IAT was implemented in a finite difference code solving
the quasilinear diffusion equation describing the time evolution of the electron and ion distribu-
tion functions. The simulations, fed as far as possible with experimentally available information,
confirm the growth and saturation of IAT. Electrons and ions are initially preferentially heated
in the toroidal direction. As the ions gain energy, the ion waves are damped more efficiently and
only modes propagating at oblique angles can still grow, thus accelerating ions into the radial
perpendicular direction. The simulation shows that turbulence reaches a steady-state when the
ions are sufficiently hot to permanently stabilise IAT. The parameters describing the tail of the
modelled equilibrium ion distribution agree quantitatively well with the CNPA measurement.

Preliminary studies investigated on the interaction of fast ions with the sawtooth instability. It
is found that the fast ion population in sawtoothing plasmas is transiently enforced with each
sawtooth collapse. It is presently thought that the toroidal electric reconnection field lowers the
IAT stability threshold thus producing more suprathermal ions.

Keywords:
plasma physics, plasma turbulence, waves in plasmas, neutral particle analyser, neu-
tron detector, quasilinear diffusion equation, TCV, ECE, tokamak, nuclear fusion.
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Zusammenfassung

Am Tokamak à configuration variable (TCV) ist weltweit die höchste Elektronzyklotronwellenlei-
stungsdichte zum resonanten Heizen der Elektronen (ECRH) und zum Erzeugen nichtinduktiver
Plasmaströme (ECCD) installiert. Während mehr als 15 Jahren wurden die Werkzeuge zur Beein-
flussung der Verteilung der Plasmaelektronen im realen sowie im Geschwindigkeitsraum erforscht
und optimiert. Unzählige Experimente haben wichtige Beiträge zum Verständnis der Physik ge-
heizter Elektronen in Tokamakplasmen geleistet.

Bereits während den ersten Experimenten mit ECCD wurde eine wider Erwarten hohe Beschleu-
nigung der Plasmaionen in die radiale Richtung, senkrecht zum einschliessenden Magnetfeld, be-
merkt. Die Messung des Ladungsaustauschspektrums mit dem vertikal ausgerichteten Neutralteil-
chenanalysator VNPA zeigte, dass die Injektion der Zyklotronwellen mit dem Erscheinen einer
kleinen Menge ziemlich heisser Ionen einherging. Man kam damals zum Schluss, dass die Energie,
die durch Zusammenstösse mit den Elektronen auf die Ionen übertragen wird (Equipartition),
nicht ausreicht, um die Entstehung der heissen Ionen erklären zu können (TCV verfügt über keine
Mittel um die Ionen direkt zu heizen). Obwohl dieses Phänomen seit mehr als einem Jahrzehnt
bekannt ist, waren bisher keine Versuche unternommen worden, dessen Ursache zu ergründen.

Das Hauptthema dieser Doktorarbeit ist das experimentelle Studium dieser anormalen Ionenbe-
schleunigung. Die relevanten Parameter, welche diese Beschleunigung beeinflussen, wurden be-
stummen und eine plausible Erklärung dafür wurde ermittelt. Die Beschaffung eines neuen, kom-
pakten Neutralteilchendetektors (CNPA) mit einem erweiterten Energiemessbereich (bis 50 keV)
hat diese Aufgabe erheblich erleichtert.

Der CNPA wurde in Betrieb genommen und die von den Messdaten abgeleiteten Informatio-
nen, Ionentemperatur und -dichte sowie isotopische Zusammensetzung, wurden mit den Werten
anderer Ionenmessgeräte, wie z.B. aktive Ladungstauschrekombinationsspektroskopie von Koh-
lenstoff (CXRS) sowie ein Neutronenzähler, verglichen und bestätigt. In Plasmen mit rein ohm-
scher Plasmaheizung, wenn die Ionenheizung mit klassischer Theorie übereinstimmt, wurde das
radiale Ionentemperaturprofil erfolgreich gemessen indem das Plasma senkrecht zur horizonta-
len Sichtlinie des CNPA verschoben wurde. Mit Hilfe eines Diagnostikstrahls (DNBI), welcher
den lokal emittierten Ladungsaustauschfluss mit injizierten Neutralteilchen stimuliert, wurden
die beiden NPA absolut kalibriert. Ein Modellieren der gemessenen Wasserstoff- und Deuterium-
Ladungsaustauschspektren mit den Neutralteilchentransport-Algorithmen KN1D und DOUBLE-
TCV erlaubten schliesslich die Berechnung der absoluten Neutralteilchenprofile im Plasma.

Die Beschleunigung und die Eigenschaften der schnellen Ionen wurden in speziell optimierten
Plasmen mit niedriger Dichte, tiefer Ionen- aber hoher Elektronentemperatur studiert. Diese wur-
den mittels Zyklotronwellen an der zweiten Harmonischen der Elektronzyklotronfrequenz (X2 EC)
geheizt. Die Ionenbeschleunigung geschieht während eines Bruchteils einer Millisekunde und be-
trifft bis zu einem Fünftel der Plasmaionen. Die Experimente zeigen, dass der Anteil schneller
Ionen nsi und deren effektive Temperatur T si stark von den Parametern der Elektronen abhängen,
wir finden insbesondere thermische Elektronentemperatur T be > T si und toroidale Elektronen-
strömungsgeschwindigkeit vde ∼ nsi . Suprathermische Elektronen, in grosser Zahl hauptsächlich in
Plasmen mit nichtinduktiven Strömen (ECCD) produziert, werden mit Elektronzyklotronemissi-
onsantennen (ECE) ausgemessen.
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Wir interpolieren die ECE Emissionsspektren mit dem relativistischen Strahlungsemissionsco-
de NOTEC-TCV. Sind ECRH und ECCD stationär, erreicht die schnelle Ionenpopulation einen
Gleichgewichtszustand. Das räumliche Temperaturprofil der suprathermischen Ionen ist breit, von
der Form her ähnlich dem thermischen Temperaturprofil. Die heisseste beobachtete Temperatur
der schnellen Ionen erreicht 6 keV.

Verschiedene mögliche Ionenbeschleunigungsmechanismen wurden auf deren Relevanz im Toka-
mak’s TCV überprüft. Die gleichzeitigen Resonanzen von Ionenwellen mit Ionen und Elektronen
weisen auf die sogenannte Ionen-Akustische Turbulenz (IAT) als plausibelsten Kandidaten hin.
Ionen-akustische Wellen werden von den leicht relativistischen, zirkulierenden Elektronen emit-
tiert und hauptsächlich von den kalten Ionen absorbiert (Landau-Dämpfung). Die Destabilisierung
von IAT in TCV wird durch den hohen Grad an Anisothermizität (Te/Ti > 40) der mit X2 EC
geheizten Plasmen ermöglicht.

Die experimentellen Beobachtungen wurden mit einem numerischen Code aufwendig simuliert.
Der Algorithmus beinhaltet alle relevanten physikalischen Aspekte. Er löst die quasi-lineare Dif-
fusionsgleichung mittels finiter Differenzen und berechnet die Zeitentwicklung der Ionen- und
Elektronenenergieverteilung. Die Simulation, die alle gemessenen Daten berücksichtigt, bestätigt
das Wachstum und die Sättigung der IAT. Die Elektronen und Ionen gewinnen anfänglich unter
dem Einfluss von IAT hauptsächlich Energie in die toroidale Richtung. Mit zunehmend heisseren
Ionen werden die Ionenwellen stärker gedämpft und schliesslich können nur noch Moden mit zu-
nehmend senkrechter (zum Magnetfeld) Wellenvektorkomponente wachsen. Diese beschleunigen
die Ionen schliesslich in die Richtung senkrecht zum Magnetfeld. Die simulierten Ionengeschwin-
digkeitsverteilungen stimmen quantitativ gut mit den CNPA-Messungen überein.

In vorbereitenden Experimenten wurden zudem die Interaktion der schnellen Ionen mit Sägezahn-
Instabili-täten untersucht. Diese zeigen, dass mit jedem Sägezahn-Kollaps vorübergehend mehr
schnelle Ionen produziert werden. Überlegungen deuten darauf hin, dass durch das elektrische
Feld, welches bei der Rekonnektion des Magnetfeldes entsteht, die Schwelle zur Destabilisierung
von IAT verringert wird und daraus mehr schnelle Ionen resultieren.

Stichwörter:
Plasmaphysik, Plasmaturbulenz, Plasmawellen, Neutralteilchenanalysator, Neutro-
nendetektor, quasilineare Diffusionsgleichung, TCV, ECE, Tokamak, Kernfusion.
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Chapter 1

Introduction

1.1 The energy problem

At this point in time, the global energy problem is the talk of the town. The visibility of energy
in our everyday life has fundamentally changed and has become an omnipresent actor. Green is
the new buzzword and has massively found admittance to the vocabulary applied in economy and
politics. Oil is becoming short in supply, prices for petrol and electricity are rising more rapidly
than in the past. Despite the commonly adopted certainty that things are getting worse, our soci-
ety is facing the future of energy demand with worrying composure. Access to and disposal of any
sort of energy are increasingly important instruments of power. In a not so far future, the business
of energy procurement and fair distribution will be an arduous challenge for mankind. Especially
the highly unbalanced location of the energy resources on our planet will almost certainly cause
trouble and strife on the playground of international politics.
In spite of these bleak prospects, the worldwide energy consumption is inexorably continuing to
grow (worldwide by currently ∼2 % [1]), driven by the increase of the planets population, the
increase of the personal consumption and the increase in number of people having access to any
sort of domesticated source of energy. More than 80 % of our consumed energy is derived from
the combustion of fossil fuels [1], which are claimed to be responsible of the anthropogenic green-
house effect. Environmental concerns related to global warming and sustainability will hopefully
move the world’s energy consumption towards CO2-free energy sources. Furthermore, the peak
oil production is already passed (figure 1.1.1) and independent studies show that the suppliers
already cannot supply the demand for oil [2]. Although energy saving is en vogue these days, a
drastic reduction of our energy consumption of our own free will appears fairly improbable, al-
though some countries are planning to impose some degree of degression. Among others, Sweden
wants to become independent of fossil fuels by 2020 and Switzerland aims at a 2 kW society by
2050. Nevertheless, alternative energy sources will have to replace the fossil fuels pretty soon.
New developments in solar, wind, hydro power or biomass made renewable energies progress in
the energy mix [4]. The European Commission has proposed [5] that the level of renewable energy
in the EU’s overall market should triple to attain 20 % by 2020. But there is legitimate belief
that renewable energies will never reach a share high enough to realistically replace fossil fuels.
Nuclear fission plants currently produce about 6 % of world’s total primary energy supply [6].
More plants are planned to be built to satisfy the increasing electricity demand, against increas-
ing opposition from environmentalists and the fear of nuclear proliferation. The risk of accidents,
terrorist attacks and the fact that solutions for the long term storage of highly radioactive waste
are still missing makes the established nuclear fission industry not at all attractive. On the other
hand, according to the most pessimistic estimations, usable Uranium may already be depleted in
70 years [6], unless we change the permitted reactor type (e.g. fast breeders) [7].

1
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Figure 1.1.1: The oil peak has passed. Oil producing countries. Total crude oil output, classified per oil producing
country. The dates printed on the plots indicate the year of maximum oil production of that
particular country. Forecast estimated by Ludwig-Bölkow-Systemtechnik (LBST), courtesy of [3].

A promising avenue towards a future energy source on Earth is the nuclear fusion reaction. A
first fusion reactor was patented in 1946 [8] and fusion technology was intensely developed [9]
and studied since the declassification of research at the Second International Conference on the
Peaceful Uses of Atomic Energy in Geneva, 50 years ago [10]. A fusion reactor burns an essen-
tially inexhaustible fuel of light atoms, produces electricity at large scale, has a very high degree
of inherent security and is environmentally benign, as very little and only short lived (half-life
. 100 years) radioactive waste is produced and no CO2 is directly emitted. The resources of the
raw material for fusion are spread all over the globe, making fuel procurement possible for all
humanity and operation less subject to political and economical constraints.
The technology of a fusion reactor hasn’t yet matured to be commercialised (in the opinion of the
author due to the moderate level of funding in the past), but the way towards fusion for energy
is presently paved by the International Thermonuclear Experimental Reactor (ITER),
currently under construction in Cadarache, France, and financed by seven international parties.
ITER is meant as the demonstration experiment of the scientific and technological feasibility of
fusion energy exploitation for peaceful purposes. Reactor operations are currently planned to start
in 2018 [11]. In parallel, the International Fusion Materials Irradiation Facility (IFMIF)
will test the long-term behaviour of materials under conditions similar to those expected at the
inner wall of a fusion reactor with the aim of reducing the radioactive activation due to neutrons
impinging on the reactor structure materials. DEMO, a DEMOnstration Power Plant, is
expected to prototype this technology within 20 years.
It is important to point out that nuclear fusion will not solve the energy problem alone, all other
possibilities of energy procurement have to be explored and improved in efficiency [12] and we all
will have to reduce our consumption of energy.
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Figure 1.1.2: (a) For light elements (from hydrogen up to sodium) the binding energy per nucleon increases (each
added nucleon increases the force exerted among nucleons, the nucleus is bound more tightly), sta-
bilises in the sequence through xenon (attractive nuclear forces are nearly balanced by repellent
electromagnetic forces between protons) and finally decreases with the heavier elements (electro-
magnetic repulsive forces are beginning to gain against the strong nuclear force). At the peak of
binding energy, nickel-62 is the most tightly-bound nucleus [13].
(b) The fusion reaction cross section increases rapidly with energy until it maximises and then
gradually drops off. The D–T cross section peaks at a lower energy (at just over 100 keV, or 1.16
billion kelvins) and at a higher value than other reactions commonly considered for fusion energy.
The two D–D reactions, eq.(1.2.5) and eq.(1.2.4), have similar cross sections, the graph gives their
sum. The curves are interpolations of experimental data taken from the ENDF/B-VII.0 database
of the National Nuclear Data Center in Brookhaven, USA [14].

1.2 Thermonuclear fusion

Nuclear fusion is the process by which multiple like-charged atomic nuclei join together to form a
heavier nucleus. The highly exothermic nuclear fusion reaction is the process that powers the Sun
and other stars, where hydrogen nuclei fuse together to form helium through the following chain
of reactions:

1
1H + 1

1H → 2
1D + e+ + νe (1.2.1)

2
1D + 1

1H → 3
2He + γ (1.2.2)

3
2He + 3

2He → 4
3He + 2 1

1H (1.2.3)

The sum of mass of the products of the reaction are lighter than the sum of mass of the reactants,
figure 1.1.2a, the kinetic energy given to the products corresponds to the mass deficit according
to Einstein’s famous formula E = ∆mc2 [15]. Each second, more than 4 million tonnes of matter
are converted into energy within the Sun’s core, producing neutrinos and solar radiation; at this
rate, the Sun will have so far converted around 100 Earth-masses of matter into energy.

However, the cross section of the weak interaction leading to the β+ decay, eq.(1.2.1), is very
low [16] and thus this reaction is not feasible on Earth.
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To harness the energy of controlled thermonuclear fusion the heavier hydrogenic isotopes deu-
terium (D, one neutron in the nucleus) and tritium (T, two neutrons) are more interesting for
exploitation in a fusion reactor:

2
1D + 2

1D → 3
2He(0.817 MeV) + 1

0n(2.45 MeV) (1.2.4)
2
1D + 2

1D → 3
1T(1.01 MeV) + 1

1H(3.02 MeV) (1.2.5)
1
1H + 3

1T → 3
2He + 1

0n− 764 keV (1.2.6)
2
1D + 3

1T → 4
2He(3.5 MeV) + 1

0n(14.1 MeV) (1.2.7)
2
1D + 3

2He → 4
2He(3.67 MeV) + 1

1H(14.7 MeV) (1.2.8)
3
1T + 3

1T → 4
2He(3.8 MeV) + 2 1

0n(7.6 MeV) (1.2.9)
3
2He + 3

2He → 4
2He + 2 1

1H + 12.8 MeV (1.2.10)
3
1T + 3

2He → 4
2He + 1

1H + 1
0n + 12.1 MeV (1.2.11)

3
1T + 3

2He → 4
2He(4.8 MeV) + 2

1D(9.5 MeV) (1.2.12)

where the first two processes have the same reaction probability in a deuterium plasma, the last
two have a branching ratio of 59 %. The pT-fusion reaction [17], eq.(1.2.6), is endothermic.

Deuterium naturally occurs in water in the form of molecules of semiheavy water HDO, at a
concentration of ∼154 ppm, enough to produce electricity for 1011 years(*) [18], so fusion is a
practically inexhaustible source of energy. Despite the low concentration of D in water, the fusion
of deuterium extracted from 1 litre of water provides 300 times more energy than the combustion
of 1 litre of gasoline.
Tritium is radioactive and has a short life time of only 12.3 years and, because there is no source,
therefore doesn’t exist in nature. Inside a future reactor, its production is envisaged by breeding
from lithium (neutron bombardment induced fission and neutron capture):

7
3Li + 1

0n → 4
2He + 3

1T + 1
0n− 2.47 MeV (1.2.13)

6
3Li + 1

0n → 4
2He(2.05 MeV) + 3

1T(2.73 MeV) (1.2.14)

Lithium is compounded in the crust of the Earth and dissolved in sea water, the isotope 7
3Li is the

most abundant (92.6 %).
Figure 1.1.2b shows that all fusion reactions have a strong dependence on projectile energy, the
fusion reaction only occurs at a sufficient rate at an impressively high energy. The D–T reaction,
eq.(1.2.7), requires the least effort in terms of fuel heating, has the highest cross section and a
higher energy gain than D–D fusion. ITER, DEMO and the reactors beyond will therefore burn
a D–T fuel mixture. An optimum temperature is about 10 keV (∼100 millions centigrade) which
is lower than the energy corresponding to the maximum of the cross section, since the fusion
reactions mainly occur from particles in the high energy tail of the (mostly Maxwellian) fuel
energy distribution. Note that the cross section for the fission of uranium 235

92 U with a neutron
at room temperature is about 500 barns, that is 50’000 times larger than the fusion cross section
at 10 keV. The high temperature required and low probability for the fusion reaction dictate
extremely high demands on the technical implementation of the technology of controlled nuclear
fusion on Earth. The challenge of a feasible fusion reactor is how to heat the reactants to these
high temperatures (section 1.6), where they are fully ionised, in other words, the ensemble of
particles has become a plasma (section 1.3). To continually extract energy from fusion reactions,
the high fuel temperature needs to be maintained (see below).

(*) estimated with a power station efficiency of 30 % and without inflation of the current annual energy con-
sumption.
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1.2.1 Ignition (fusion power plant concept)

For a steady-state operation of a fusion reactor the temperature of the fuel in a fusion power plant
has not only to be raised but is required to be kept at ideally 10 keV. Fortunately, the fusion reac-
tion, for example eq.(1.2.7), with a mixture of 50:50 D–T, provides a source of plasma self-heating
through the produced charged α-particle, which carries one fifth of the reaction energy (Eα =
3.5 MeV). A fusion reactor strives for their confinement by means of magnetic fields (section 1.4),
such that the kinetic energy is collisionally deposited in the plasma and thus transferred to the fuel
particles. The hotter the plasma, the larger the fraction of plasma heating through the charged
fusion products and the external heating may eventually be removed if the power provided by
α-particles solely is sufficient to maintain the fuel temperature. This is called the ignition event
and the plasma has become a burning one.

The condition for self-sustaining plasma burn is obtained by inspection of the plasma power
balance and becomes

nτE >
12kBT

Eα 〈σv〉
, (1.2.15)

where n is the fuel density, T the fuel temperature, τE the energy confinement time, Eα the
α-particle energy and 〈σv〉 the fusion reactivity. The inequality, eq.(1.2.15), is shown in figure
1.2.1. Note that τE is itself a function of T and in practice the optimum condition for ignition is
somewhat lower than the minimum in nτE, typically 10 keV.

Around the optimum condition for ignition, the fusion reactivity is ∝ T 2, such that eq.(1.2.15) is
written as a triple product,

nT τE > 5× 1021 m−3 keV s, (1.2.16)

already expressed in similar form by J. D. Lawson more than fifty years ago [19]. The first fusion
device had achieved a tripe product of 1014 m−3 keV s, JET, currently the world’s largest fusion
reactor, achieved 8.7× 1020 m−3 keV s.
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Figure 1.2.2: (a) Measurement of the performance in the fields of hadron colliders, desktop central processing
units and tokamak reactors. The vertical axis scale corresponds to the energy of the particle beam
of the accelerator circuit (in GeV), the number of transistors on the processor die and the triple
product in 1012 m−3 keV s respectively.
(b) Principal components of a future fusion power plant, exploiting a D–T fuel mixture.

The progress in fusion research towards ignition is commonly measured with the fusion energy gain
factor Q, the ratio of thermonuclear heating power (α-particles) to heating power PH provided
externally,

Q =

Eα
4

∫
〈σv〉n2dV

PH

≡ 5Pα
PH

, (1.2.17)

and thus breakeven Q = 1 states that the α-particles provide 20 % of the applied heating power.
Above Q = 5 the fusion heating power is greater than the external heating power. ITER is de-
signed to achieve Q > 5. Figure 1.2.2a compares the history of the achieved triple product in fusion
reactors to the progress achieved in the semiconductor industry and particle accelerators. The
number of transistors in Intel CPU’s continues to agree with the Moore law of 1965 [20], stating
that its number (and therefore the calculation performance) doubles every two years. Tokamaks
did somewhat better, the triple product doubled approximately every 21 months, but progress
slowed down at the end of the last millennium.

Because of being an uncharged particle, the energy carried by the neutrons, the second fusion
product of many fusion reactions, cannot be retained within the torus. Neutrons will traverse the
reactor first wall to be stopped in the blanket surrounding the vacuum vessel. In the blanket the
neutrons may breed the tritium through reactions eq.(1.2.13) or eq.(1.2.14) to replace the burnt
fuel of the plasma. The neutron kinetic energy is transferred to a coolant which drives a steam
turbine to finally produce electricity [21]. Figure 1.2.2b depicts the structure of a future fusion
power plant.
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1.3 Plasma: the fourth state of matter

Plasmas are by far the most common phase of matter in the universe, both by mass and by volume.
All the stars are made of plasma, and even the space between the stars is filled with a plasma,
albeit a very sparse one. Figure 1.3.1 shows the range of plasmas known today.
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CHARACTERISTICS OF TYPICAL PLASMAS

Figure 1.3.1: Zoology of plasmas, categorised by density and temperature. The volume averaged parameters of
a targeted ITER plasma typically will be n ∼1020 m−3 and T ∼9 keV (108 K).

Plasmas have very different properties from gas, which is why a plasma is often considered as
the fourth state of matter. A plasma is commonly defined as being an ensemble of free charged
particles, which is globally neutral and exhibits collective behaviour. Global neutrality is a result
of the dominating electrostatic force that immediately restores charge equilibrium if an non-
homogeneity occurs somewhere in the plasma. The potential of an ion in the plasma, written(�)

φ(r) =

e

4πε0

1

r︸ ︷︷ ︸
single charge
in vacuum

× exp

{
− r

λD

}

︸ ︷︷ ︸
term due to plasma

collective interactions

,

(1.3.1)

such that the vacuum potential is screened by a cloud of electrons and

λD =

√
ε0 T

n e2
(1.3.2)

is the Debye length, expressing the balance between thermal (violating neutrality) and space
charge effects (restoring neutrality). Debye screening acts such that charges located at distances
larger than the Debye length do not feel the potential of the screened ion. Eq.(1.3.2) is a strong
evidence of collective interactions and the most remarkable feature distinguishing plasmas (range
of interaction λD � 3

√
n) from an ideal gas (λD � 3

√
n, with n the particle density).

(�) solution of the Poisson potential equation for cold ions and thermal electrons in spherical symmetry, see for
example [22].
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This is sometimes called the ideal plasma approximation, that is if the average number Nd of
electrons within this sphere of influence (whose radius is λD, thus called the Debye sphere) of a
particular particle is large, i.e.

Nd =
4

3
nπλ3

D � 1, (1.3.3)

then collective electrostatic interactions dominate over binary collisions, and the plasma particles
can be treated as if they only interact with a smooth background field, rather than through pair-
wise interactions (collisions). The equation of state of each species in an ideal plasma is that of
an ideal gas. In a finite plasma, λD must be small compared to the physical size of the plasma.
In other words, the interactions in the bulk of the plasma are more important than those at its
edge, where boundary effects may be influent.
Fusion reactor plasmas are essentially hot and the requirement of neutrality is therefore a strongly
dynamic property, e.g. rather than exhibiting static neutrality, the plasma acts such as to shield
charges very rapidly. This condition is fulfilled if the intrinsic electron plasma frequency ωpe

(measuring plasma oscillations of the electrons) is large compared to the electron–neutral colli-
sion frequency (measuring the frequency of collisions between electrons and neutral particles),
i.e. ωpeτ � 1, where τ is the mean time between collisions with neutrals.

1.4 Magnetic confinement

At the high temperatures required for fusion the plasma cannot be confined by a recipient, since
the walls would certainly melt or unacceptably cool the plasma. The plasma is strongly ionised
and, although globally neutral, a soup of charged particles (electrons and ions), so magnetic fields
have proven to be a popular mean to box-in plasmas. In a magnetic field B, any charged particle
of species α (mass mα, charge qα) is subject of the central Lorentz force F = qα (v ∧B), and its
trajectory, given by the equation of motion,

γ mα
dv

dt
= qα (v ∧B) , (1.4.1)

is one of gyration around the magnetic field line, aka its guiding centre. γ =
√

1− v2/c2
−1

is the
relativistic factor. For a uniform magnetic field B and a particle with velocity vector component
perpendicular to the magnetic field v⊥, the radius of gyration is given by the Larmor radius,

ρLα =
γ mα v⊥
|qα|B

. (1.4.2)

The rotation frequency is called the cyclotron frequency,

Ωcα =
|qα|B
mα

= γ Ω0α, (1.4.3)

with Ωcα the limit of the relativistic pulsation Ω0α for v → 0. The particle motion perpendicular
to the magnetic field is now highly restricted, i.e. circular. If the particle has a non zero velocity
component parallel to the magnetic field (there is no restriction on motion into this direction),
the resulting particle trajectory is helical. In theory, only collisions with other particles may make
the particles diffuse across the field or introduce a resistivity to the motion along the field.
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Figure 1.5.1: The post of the Soviet Union published in 1987 a series of stamps commemorating science in the
USSR. The 5 kopek value shows the popular T-10 tokamak at the Kurchatov institute in Moscow,
in operation since 1975. Collection of Christian Schlatter.

If an additional external electric field is present (section 1.6.1), the particle guiding centres start
to drift with a drift velocity

vd =
E ∧B

B2
, (1.4.4)

which is independent of particle mass or charge. Furthermore, if the magnetic field is non-uniform,
an additional drift velocity appears,

v∇B,α =
mα v

2
⊥

2 qαB3

(
∇B ∧B

)
, (1.4.5)

which is of opposite direction for electrons and ions. Both drifts need to be compensated in a
toroidal plasma device.

1.5 The Tokamak device

With a straight magnetic field, particles are lost at both ends of a linear configuration. In the 1950s
the Soviet physicists Igor Yevgenyevich Tamm and Andrei Sakharov closed the magnetic field lines
by bending them to form a torus. The successful tokamak (a transliteration of a Russian acronym
made of òîðîèäàëüíàÿ êàìåðà ñ ìàãíèòíûìè êàòóøêàìè, meaning toroidal chamber with
magnetic coils) concept was born. Figure 1.5.2 shows a schematic of a tokamak. Its principal
parts are

R a Vessel with its plasma facing first wall (not shown).

R a set of Toroidal field coils generating the toroidal magnetic field Bφ to confine the plasma.
Bφ decreases as 1/R, where R is the major radius of the machine. With this field alone, its
gradient would separate the plasma species, as, according to eq.(1.4.5), the electrons would
drift upwards and the ions downwards. The separation of the populations would produce
a (counteracting) vertical field, which in turn would lead to the ejection, eq.(1.4.4), of the
plasma towards the exterior of the torus.
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Magnetic circuit
(iron transformer core)

Inner poloidal field coils
(primary transformer circuit)

Toroidal field coils

Outer Poloidal field
coils (for plasma
positioning and shaping)

Plasma with plasma current I
p

(secondary transformer circuit)

Resultant helical magnetic field
(exaggerated)

Poloidal field

Toroidal field

Ip

Figure 1.5.2: Experimental arrangement for controlled nuclear fusion. In a Tokamak, two superimposed magnetic
fields enclose the plasma: The toroidal field generated by external coils and the field due to the
plasma current. In the combined field, the field lines run helicoidally around the torus centre, ensur-
ing the necessary twisting of the field lines to form the confining magnetic structure encapsulating
the plasma. The outer poloidal field coils position and shape the plasma in the container.

R a set of Primary transformer coils: The continually increasing current flowing along the
torus in the central solenoid induces a toroidal electric field in the plasma, which drives
an inductive toroidal current Ip in the plasma (acting as a secondary transformer circuit
winding). On TCV, Ip ranges from 100 kA to 1 MA. The plasma current induces in turn
a poloidal magnetic field Bθ. The magnetic field lines resulting from the superposition of
Bφ and Bθ are therefore helicoidal. The toroidal magnetic field is dominating in tokamaks.
On TCV, Bθ is approximately one order of magnitude weaker than Bφ. The twisting of the
magnetic field lines compensates the particle drifts occurring if Bφ would have been applied
alone as each field line passes the upper and lower part of the torus. The net drift force,
obtained by integration along the path of circulating particles (following the magnetic field
lines), cancels out and there is thus no vertical drift motion.

R a set of Poloidal field coils: In toroidal geometry the plasma current interacts with the
poloidal magnetic field, the latter is weaker at the outer side of the torus. This leads to
an outward hoop force acting on the particles. In order to maintain stability, a vertical
magnetic field Bv inducing a centripetal force IpBv of opposite direction must be applied.
Further poloidal coils ensure the desired plasma positioning and shaping.

This confinement is not perfect. 50 years of research on tokamaks have shown that various mag-
netohydrodynamical (MHD) instabilities, collisional transport or turbulent processes may cause
strong deterioration of confinement.
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Nevertheless the tokamak provides a quite simple configuration to confine the plasma (it has
toroidal symmetry) and no other fusion device concept (inertial fusion, stellerators) has yet reached
the level of performance of a tokamak. Tokamaks are thus very popular (more than 200 tokamaks
have been built worldwide [23]) and the prospects are good that the first commercial fusion power
plant will operate according to the tokamak principle.

The main magnetic field is the toroidal field, in the absence of a plasma, its intensity scales as

Bφ(R) ' B0R0

R
(1.5.1)

where B0 is the field on the torus axis R0 (the tokamak major radius). The magnetic field
configuration in the tokamak is characterised by magnetic flux surfaces forming a set of nested
toroids. The magnetic field lines form these magnetic surfaces. The twisting of the magnetic field
lines is described by the safety factor q defined as

q =
1

2π

∮
1

R

Bφ

Bθ

dl, (1.5.2)

where the integration is performed in a poloidal section around the flux surface. For large aspect
ratio tokamaks (R0/a� 1), a the minor radius, this reduces to

q(r) =
r

R0

Bφ

Bθ

, (1.5.3)

with r the radius of the flux surface. From eq.(1.5.3) the values of q on the magnetic axis and at
the edge are, with µ0 the permeability of free space, j0 the current density on the magnetic axis

q0 = q(0) =
2Bφ

µ0 j0R0

(1.5.4)

and

qa = q(a) =
2πa2Bφ

µ0 IpR0

. (1.5.5)

The safety factor q quantitatively indicates the number of toroidal loops a magnetic field line
performs to complete a single poloidal loop. If q = m/n is a rational number then the line joins
up on itself after m toroidal and n poloidal rotations.

For most of the time, the plasma particles move on a specific flux surface. Energy and particle
transport on a flux surface is thus extremely fast. As a consequence, most of the characteristics of
the plasma are approximately identical all over the same flux surface and many parameters may
be represented by a radial profile depending on the normalised radius ρ, defined as

ρ =

√
Ψ

Ψa

(1.5.6)

with Ψ the flux of the magnetic field through a poloidal section Apol of the plasma (Ψa is the flux
through the total plasma column)

Ψ =
1

2π

∫

Apol

B · dS (1.5.7)
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1.6 External plasma heating schemes

In order to produce fusion reactions at a sufficient rate, the plasma needs to be very hot (section
1.2). Standard plasma heating schemes are summarised in this section.

1.6.1 Ohmic heating

The current driven by the induced electric field heats the electrons of the plasma through resistive
dissipation (Joule effect). Energy is then transferred to the ions through collisions (elastic Coulomb
interactions). For a current density j the ohmic heating power is

POH = ηj2, (1.6.1)

with η the resistivity approximately given by the Spitzer-Härm formula [24]

ηS =
Ze2√me ln Λ

4πε2
03
√

2πT
3/2
e

(1.6.2)

where ln Λ ≈ 24− ln
√
ne/Te = 10 . . . 20 is the Coulomb logarithm [25].

η ∝ T
−3/2
e , thus ohmic heating becomes inefficient with higher temperature, where the plasma is

less collisional and increasingly conducting. The decrease in η cannot be balanced by an increase
of the plasma current, since the safety factor at the plasma edge qa needs to be larger than 2 to
avoid a disruption caused by an MHD instability. In other words, from eq.(1.5.5), the poloidal
cross section average of the current is limited by

〈j〉 < 1

µ0

Bφ

R0

. (1.6.3)

Furthermore, an ohmically heated tokamak allows only pulsed operation, as the primary coil cur-
rent cannot increase indefinitely to induce a constant plasma current (Faraday’s law of induction).
Ohmic heating is not sufficient to raise the plasma to fusion temperatures. Further auxiliary
heating schemes were developed and successfully implemented on various plasma facilities.

1.6.2 Neutral beam heating

An additional possibility of heating a plasma is the injection of a beam of energetic atoms, for
example hydrogen. The neutral atoms travel in straight lines, being unaffected by the magnetic
field. The atoms become ionised through collisions with the plasma particles and the resulting
hot ions and electrons are then held by the magnetic field. Once ionised the ions have orbits
in the magnetic field determined by their energy, angle of injection and point of deposition. The
energy of the injected ions is gradually transferred to the colder plasma electrons and ions through
Coulomb collisions. That is the injected ions are initially slowed and then thermalised. Section
6.5.1 will further discuss the deposition of energetic beam particles in the plasma, albeit not for
the purpose of plasma heating.

1.6.3 Heating by means of electromagnetic waves

Under certain conditions (coupling, transmission followed by absorption, i.e. the absence of cut-
offs), electromagnetic waves propagate and eventually dissipate (wave-particle resonances) in the
plasma. Plasmas exhibit an very rich variety of electromagnetic wave modes, therefore many
different heating scenarios have been developed and implemented on various devices.
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Resonant plasma heating with ion-cyclotron [26], electron cyclotron [27], lower-hybrid [28] and
more recently Bernstein waves [29] were successfully employed on plasma devices. For example, a
wave launched at the second harmonic electron cyclotron frequency, i.e. at twice the fundamental
frequency, eq.(1.4.3), is efficiently absorbed by the electrons. This is called Electron Cylotron
Resonance Heating (ECRH). As the toroidal magnetic field decreases as 1/R and Ωce is propor-
tional to B, the wave power deposition in the plasma will be localised. ECRH will be described
in greater detail in chapter 5.

1.7 Motivation for this thesis

The main goal of this thesis is the experimental characterisation and eventual understanding of
the mechanism causing the anomalous acceleration of a fraction of the plasma ions to suprather-
mal energies on TCV, whenever the plasma is subjected to the injection of waves at the second
harmonic of the electron cyclotron frequency. As explained in this chapter, ion heating has al-
ways been a major topic addressed in the magnetic confinement fusion field and thus any process
yielding hot ions is always welcomed and worth to be studied. The phenomena of anomalous ion
energisation was observed since the early days of millimetre wave heating, but nobody has ever
put forward an attempt at explanation. This work has now tried to fill this deficit.

Although the modelling of the physics involved takes an important share in the scientific efforts
undertaken, this is essentially an experimental study. The acquisition of a new neutral particle
analysing diagnostic coincided with the employment of the author and thus many activities were
related to the commissioning, validation and integration of the diagnostic into TCV such to bring
its exploitation to the best possible performance.

1.8 Outline of the dissertation

A brief introduction to magnetic confinement fusion was given in this chapter. Most of the work
reported herein was carried out on the Tokamak à configuration variable (TCV), which is the
subject of chapter 2. The principles and specifications of the TCV ion diagnostics of relevance
for this work (charge exchange recombination spectroscopy, neutral particle analyser and neutron
detector) are described in chapter 3, emphasising on the data analysis, measurement validation
and the parasitic signal rejection of the horizontally looking Compact Neutral Particle Analyser
(CNPA), which was commissioned in 2003–2004. Results of the commissioning are available in
the journal publication:

A. N. Karpushov, B. P. Duval, C. Schlatter, V. I. Afanasyev and F. V. Chernyshev,
Neutral particle analyser diagnostics on the TCV tokamak, Review of Scien-
tific Instruments, vol. 77, no. 3, art. 033504 (13pp), March 2006.

Chapter 4 reports on experimental studies of plasmas where the ion energy is characterised by
the Maxwell-Boltzmann distribution. This includes the determination of the thermal ion param-
eters either directly from the measured charge exchange spectrum (ion temperature and isotopic
composition) or with the assistance of codes modelling the plasma neutral emission (absolute
neutral densities). The measurement of the core ion temperature with the NPA was validated
against other diagnostics and the CNPA was absolutely calibrated using the diagnostic neutral
beam. The ion temperature profile was measured with the single chord CNPA by displacing the
plasma.
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Results were reported at the 32nd EPS Conference on Plasma Physics and Controlled Fusion,
Tarragona, Spain, 2005:

C. Schlatter, B. P. Duval and A. N. Karpushov, Reconstruction of hydrogenic ion
temperature profiles on TCV, Europhysics Conference Abstracts (ECA), vol. 29C,
no. P1.050

and later published in an extended journal paper

C. Schlatter, B. P. Duval and A. N. Karpushov, Reconstruction of ion tempera-
ture profiles from single chord NPA measurements on the TCV tokamak,
Plasma Physics and Controlled Fusion, vol. 48, no. 12, pp. 1765–1785, December
2006.

The physics of anomalous ion heating on TCV is governed by the interaction between waves
and particles and the properties of the suprathermal ions are intimately linked to the physics of
suprathermal electrons, which routinely appear whenever electron cyclotron waves are injected
into low density TCV discharges. Good knowledge of the fast electron properties is therefore of
paramount importance. The EC physics is addressed in chapter 5. Advanced analysis of the
electron cyclotron emission spectra with an implementation of the NOTEC code on TCV gives
unprecedented accuracy of the spatial and energetic fast plasma electron properties, especially in
discharges with electron cyclotron current drive (ECCD), where a large number of electrons are
accelerated to relativistic speeds. First results with the NOTEC-TCV code have been published
in

V. S. Udintsev, G. Turri, E. Asp, C. Schlatter, T. P. Goodman, O. Sauter, H. Weisen, P.
Blanchard, S. Coda, B. P. Duval, E. Fable, A. Gudozhnik, P. F. Isoz, M. A. Henderson,
I. Klimanov, X. Llobet, P. Marmillod, A. Mueck, L. Porte, H. Shidara, G. Giruzzi,
M. Goniche and F. Turco, Recent electron cyclotron emission results on TCV,
Fusion Science and Technology, vol. 52, no. 2, pp. 161–168, August 2007.

NOTEC-TCV was then extensively used to analyse oblique ECE experiments, these results were
partly published in

T. P. Goodman, V. S. Udintsev, I. Klimanov, A. Mueck, O. Sauter and C. Schlatter,
First measurements of oblique ECE with a real-time movable line of sight
on TCV, Fusion Science and Technology, vol. 53, no. 1, pp. 196–207, January 2008.

Chapter 6 presents the parameters of the suprathermal ions, manifesting in plasmas with auxil-
iary EC electron heating. Early measurements and analytic turbulence estimations were presented
in two joint papers at the 33rd EPS Conference on Plasma Physics, Rome, Italy, 2006:

A. N. Karpushov, B. P. Duval, T. P. Goodman and C. Schlatter, Non-maxwellian ion
energy distribution in ECH-heated plasmas on TCV, Europhysics conference
abstracts (ECA), vol. 30I, no. P1.152

and

C. Schlatter, B. P. Duval, A. N. Karpushov, E. Asp, S. Coda and V. S. Udintsev,
Conditions for anomalous energy and momentum transfer from electrons
to ions in ECCD discharges on TCV, Europhysics conference abstracts (ECA),
vol. 30I, no. P1.149.
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The role played by fast electrons is discussed and candidate mechanisms for the ion acceleration are
shortly reviewed. Ion-acoustic turbulence, driven by the circulating ECCD electrons, agrees with
most of the experimental observations. Ion acceleration is also caused by the sawtooth instability.
Due to limited availability of TCV, a last series of experiments aiming at the demystification of
the physics responsible of the ion acceleration could unfortunately not yet be carried out, the
end of the chapter thus makes do with the description of the pending experiments, namely the
measurement of the turbulence frequency spectrum and the anisotropy assessment of the ion dis-
tribution function.

Chapter 7 makes an attempt to model the ion-acoustic turbulence and the associated ion accel-
eration for TCV parameters by solving the quasilinear diffusion equation numerically. Preliminary
results were presented at the 49th Annual Meeting of the Division of Plasma Physics, Orlando,
Florida, USA, 2007:

C. Schlatter, B. P. Duval, A. N. Karpushov, T. P. Goodman, Ion-Acoustic Turbu-
lence in ECCD-driven TCV plasmas, Bulletin of the American Physical Society,
vol. 52, no. 11, poster GP8.00023.

Chapter 8 summarises the main results and draws conclusions.

A number of appendices consolidates the matter presented in the chapters. The independent
appendix F reports on the diagnosis of the fast ions with the high energy NPA on JET. This
analysis of the accuracy of the calculation of the fast ion temperature was presented at the 15th

topological conference on high-temperature plasma diagnostics, April 2004, San Diego, California,
USA and published in Review of Scientific Instruments:

C. Schlatter, D. Testa, M. Cecconello, A. Murari and M. Santala, Error estimation
and parameter dependence of the calculation of the fast ion distribution
function, temperature, and density using data from the KF-1 high energy
neutral particle analyser on Joint European Torus, Review of Scientific Instru-
ments, vol. 75, no. 10, pp. 3547–3549, October 2004.

A further appendix G reports on the successful deployment and operation of wiki technology on the
intranet of the Plasma Physics Centre in Lausanne and how an open, collaborative documentation
platform enriches the scientific exchange among researchers and technicians and how organisational
aspects of tokamak operation and administrative tasks are greatly facilitated.
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Chapter 2

The TCV experiment

2.1 TCV tokamak

The Tokamak à configuration variable (TCV), shown in figure 2.1.1, is a mid sized machine with
a rectangular, strongly elongated torus [30] (the vessel is three times higher than large). Opera-
tional since November 1992, TCV was mainly built to study the impact of the plasma shape on
the particle confinement and plasma stability against Magnetohydrodynamic (MHD) properties.
In almost 17 years of operation, more than 37’000 plasma discharge sequences, known as ’shots’,
have been fired.

Figure 2.1.1: Picture of the TCV tokamak taken from above. The diagnostic neutral beam (DNBI) is located
on the left. The tubes containing the electron cyclotron wave guides are discernable on the right.
The thin copper lines in front of the DNBI are the transmission lines of the ECE low field side
radiometers.
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Some key parameters of TCV are listed in tables 2.1 and 2.2. Figure 2.1.2 shows a sketch of its
main components. The toroidal magnetic field is generated by 16 coils connected in series, the
inductive current is driven by an air core transformer consisting of 7 coils, their position minimises
the perturbation of the magnetic field inside the torus. The induced electric field is typically 0.25
V/m on the magnetic axis, whose length is typically 5.5 m.

Parameter Symbol Value

first plasma t0 November 1992
major radius R0 0.88 m

maximum minor radius a 0.255 m
internal height of vessel h 1.5 m

aspect ratio ε = R0/a 2.9. . . 3.6
toroidal vessel resistance ΩTCV 45 mΩ

vessel time constant τvessel 6.7 ms
toroidal magnetic field on axis Bφ0 = Bφ(R0) 6 1.54 T

plasma current Ip 6 1 MA
transformer flux ΦT 3.4 Vs

loop voltage Vloop 6 10 V
Vessel elongation κTCV 3

Pulse duration TS 6 4 s
Intershot delay TD > 400 s

OH heating power POH 1 MW
X2 RF heating power PECH X2 2.8 MW
X3 RF heating power PECH X3 1.4 MW

vessel base vacuum p0 < 10−7 mbar
Helium cleaning glow discharge tg 300 s

Maximum vessel temperature Tg 350 �

Table 2.1: System parameters of the TCV tokamak (specifications as of January 2009).

Parameter Symbol Value

plasma width w 6 0.48 m
plasma height h 6 1.44 m

electron density ne0 6 20× 1019 m−3

electron temperature (OH) Te0 6 1 keV
electron temperature (ECH) Te0 6 15 keV

ion temperature Ti0 150 . . . 1000 eV
electron plasma frequency fpe 28 . . . 120 GHz

electron cyclotron frequency fce 41 GHz
ion cyclotron frequency fci 11 MHz
electron Larmor radius ρe 70 . . . 250 µm

ion Larmor radius ρi 2.5 . . . 4 mm
edge plasma elongation κa 0.9 . . . 2.8

edge plasma triangularity δa −0.8 . . . 1

Table 2.2: Plasma parameters of the TCV tokamak (specifications as of January 2009).
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Figure 2.1.2: Sketch of the TCV tokamak. Labelled are: (A) primary transformer circuit (ohmic coil) to drive
the inductive plasma current, (B) poloidal coil for the generation of the main toroidal field, (C) the
vacuum vessel, (D) plasma shaping coils, (E) diagnostic ports, (F) internal toroidal coils for the
vertical stabilisation of elongated plasmas, (G) supporting mechanical structure.

2.2 First wall

Plasma-wall interactions continually lead to the exchange of particles between plasma and wall.
Wall eroded material constitutes the main source of impurities in the plasma. The penetration of
high-Z impurities into the plasma has to be avoided, since their strong line radiation results in an
inadmissible cooling of the plasma. On TCV, the compromise between a light material, sufficiently
withstanding high heat loads and of enough tensile strength led to the selection of carbon for the
first wall cover. Currently about 90 % of the vessel interior (surface area ∼23 m2) are covered
by a total of ∼1700 graphite tiles. Figure 2.2.1 shows a recent photo of the interior of the TCV
tokamak. To further limit the contamination of the plasma by erosion of deposited impurities from
the wall, the vessel is sporadically baked out at 250 ◦C and coated by boron to cover impurities
and getter oxygen. The boronisation with a mixture of helium and B2D2 creates a 10 µm thick
layer by chemical vapour deposition. Between plasma pulses, the chamber is conditioned by glow
discharges with helium (typically running for 300 seconds).
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Figure 2.2.1: Fisheye view of the TCV vessel. The picture was taken in March 2007, after 15 years of tokamak
operation. Areas of erosion and thin film deposition are clearly visible. Courtesy of Alain Herzog,
EPFL.

2.3 Plasma shaping

A set of 16 independently controllable poloidal field shaping coils closely surround the vacuum
vessel on the in- and outside and guarantee, for TCV, a unique flexibility in plasma shaping,
positioning and control. Two additional poloidal field coils located inside the vessel permit better
control of otherwise vertically unstable configurations. The coil arrangement is shown in figure
2.3.1.
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A - D : transformer

E, F : poloidal field coils
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T : bus bars, return loop
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Figure 2.3.1: Representation of the transformer windings (A, B, C and D), the poloidal field coils (E and F) and
the internal fast coil (G). The bus bars (T1 and T2) interconnect the toroidal field coils and are
compensated by the return loop (T3). The magnetic configuration of the plasma is investigated
using the external flux loops and the internal poloidal field coils (see figured legend).

Figure 2.3.2 shows a subset of the achieved zoology of plasma shapes. The shape parameters κ
(elongation), δ (triangularity) and λ (squareness) are defined by the following formulae, parame-
terising a flux surface contour in real space,

{
R = R0 + a cos

(
θ + arcsin(δ sin θ)

)
and

z = z0 + κa sin
(
θ + λ sin 2θ

)
,

(2.3.1)

where R is the machine major radius, z the vertical coordinate, θ the poloidal angle and a the
plasma minor radius. The index 0 labels the magnetic axis coordinates. For an illustration of κ
and δ see figure 2.3.3. Achieved values for κ and δ are shown in table 2.1. Elongated plasmas
allow for a higher plasma current in respect to circular plasmas, as the edge safety factor (which is
required qa > 2 for ideal MHD stability) and thus the plasma current scale as ∝ (1 + κ2) /2 [32].
A higher current allows then to operate at higher density (Greenwald density limit) [33]. TCV
has demonstrated that elongated and triangular plasmas have better stability and reduced radial
particle transport [34], thus improving the cost-effectiveness of the experience.
Impurities in the plasma give rise to radiation losses and also dilute the fuel. The restriction of

their entry into the plasma therefore plays a fundamental role in the successful operation of toka-
maks. This requires a separation of the plasma from the vacuum vessel. TCV uses two techniques:
limited and diverted plasmas, figure 2.3.4. In the limited configuration a rather small fraction of
the last closed flux surface (LCFS) is in contact with the vessel wall.
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DND
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Doublet shape 
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Highest triangularity,
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¸ = 0.5

Figure 2.3.2: Omnium gatherum of plasma shapes achieved on TCV. The first line shows standard limited (a)
and diverted configurations with a single null on top (b), below (c) and a double null (d). Divertor
legs may be put on the inner (as shown) or outer wall. The last line shows extremely shaped stable
plasmas of (i) highest elongation, maximum (j) and minimum (k) triangularity and (l) maximum
squareness. The middle line shows achieved record ohmic (e, anno 1996) and non-inductive (f,
anno 2000) currents and (g) near snowflake [31] and (h) doublet configurations. The colour scale
is proportional to the temperature (black: cold, white: hot).
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Figure 2.3.3: Higher order moments of the poloidal plasma geometry.
(a) defines the elongation κ = b/a and
(b) the triangularity δ = d/a.

limiter
divertor

vacuum
vessel

last closed
flux surface

plasmaplasma
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(b) Diverted configuration(a) Limited configuration

strike
point

Figure 2.3.4: Configuration of plasmas in a tokamak.
(a) A limiter scrapes the plasma off and defines the last closed flux surface (LCFS). On TCV the
walls are limiting the plasma in this configuration.
(b) In diverted configurations the LCFS is determined through additional magnetic coils that shape
the magnetic flux surfaces such as to create an X-point, where the poloidal magnetic field has a
null. The magnetic flux surface passing through this X-point is called the separatrix. The region
below the X-point may be loosely defined as the divertor. The points at which the separatrix strikes
the wall are known as the strike points.
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In the diverted configuration the LCFS is not determined by the interference of a solid surface
with the main plasma, but by additional magnetic coils that shape the magnetic flux surfaces such
as to create one or more X-point(s), where the poloidal field vanishes (see figure 2.3.2). This can
be obtained using an external conductor whose current is parallel to the main plasma current. The
magnetic flux surface passing through the X-point is called the separatrix. The points at which
the separatrix strikes the wall are known as the strike points. Diverted plasmas are generally
cleaner since the interaction between plasma and wall takes place at a larger distance from the
plasma bulk.

2.4 Auxiliary heating

TCV employs auxiliary plasma heating by means of electron cyclotron waves. 9 gyrotrons working
at the second or third harmonic of the electron cyclotron frequency provide a total power of
4.2 MW. An well thought-out system of wave launchers allows for localised plasma heating or
toroidal injection for current drive. The EC system is described in detail in chapter 5.

2.5 Diagnostics

TCV has a versatile set of diagnostics to measure most of the parameters relevant for experimental
studies. The flexibility in plasma shaping and positioning requires diagnostics with a good coverage
of the vessel cross section. Due to the rich variety of plasmas achievable on TCV, most of the
diagnostics are designed to measure a parameter over a large range. These diagnostics are

TS The Thomson scattering diagnostic, providing profiles of thermal electron density and tem-
perature.

FIR The Far-Infrared Interferometer, measuring the line integral of the electron density at high
temporal resolution.

ECE Various electron cyclotron emission antennas for fast electron temperature profile measure-
ments and the characterisation of suprathermal electrons.

DMPX, XTOMO, XTE various soft-X ray diagnostics with different spatial setups for the
characterisation of electron temperature profiles and/or the determination of the effective
charge.

HXRC, HXRS, PMTX Hard X-ray diagnostics for the assessment of the keV energy tail of
the electron distribution function.

DNBI+CXRS, VNPA, CNPA, NEUT ion diagnostics measuring ion temperature, isotopic
compositions, impurity concentrations and ion rotation profiles.

LIUQE et al. magnetic diagnostics used for the reconstruction of the equilibrium and the anal-
ysis of Magnetohydrodynamic (MHD) fluctuations.

BOLO, AXUV, PD Single line and broad range radiation diagnostics in the visible and ultra-
violet frequency range.

SPRED, PHA Plasma spectroscopy

and many more. . .
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A short description of the diagnostics essential to this thesis are given below, measurements of
ion parameters are described in more detail in a separate chapter 3 and the radiometers for the
detection of the electron cyclotron emission are introduced later in section 5.3.5.
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Figure 2.5.1: Diagnostic setups on TCV:
(a) Lines of sight of the optical fibres of the Thomson scattering system before the 2007 upgrade
(featuring a higher spatial resolution at the upper plasma edge),
(b) 14 vertical chords of the far infrared interferometer, the measurement of the central chord (#9)
acts as reference for the density preset,
(c) the 200 chords of the soft X-ray system XTOMO cover the whole poloidal cross section (geometry
as after the camera upgrade in 2008) and
(d) the multiwire proportional X-ray detector with 64 channels achieving a spatial resolution better
than 1 cm at the midplane.

2.5.1 Thomson Scattering (TS)

TCV features a powerful Thomson scattering diagnostic [35–38] routinely providing radial profiles
of electron temperature Te(ρ) in the range from 50 eV to 20 keV and electron density ne(ρ). The
measurement is derived from the local analysis of light from a laser beam (incident wave vector
ki, frequency ωi) scattered by the electrons of the plasma (scattered wave vector ks, frequency
ωs). If the wave vector of the laser beam is large enough, essentially the scattering parameter
(kiλD)−1 � 1, the correlation between electrons may be ignored. This means that the scattering
is incoherent and the total scattered power is simply the sum of the power scattered by the
individual electrons. The frequency of the scattered light is double Doppler shifted and becomes

ωs = ωi + (ks − ki) · v. (2.5.1)

The shift is due to (a) the motion of the electron towards the laser beam and (b) its motion
towards the observation optics. In the non-relativistic approximation (valid for Te . 1 keV) the
frequency spectrum scales with the one-dimensional velocity distribution along the direction of
k = ks − ki. If the electron velocity distribution is Maxwellian, the local temperature is deter-
mined by the width of the measured spectrum (Doppler line broadening).
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On TCV, the laser beam is injected vertically at R = 0.9 m and k is in a plane perpendicular to
the toroidal magnetic field B, thus the measured temperature is the perpendicular temperature
Te⊥. In the presence of suprathermal electron populations the Thomson scattering diagnostic mea-
sures in principle the temperature of the thermal bulk population. The intensity of the scattered
light is given by the integral over the spectral peak and is proportional to the local electron density.

The Thomson scattering cross section is extremely low, requiring powerful and therefore pulsed
lasers. TCV operates 3 collinear Q-switched Nd:YAG (neodymium–yttrium aluminium garnate)
lasers (λ = 1.06 µm) at a repetition rate of 20 Hz. By sequentially triggering the lasers, the
repetition rate may be increased up to 60 Hz. Each pulse has an energy of about 1.5 J. The scat-
tered light is observed through 3 lateral ports at 35 vertical locations shown in figure 2.5.1a, the
spatial resolution is 2 . . . 4 cm. For plasmas of moderate elongation (κ ∼ 1.7) at least 25 points are
inside the plasma. The collected light enters optical fibers which feed the light to polychromators
consisting of broadband filters connected to avalanche silicon photo-diodes.

The diagnostic is periodically absolutely calibrated by Raman scattering from a nitrogen gas
introduced into the torus. A cross calibration to the line integrated density obtained from a
multi-chord FIR interferometer (section 2.5.2) is performed for consistency. Uncertainties of the
measurements are typically better than 10 %. Statistical errors dominate due to the scattered
light fraction.

2.5.2 Multi-chord Far Infrared Interferometer (FIR)

The interferometer installed on TCV [39,40] is of the Mach-Zehnder layout [41,42]. It determines
the phase shift ∆φ between two collimated beams from a coherent light source, one of which
travels through the plasma and the other outside the tokamak (reference beam). The refractive
index of an electromagnetic wave of frequency ω � {ωpe,Ωce} in a plasma is approximately(*)

N2 = 1−
(ωpe

ω

)2

= 1− ne
nc
, (2.5.2)

where

nc =
ε0 ω

2me

e2
(2.5.3)

is the cutoff density. The density, integrated along the beam path through the plasma, ne =
1
L

∫
ne dl, is proportional to the phase shift of the wave traversing the plasma,

∆φ =

∫
(kplasma − kreference) dl =

∫
(N − 1)

ω

c
dl ≈ ω

2 c nc

∫
ne dl, (2.5.4)

where for the reference beam kreference = ω/c. The last term in eq.(2.5.4) was obtained using
ne � nc. The heterodyne interferometer on TCV consists of a far infrared difluormethane (CH2F2)
laser emitting at λ = 214.6 µm (some mW) and is optically pumped by a continuous wave CO2

laser working at λ = 9 µm (power ∼40 W). The probing beam is superposed with a reference
beam with a slight frequency offset (∆ω/2π = 100 kHz) provided by a local oscillator (LO) using
the Doppler shift caused by diffraction from a rotating grating.

(*) in the limit of B→ 0, see section 5.1.2.
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The coherent electric field vectors Eprobe = Êprobe exp
(
i (ω0t+ Φ(t) + φprobe)

)
as well as ELO =

ÊLO exp
(
i (ω0t+ ∆ωt+ φLO)

)
are mixed and the detector measures the mixed beam intensity,

Iplasma ∝ (Eprobe + ELO)(Eprobe + ELO)T

= |Êprobe|2 + |ÊLO|2 + 2|Êprobe||ÊLO| cos
(
∆ωt− Φ(t) + φLO − φprobe

)
, (2.5.5)

whose amplitude oscillates at the beat frequency ∆ω. A filter removes any DC component and
the remaining signal is

Splasma = |Êprobe||ÊLO| cos
(
∆ωt− Φ(t)− φsetup

)
, (2.5.6)

with φsetup = φprobe − φLO, independent of time. The phase shift Φ(t) is obtained by comparison
of Splasma with the reference signal

Sreference = |Êprobe||ÊLO| cos
(
∆ωt− φreference

)
, (2.5.7)

where φreference is ideally a constant (e.g. in absence of mechanical vibrations). The signal is
captured by liquid helium cooled InSb hot electron bolometers on the top of the machine with a
frequency response as high as 750 kHz, currently sampled at 20 kHz. For the chosen wavelength,
a phase shift of 2π requires a change of the line integrated density of the order of 1019 m−2, see
eq.(2.5.4). The accuracy of the phase analysis is ∼20 degrees, giving an impressive accuracy of
about 1 % of the line density. A total of 14 vertical beam path go through the plasma, shown
in figure 2.5.1b. The measurement of the central chord (R = 0.9 m) enters the feed back loop of
the plasma gas valve and is used to control the plasma density in real time. The non-local FIR
signals have to be mathematically inverted to obtain density profiles. The most promising method
currently applied is SVD-I [43], using singular value decomposited Thomson density profiles as
base functions for the inversion [44].

2.5.3 Soft X-ray production and diagnostics

Relevant radiation emission from a plasma in the range of soft X-rays (120 eV to 12 keV) originates
mainly from three processes [45]:

Bremsstrahlung arises from small-angle scattering of electrons due to electron–ion Coulomb
collisions. The collision is free–free, i.e. the free electron is not captured by the ion and the
radiation spectrum is therefore continuous in frequency.

Recombination radiation is resulting from a free–bound collision, the initially free electron is
bound as a result of the interaction with the ion. The spectrum is mostly a continuum.

Line radiation is the product of a bound–bound transition from an excited state to one of lower
energy. The emitted photon has an energy hν = ∆E equal to the difference in energy of the
involved levels.

The radiation in the soft X-ray range constitutes the most important channel of radiation power
losses of the TCV plasma. There are other sources of radiation commonly involved in plasmas
(cyclotron radiation, Čerenkov radiation) but they are far less important than the processes listed
above. Spectroscopic studies showed that for plasmas containing light impurities only (e.g. carbon,
oxygen), the power lost through line radiation is only important in the ultra soft-X ray spectral
range [46] and above 1 keV the emitted radiation is largely due to continuum radiation. Heavy
ions however (e.g. iron, nickel, molybdenum), strongly radiate into the keV energy range and need
therefore to be kept away from the plasma.
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The Bremsstrahlung spectrum essentially depends on the local electron density, electron temper-
ature and impurity content. For a Maxwellian electron distribution of temperature Te and ions of
charge Z, the continuum Bremsstrahlung spectrum is [47],

dN

dEX
∝ Z2nenZ

gffe
−EX/Te

EX
√
Te

, (2.5.8)

with N being the number of emitted photons of an energy EX , nZ the ion density and gff the
Maxwell-averaged Gaunt factor, tabulated in the literature [48].
The calculation of the electron–impurity–ion recombination radiation requires detailed knowledge
of the atomic structure of the impurity ion and usually dominates eq.(2.5.8). The sum of braking
and recombination radiation may be expressed as [49]

dN

dEX
= 1.5× 10−38 n2

e

exp

(
−~ω
Te

)

√
Te

ζ(Te), (2.5.9)

where ζ(Te) represents the enhancement of the radiation by the presence of impurities (in respect
to a comparable pure hydrogen plasma).

2.5.3.1 X-ray tomography (XTOMO)

TCV has some complex diagnostics to measure soft X-ray emission. Available since early opera-
tions of TCV, the soft x-ray tomographic system XTOMO consists of 10 pinhole cameras. Each
camera is equipped with a linear array of 20 p-n junction silicon photodiodes resulting in 200
lines of sight covering the whole plasma cross section (see figure 2.5.1c). Each camera features 47
micron Be filters for efficient detection of photons with energies between 1 keV and 10 keV (but
not visible or UV light) which covers the thermal spectrum of most TCV plasmas. Since 2008 the
diode signals are acquired at a frequency of 200 kHz.

2.5.3.2 Duplex Multiwire Proportional X-ray detector (DMPX)

The compact 64 channel Duplex Multiwire Proportional soft X-ray detector (DMPX) combines
high spatial and temporal resolution [50,51]. The DMPX is installed on a helium filled slot aper-
ture camera under the TCV vacuum vessel and views the plasma through two beryllium windows
(total thickness of 100 µm). The DMPX measures soft X-ray emission in the 1–30 keV range with
a radial resolution of about 8 mm at the equatorial plane of TCV (see figure 2.5.1d). The beryl-
lium filters remove photons with energies below 1 keV. An additional 308 µm thick aluminium
foil may be used to observe higher energy photons (exceeding 15 keV). The DMPX is acquired at
200 kHz.

The DMPX detector consists of a plane of 64 independent sensitive parallel anode wires placed
between two cathode plates. A constant negative voltage is applied to the cathodes. An incident
soft X-ray photon interacts with an atom of the detection gas filling the chamber, creating a pair
of electron and ion (photo-ionisation) which are then accelerated by the electrical field. While
migrating towards the closest wire-anode, the primary electron will collide with detection gas
atoms and ionise them, thus creating more electron–ion pairs which will in turn be accelerated
and collide with neutral atoms. This avalanching chain-reaction takes place near the wire (corona
effect).
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The chamber output voltage Uout satisfies the conservation of the energy,

1

2
CU2

HV =
1

2
CU2

out + ∆W, (2.5.10)

where UHV is the applied wire high voltage, C the chamber capacity and ∆W the work done
by the free charged particles (mainly the ions) moving in the electric field of the chamber. The
change of the output voltage is thus

∆U = UHV − Uout =
∆W

CUHV

. (2.5.11)

∆W is maximum when all charges have been collected by the anode and cathode. Depending on
the time constant τ = RC of the system, ∆U is limited by the current flowing in the circuit which
is restoring ∆U = 0 after a time of the order of τ . The chamber output amplitude is proportional
to the number of free charges created in the detector volume (and thus to the incident X-ray
intensity). The wires are connected to amplifiers.
Since the X-ray emissivity has a strong dependence on the electron temperature and density as
well as on the impurity mixture, see eq.(2.5.9), the X-ray diagnostics are very sensitive to the
presence of MHD instabilities. The XTOMO system is routinely exploited for MHD analysis.
XTOMO and DMPX are precious tools to determine the location of the sawtooth inversion radius
(sections 5.4.4 and 6.6), the high spatial resolution of the DMPX camera allows the detection of
the small scale structure of the perturbations with good accuracy.
To recover the local soft X-ray emissivities, the measured soft X-ray signals are tomographically
inverted. The inversion is based on the method of the Minimum Fisher Information (MFI) [52],
which has its foundation in information theory. In conjunction with measurements of electron
densities and temperature profiles, the local X-ray emissivities are used to obtain local relative
values of the effective plasma charge Zeff (see next section).

2.5.3.3 Measurements of the plasma effective charge

Knowledge of the overall isotopic composition of the plasma is of importance in all aspects of the
physics of plasmas. Especially transport and turbulence codes require a more or less rigourous
estimation of the charged plasma components, determined by the concentration of impurities
contaminating the plasma. In many cases the densities of the various ion species and isotopes are
not of importance and the ionic configuration is sufficiently described by an effective charge Zeff ,
ascribed to a single imaginary “ion species”. The effective charge is defined as enhancement factor
of the plasma resistivity η of the impurity contaminated plasma over that of a pure hydrogen
plasma, ηS, given by eq.(1.6.2), thus

η = ηS Zeff , (2.5.12)

giving [24]

Zeff =

∑
ni Z

2
i

ne
=

∑
ni Z

2
i∑

ni Zi
, (2.5.13)

where the summation is taken over all ion species/isotopes in the plasma and for the last term
the condition for quasi-neutrality,

ne =
∑

ni Zi, (2.5.14)

was used.
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On TCV, data from at least four different diagnostics are (or were) exploited to extract the
effective plasma charge. These include

R Bremsstrahlung: The total continuum Bremsstrahlung emission, eq.(2.5.8), using the
definition of Zeff , eq.(2.5.13), writes (Watts per m3 and eV)

I(ω) = 1.54× 10−38 n2
e Zeff

exp

(
−~ω
Te

)

√
Te

, (2.5.15)

where the Gaunt-factor was approximated by 1. In the visible range of frequencies ~ω � Te
and the exponential may be neglected. Two telescopes look vertically into TCV at R =
0.9 m and 1.054 m [53]. Fabry-Perrot filters (λ0 = 536 nm, λFWHM = 6 nm, transmission
70 %) ensure operation without pickup of lines. The light is analysed by photomultipliers
(bialkali, quantum efficiency of 8 %). This system was absolutely calibrated but has ceased
to provide valuable data after 2005.

R Soft X-ray: The wide spectral range of radiation analysed by the soft X-ray systems on
TCV requires the contributions to the spectral emissivity to be calculated properly using an
ionisation equilibrium code like IONEQ [54] and assuming a coronal equilibrium [55]. This
yields the energy integrated local spectral emissivity εZ for each considered ion species. The
total local plasma emissivity is obtained from

g(x) =
∑

Z

ne(x)nZ(x) εZ(x), (2.5.16)

which is reconstructed from the experimentally measured soft x-ray chord brightness f by
inversion of the matrix of Fredholm equations,

f = T · g, (2.5.17)

with the matrix element Tij representing the length of sight line i in pixel j.

In the case of a deuterium plasma contaminated by carbon the local effective charge is
then [56]

Zeff(x) = 1 + 30 g(x)
εD

εC − εD

. (2.5.18)

R Plasma conductivity: The conductivity of a cylindrical plasma linearly depends on the
plasma effective charge, see the Spitzer formula for the plasma resistivity, eq.(1.6.2),

σSpitzer = 1.9× 104 T
3/2
e

Zeff ln Λ
. (2.5.19)

In a tokamak, however, the toroidal geometry implies the trapping of a fraction of the
electrons (banana orbits) in the magnetic field and the plasma current is therefore reduced
by a factor depending on the aspect ratio ε = r/R, approximately [57]

σ = σSpitzer

(
1−√ε

)2
. (2.5.20)

More complete calculations including interactions between trapped and circulating electrons
were conducted by Hirshman [58] and Hinton–Hazeltine [59]. Analytical scalings of the
calculations of these papers are available from [60] as

σneo = σSpitzer + 1−
(

1− 0.36

Zeff

)
ft +

0.59

Zeff

f 2
t +

0.23

Zeff

f 3
t , (2.5.21)
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where ft is the fraction of trapped particles, corrected by the collisionality of the electrons.
Zeff is then derived from the measurement of the total plasma current,

I =

∫ (
σneoE‖ + jCD + jBS

)
dA, (2.5.22)

including the inductive, the EC driven jCD and the bootstrap jBS contribution(�).

R Beam-plasma charge exchange: In plasmas with injection of a beam of energetic neutrals
(section 3.2.1), the carbon density nC is recovered with the absolutely calibrated Charge
eXchange Recombination Spectroscopy (CXRS) diagnostic (section 3.2.4) from the charge
exchange induced emissivity (photons per m3 per second),

ε = nbnC 〈σv〉CX , (2.5.23)

knowing the local neutral beam density nb and the effective (cascade and excited neutral
corrected) charge exchange rate coefficient.

In practice, if available, an average of the different Zeff is determined. Each method is no more
precise than about 30 %. Agreement within this error is generally found when comparing the
various methods [61].

2.6 Equilibrium reconstruction

A magnetic configuration is in equilibrium if, in any point of the plasma, the kinetic pressure
force is compensated by the magnetic forces. Describing the plasma as incompressible fluid and a
perfect conductor, i.e. using the ideal MHD model [62], the condition for a static equilibrium may
be written as

∇p = j ∧B, (2.6.1)

with p the plasma pressure and j the current density. By transcription into cylindrical coordinates,
the problem of the equilibrium reconstruction consists of finding a solution ψ(R,Z) to the nonlinear
elliptic differential Grad-Shafranov equation,

R
∂

∂R

(
1

R

∂ψ

∂R

)
+
∂2ψ

∂Z2
= −µ0R

2∂p(ψ)

∂ψ
−RBφ(ψ)

∂
(
RBφ(ψ)

)

∂ψ
, (2.6.2)

with the stream function ψ = RAφ = ψpol/2π, where Aφ is the toroidal component of the vector
potential and ψpol =

∫
Ator

B · dA is the poloidal flux through an arbitrary toroidal cross section of
a flux surface.

The magnetic equilibrium of TCV plasmas is reconstructed every 2 ms by the Grad-Shafranov
solver LIUQE(�) [63, 64], based on measurements of the poloidal flux provided by various flux
loops and internal poloidal field coils [65] inside and outside the vacuum vessel (shown on figure
2.3.1). The plasma is supposed to have axisymmetry and eq.(2.6.2) is solved iteratively until the
description of the poloidal flux reproduces the measurements to within the requested accuracy.
To increase the quality of the reconstruction, the code optionally accepts further constraints such
as the total plasma energy measured by a one turn diamagnetic loop (DML) [66], the pressure
profile obtained from the Thomson scattering diagnostic or the location of the sawtooth inversion
radius derived from the tomographic reconstruction of the soft X-ray emissivity.

(�) If the plasma pressure is greater in the core than at the edge, this pressure differential spontaneously drives a
toroidal current in the plasma. This current is called the bootstrap current. It’s origin is due to the diffusive
momentum exchange between trapped and current carrying electrons (see section 5.2.4).

(�) reads EQUIL when spelt backwards.
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2.7 Lines of research

The main topics presently investigated on TCV are

R The impact of plasma shaping on plasma performance, transport and MHD stability,

R Plasma real time control,

R Plasma intrinsic rotation,

R Stabilisation of edge localised modes and sawteeth,

R Suprathermal electron physics in discharges with EC injection, particularly noninductive
current drive mechanisms,

R Development of enhanced confinement regimes (H-mode, transport barriers) and

R Plasma edge and SOL physics and plasma–wall interactions.
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Chapter 3

Ion diagnostics on TCV

3.1 Introduction

Knowledge of the parameters characterising the various species of ions present in a plasma is of
great importance in a hot plasma physics device. Ion parameters are essential in order to assess
ion confinement, particle transport or various turbulence phenomena in an experimental reactor.
In a future fusion power plant, knowledge of the parameters of the burning ion population (only
ions contribute to fusion energy!) and alpha particles are of paramount importance to achieve and
maintain the fuel temperature at the optimum value for ignition.

Figure 3.1.1: Stereoscopic view of the vertical neutral particle analyser (VNPA).

In most fusion devices the ion temperature is significantly different from the electron temper-
ature because the ion–electron equilibration time is comparable or longer than the ion energy
confinement time. Often the species are unequally heated, ohmic heating acts on the electrons
or resonant heating schemes like ion cyclotron heating are tuned to the cyclotron frequency of a
specific ion species and the other particle species share this energy only through Coulomb collisions.
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Many plasma physics models require precise expressions for ion and atomic densities, ion temper-
ature profiles or a description of a more sophisticated velocity distribution of the ions. The ratio
of the peak temperatures Te/Ti characterises most of the transport processes studied so far [67]
and many turbulence phenomena in a plasma [68]. For example, gyrokinetic simulations of Ion
Temperature Gradient (ITG) driven turbulence (and resulting transport) need a good spatial
description of the ion temperature [69]. Neutral heating beams [70] deposit hot monoenergetic
ions in the plasma, their relaxation exhibits a strongly non-thermal velocity distribution (slowing
down distribution). Wave–particle interactions (heating or turbulence) produce supra-thermal
ion populations (chapters 6 and 7), the latter being often satisfactorily described by a sum of two
Maxwellian distributions (referred to as bi-Maxwellian distribution). These phenomena require
spectrometric diagnostics able to unfold the ion energy distribution.

Various diagnostic principles have been used to study ions on tokamaks. Lower energy ther-
mal ion populations are mostly measured using Charge Exchange Recombination Spectroscopy
(CXRS) [71] relying on a Diagnostic Neutral Beam Injector (DNBI) [72]. For low and high en-
ergetic ions in lower density plasmas Neutral Particle Analysers (NPA) are commonly exploited.
Hot and dense plasmas can be diagnosed by their fusion neutron rate using neutron detectors or
γ-ray detectors [73]. Cross beam CXRS directly measures local properties, all other diagnostics
mentioned measure line- or volume-integrated quantities and require Abel inversion or tomogra-
phy methods to unfold the local properties from the measurements.

Here the description of ion diagnostics is restricted and specific to the diagnostics currently avail-
able on TCV. These are CXRS (section 3.2), NPA (section 3.3) and neutron detector (section
3.5).

3.2 Charge Exchange Recombination Spectroscopy

and Diagnostic Neutral Beam

A low power diagnostic neutral beam provides an elegant opportunity to measure ion parame-
ters in a plasma. When the beam injected particles enter the plasma radiation is produced as a
result of excitation of the beam and following charge exchange reactions between beam neutrals
and plasma ions. If this radiation is observed at an angle to the beam, localised measurements of
plasma parameters can be made. Observation of radiation in the visible region are often preferable
since instrumentation at these wavelengths is particularly simple and versatile.

In the visible range, the spectrum emitted by the tokamak plasma is dominated by line radiation
of heavy impurities. In contrast, light impurities like carbon (Z = 6) are completely ionised and
don’t exhibit line radiation. However, their excited states may be populated through recombina-
tion. Charge exchange reactions between the intrinsic impurity ions and intrinsic plasma neutrals
(whose density is extremely low in tokamak plasmas) or stimulated with injected beam neutrals
are an efficient mean to do this.

TCV features such a tandem of Diagnostic Neutral Beam Injector and Charge Exchange Recom-
bination Spectroscopy diagnostic. As a consequence of its graphite first wall, the most abundant
impurity in TCV is carbon. The carbon concentration in the plasma, after a long period of oper-
ation, is typically 3 %.
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Hence the DNBI injected energetic hydrogen neutrals induce the charge exchange reaction

H0
beam + C6+

plasma → H+
beam + C5+

plasma, (3.2.1)

where the fully ionised intrinsic carbon impurity ion receives an electron which, most likely, will
end up in a state with a high principal quantum number, e.g. n = 8. The relaxation time for the
excited state is generally short (∼ns) [74–76] and the hydrogenic carbon ion C5+ relaxes before
being reionised (the ionisation time τi is ∼ms) and emits a photon whose energy corresponds to
the difference in energy of the level n and n′ of the transition. The CXRS diagnostic is tuned to
measure the spectrum of the emission of the transition involving the principal quantum numbers
n = 8→ 7,

C5+(n = 8)→ C5+(n = 7) + hν. (3.2.2)

This line has a wavelength of λ = 5291 Å (green visible light). CXRS goes hand in hand with the
DNBI, which is described first.

3.2.1 Beam injector

The diagnostic neutral beam injector on TCV was manufactured by the Budker Institute of Nuclear
Physics, Novosibirsk, Russian Federation [77]. Installed in 2000, major upgrades were conducted
in 2002-2003 [78] and 2006-2008 [79]. The description presented here reflects the current state of
the injector. Figure 3.2.1 shows the various parts of the installation.

1 2

3

4

56

7

3859 mm

89
10

TCV

Figure 3.2.1: Lateral view of the DNBI. The beam interfaces to TCV on the right. The labelled components are
©1 ion source; ©2 neutraliser; ©3 ion source gate valve; ©4 cryogenic pumps; ©5 magnetic separator
with diaphragm; ©6 vacuum tank; ©7 retractable calorimeter; ©8 TCV gate valve; ©9 aiming target;
©10 turning gear.
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The beam consists of

R A cold cathode arc-discharge plasma source from which hydrogen ions and charged molecules
are extracted,

R An ion optical grid system to focalise and accelerate all charged particles to the beam energy,

R A neutraliser tube where the charged molecules are dissociated and neutralised (50 % effi-
ciency for the protons and better for the other extracted particles),

R An electric magnet and dump to remove the residual ions and

R A short beam duct interfacing with the TCV chamber.

The beam is injected at the horizontal vessel mid-plane, almost perpendicular to the torus to
reduce toroidal momentum to be given to the plasma, but nevertheless slightly inclined at an
angle of 11.25◦ to reduce particle trapping in the toroidal ripple of the magnetic field.
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Figure 3.2.2: (a) Rate coefficient [80] of the ∆n = 1 transition n = 8 → 7 of the C5+ ion. The vertical lines
indicate the DNBI nominal, half, third and 1/16 energy components.
(b) Observation of the Hα emission of the neutral beam when observed at an angle of 45◦ (resulting
in the energy dependent Doppler shift of emission wavelength due to the four beam energy fractions)
[81]. The peak at λ = 6562.85 Å corresponds to the (unshifted) Hα emission of the quiescent
background gas in the beam tank after the magnetic separator, see figure 3.2.1.

The beam atoms are normally hydrogen, deuterium is an option. The beam nominal energy is
E0 = 50 kev/amu (per atomic mass unit), that is a compromise between sufficient plasma pene-
tration and the a sufficient cross section for the transition, eq.(3.2.2), shown in figure 3.2.2a. The
beam is unfortunately not mono-energetic, the H0 originating from the acceleration of the charged
molecules H+

2 , H+
3 and H2O+ are present at energy components of respectively E0/2, E0/3 and

E0/18 (see figure 3.2.2b). The full energy component has a proportion of about 85 % in beam
density and its equivalent hydrogen particle current is higher than 1 A. However, the lower en-
ergy components do not significantly contribute to the transition eq.(3.2.2), as the cross section
strongly decreases with decreasing energy (see again figure 3.2.2a).
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The beam has gaussian shape and a little divergence of 0.5◦ in order to reduce the beam 1/e width
to approximately 8 cm at the focal point on the magnetic axis. A small beam size results in a
strong beam density and is therefore providing more light yield per unit volume.
The beam is operated in pulsed mode to separate the active beam induced CXRS signal from the
background radiation (see below) with a duty cycle of generally 30 % and typical pulse length of
10. . . 60 ms. The maximum uninterrupted beam pulse duration is limited to 1.5 s. Typical current
rise and fall times are 2.5 and 0.2 ms respectively.

3.2.2 Beam profile and attenuation (BEAT)

For absolute calibrations of the CXRS and NPA diagnostics (section 4.8.2.2) the beam geometry
and current density along its path through the plasma have to be known [82]. As a first approxi-
mation, the beam is considered to be gaussian in the focus vicinity (i.e. inside the plasma). With

1

z∗
=

1

z
− 1

zfoc

(3.2.3)

the vacuum beam current density on the beam axis z is

j(z, 0) =
I

πa2

(z∗)2

z2

[
1− exp

(
− αa2

(z∗)2

)]
, (3.2.4)

where α = v2
b/v

2
th,b is the ratio of the (axial) beam velocity to the (transverse) thermal beam

velocity(*), a is the homogenous DNBI plasma source radius and I is the total neutral beam
current. The beam has cylindrical symmetry and the radial vacuum profile writes

j(r, z) = j(z, 0) exp

(
−πr

2

I
j(z, 0)

)
. (3.2.5)

The beam halo, composed of the secondary thermal neutrals produced as fall-out of the charge-
exchange between the beam and plasma fuel ions (no impurities), for example deuterium,

H0
beam + D+

plasma → H+
beam + D0

plasma, (3.2.6)

surrounds the beam and has an impact on its width and intensity. However, the energy of the halo
neutrals is much less than the beam energy (the plasma particles are supposed to be thermalised)
and their impact on the CXRS signal is thus small. For TCV, neglecting halo neutrals leads to
an overestimation of the ion temperature of the order of 10 % [83]. On the other hand, halo
neutrals will be more important for the absolute calibration of the NPA (see section 4.8.2.2). Due
to collisions with the plasma particles, the beam component densities are attenuated,

nb(z) = nb(za) exp

(
−
∫ z

za

λ dl

)
, (3.2.7)

with za the first point of intersection between the beam and the plasma and with the attenuation
coefficient given by

λ ≈ ne

(〈σeve〉
vb

+
6− Zeff

6− 1
σD

tot +
Zeff − 1

6(6− 1)
σC

tot

)
, (3.2.8)

where ne is the electron density, σtot = σCX + σi and vion � vb � ve was used.

(*) α is linked to the beam divergence ϑ through tanϑ = 1/
√
α.
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The first term describes electron impact ionisation, the collision rate coefficient is integrated over
the electron distribution function, the other two terms describe charge-exchange reactions and
ion impact ionisation of beam neutrals with deuterium plasma ions or carbon impurity ions. The
charge-exchange process dominates for all energies of the beam components (see figure 3.3.1a).
The absolute beam profile is then obtained by multiplying eq.(3.2.5) by an attenuation factor
nb(z)/nb(za) defined by eq.(3.2.7) and eq.(3.2.8).

3.2.3 Plasma perturbation by the DNBI

The parameters of the DNBI limit the total injected power to 80 kW, of which only a fraction is
finally absorbed by the plasma. The lower energy beam components are more strongly attenuated
in the plasma and therefore dominate the plasma perturbation. Using eq.(3.2.3) to eq.(3.2.8),
the absorbed power ranges from 20 % (ne = 1×1019 m−3) to 80 % (ne = 6×1019 m−3). An
evaluation of the thermal plasma particle distribution averaged collision frequency for energy loss
shows that most of the absorbed power goes into the electrons, the ions absorb only a fraction
of about 10 %. With a beam duty cycle of 30 % the beam power absorbed by the ions is about
2 kW. This is 10. . . 100 times less than the electron–ion equipartition power (see section 4.9.1). A
measurement of the ion temperature using the NPA during beam firing shows that the increase in
ion temperature due to the beam energy deposition is fairly below 10 % of Ti (see section 4.9.5).
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Figure 3.2.3: Toroidal (a) and poloidal (b) views of the CXRS diagnostic. Labels show: ©1 The DNBI beam;
©2 toroidal LFS CXRS view lines; ©3 toroidal HFS CXRS view lines; ©4 toroidal CXRS observation
head with mirrors; ©5 extent of the toroidal beam observation region; ©6 poloidal CXRS view lines;
©7 plasma last closed flux surface (LCFS); ©8 TCV vacuum vessel; ©9 tokamak central column;
©10 first wall; ©11 DNBI diagnostic port.
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3.2.4 CXRS spectrometry

The implementation of the CXRS diagnostic on TCV currently comprises three beam observation
subsystems: (a) the toroidal low field side (LFS) and (b) high field side (HFS) system and (c) a
poloidal LFS system. The CXRS observation chord geometry is depicted in figure 3.2.3.

The toroidal systems cover together the whole beam path in the plasma. Each system has 20
pairs of optical fibers collecting the light emitted at 40 radial locations of the beam path (the
radial resolution is about 1 cm). The light is then transported to Czerny-Turner monochromators
where it is dispersed by a holographic grating to illuminate a Charge Coupled Device (CCD). The
radial resolution is about 1 cm. The dispersion unit is designed to map the CVI(n = 8→ 7) line,
eq.(3.2.2), and its surroundings onto the CCD.

A complicating feature of the exploitation of a CXRS diagnostic on TCV is the pronounced trans-
port of carbon from the plasma core towards the edge, estimations derived from measurements
with a ultra soft X-ray spectrometer revealed a strong increase of carbon diffusivity towards the
plasma periphery [84].

Fully ionised carbon is therefore found throughout the plasma column, even in the very edge re-
gion where the temperature is far below the ionisation energy! The fully ionised carbon which has
migrated there is suspected to produce a strong passive line radiation background by undergoing
a charge exchange reaction with the thermal neutrals in fundamental (n = 1) and mainly excited
(n = 2) state [85] whose concentration is maximum at the edge (see section 4.1.2).

As a result the passive signal collected along each diagnostic chord exceeds the emission stimu-
lated by the beam by a factor ∼1.5, requiring the operation of the DNBI in pulsed mode. The
active signal is then obtained by subtracting the passive background radiation level (obtained by
interpolation of the spectrum), which is acquired before and after the beam pulse. The beam
injection is in the range of 10. . . 60 ms. The lower limit is dictated by the achievable CCD readout
rate(�). If the light yield is low, the statistical noise on the CCD may require a longer exposition
time.

From the acquired spectrum the ion temperature profile Ti(ρ) is obtained by fitting a gaussian
line envelope, broadened by the Doppler effect with prior deconvolution of the spectrometer’s
instrumental function. Figure 3.2.4 shows the image of the line during a DNBI pulse, the ratio of
active to passive signal is about AP ∼35 %.

If the carbon ion velocity distribution is Maxwellian, the full width at half maximum (FWHM) of
the Gaussian peak is linked to the population temperature through

Ti =
mC c

2

8 e ln 2

(
∆λFWHM

λ0

)2

, (3.2.9)

with Ti given in eV. The accuracy of the deduced ion temperature is generally believed to be 10 %
or better, the main source of error is the low signal to noise ratio, requiring long exposure of the
CCD to improve the photon statistics.

(�) A fast acquisition mode (∼ 2 ms) is available for the observation of repetitive features like sawteeth collapses
but requires coherent averaging of the CXRS signal over the sawtooth period at the price of a drastic
reduction of the spatial resolution (typically less than 6 radial observation points).
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Figure 3.2.4: The total signal (top line) measured with the CCD comprises active (beam) and passive (back-
ground) contributions. The passive signal is interpolated from the measurement before and after
the beam. The difference is the active signal (lowest line).

Toroidal (respectively poloidal) carbon rotation velocity vi(ρ) profiles are derived from the Doppler
shifted peak centre wavelength. The rotation velocity is linked to the wavelength displacement
through

∆λ

λ0

=
vi
c

cosα, (3.2.10)

where α is the angle between the velocity vector vi and the direction of observation. The precision
of the velocity measurement essentially depends on the wavelength calibration of the spectrom-
eter and the goodness of fit of the spectrum. The CXRS diagnostic is absolutely calibrated in
wavelength and intensity (against a source of light of known emission spectrum). This allows
the carbon density profile nC(ρ) be derived from the measured intensity Iλ of the line transition
through

Iλ =
1

4π

∫ ∑
nC(`)nb(`) 〈σv〉λ0

(Te, ne)d`

[
photons

sm2sr

]
, (3.2.11)

where the sum is taken over all beam energy components and the integration is carried out along
the viewing path of the spectrometer across the beam. The beam densities are evaluated from
eq.(3.2.3) to eq.(3.2.8).

Note that the CXRS only measures the parameters of thermal bulk ions. Impacts of suprathermal
ion populations or other non-thermal features in the ion distribution function on the broadening
of the spectral profile are negligible.

The duo of DNBI and CXRS provide direct profile measurements of TiC, viC and niC for plasmas
of electron densities up to 1×1020 m−3 at sampling rates ranging from 2 to 20 Hz.
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3.3 Neutral particle analysers

The quantitative physics underlying the neutral particle analysis will be copiously developed in
chapter 4. Here we shall restrict the discussion to a qualitative summary of the main principles
necessary to understand how a neutral particle analyser is working.

3.3.1 Diagnostic principles

A widely used principle to measure the plasma fuel ion temperature (hydrogen, deuterium, tritium
or helium) is the analysis of the energy distribution of charge-exchanged fast neutrals escaping
across the plasma edge.
This will only work if a certain concentration of neutral atoms exist inside the plasma, especially
in the hot core. Fortunately this is often the case in TCV, although in medium and large sized
tokamaks most of the plasma particles are fully ionised. The neutrals arise from atoms and
molecules released from the vessel wall or simply through gas supply in the plasma periphery
(to increase the plasma density or to replace particle losses) and are produced through many
processes, for example dissociation by electrons

H2 + e→ H + H + e, (3.3.1)

where the wall molecule and the so called Frank-Condon neutrals formed have an energy of a
few eV, characteristic for the conditions at the wall. The neutral may penetrate into the plasma,
experience a charge-exchange reaction producing a new secondary neutral following

Hcold + H+
hot → H+

cold + Hhot. (3.3.2)
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Figure 3.3.1: Reaction rates averaged over a Maxwellian distribution function as a function of temperature of
the target hydrogen. (a) shows electron impact ionisation of atomic (red) and molecular hydrogen
(green), electron impact molecule dissociation (violet), ion impact ionisation (black) and charge
exchange (blue), (b) shows radiative recombination. The influence of the energy of the projectile
hydrogen on the rate coefficient for charge exchange is depicted for two different energies. The first
symbol denotes the test particle, the second refers to the thermal population. All data was taken
from the IAEA ALADDIN database [86].
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Consecutive multiple charge-exchange reactions may line up a sequence of neutral particle gener-
ations which migrate deeper and deeper towards the interior of the discharge and, according to
reaction eq.(3.3.2) gain thermal energy. This process stops when the neutral gets ionised or leaves
the plasma. Figure 3.3.1 shows that charge-exchange is much more probable than ionisation at
low to intermediate energies, hence neutrals have a good change of being transported even to the
very centre of the discharge.

In the plasma core, the reaction eq.(3.3.2) produces hot neutrals which, due to the high mass
ratio of electron and ion, conserve energy and momentum of the ion which has now become a
secondary neutral. Hence this neutral carries the signature of the ion population in the plasma
centre and there is some chance (section 4.3) for this neutral to escape the plasma without further
interaction with the plasma. Neutral Particle Analysers (NPA) capture such neutrals and analyse
their velocity distribution parameters (section 4.3.2).

NPA’s collect neutrals born all along the diagnostic chord and therefore all measurements represent
line-integrated quantities. However, multi-chord NPA measurements (section 4.4.1) or integrated
modelling of the measured neutral fluencies (section 4.2.1) may assist the recovery of the local
parameters.

An important feature of the NPA is its capability to record a large energy range of the plasma
ion velocity distribution. NPA’s are thus frequently operated in present day tokamaks, where a
plethora of phenomena are giving rise to non-thermal features in the velocity distribution function,
even on machines without auxiliary ion heating (like TCV, see chapter 6).

Most NPA installed on tokamaks have a view line perpendicular to the toroidal magnetic field
and thus measure Ti⊥ and ni⊥.

Conventional NPA comprise a collimation system (a restriction of the solid angle with diaphragms),
a unit to strip the electrons off the incoming neutrals, a dispersion system employing electromag-
netic fields for the energy and/or mass separation and a detector array to count the particles of a
specific mass and energy within a certain range.

TCV disposes of two complementary neutral particle analysers,

a) the VNPA, [87, 88] a robust vertical NPA (section 3.3.2) which was already used [89–91] on
TCV’s predecessor, the Tokamak à chauffage d’Alfvén (TCA) and

b) the CNPA, a Compact NPA (section 3.3.3), implemented at the beginning of this thesis.

Table 3.1 summarises relevant parameters of both analysers whose setup and capabilities are con-
cisely described in the following subsections. More instrumental details are available in a technical
paper [92]. Both analysers were manufactured by the Ioffe Physico-Technical Institute of the Rus-
sian Academy of Sciences in St. Petersburg, Russian Federation. Ioffe has a long tradition in NPA
design and production (the first single channel analyser was built in 1960 [93]) and both analysers
on TCV are still available for purchase, albeit in revised form.

Up-to-date reviews of contemporary NPA principles and design were recently published in [94]
and [95]. Although NPA are classic diagnostic in tokamaks, they become of increasing importance
with increasing plasma temperature. NPA’s will be a key diagnostic in ITER and beyond [96].
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Analyser VNPA CNPA

availability on TCV 1996 2004
dispersion scheme double analysis E ‖ B
energy dispersion electrostatic permanent magnet

energy coverage voltage sweep fixed energy
mass separation no, H+D H/D or D/He

mass suppression none 1000

Detection VNPA CNPA

# channels 5 11+17+2(�) (2 arrays)
stripping N2 gas carbon foil
detectors EMT CEM

Operation VNPA CNPA

# setups 1 2
energy range 0.6. . . 8 keV 0.5. . . 50 keV

time resolution 0.05. . . 2 ms 0.5. . . 4 ms
maximum count rate 10 MHz 500. . . 800 kHz

sweep period 10. . . 20 ms -
energy resolution 7 %. . . 20 % 60 %. . . 10 %

Table 3.1: Key parameters of the NPA on TCV (specifications as of October 2006).

3.3.2 Vertical NPA (VNPA)

The VNPA [97] is an older version of the currently commercially available ACORD-12 NPA from
Ioffe [98]. Since its design in 1975 [99], more than 50 NPA of this type have been implemented on
magnetic fusion devices. The VNPA is installed below the TCV torus and views the plasma along
a vertical chord located at a major radius R = 0.88 m. The spatial resolution on the machine axis
is about 4 cm. Figure 3.3.2 shows a schematic representation of the VNPA.
The incoming neutral particles emitted from the plasma are purified by a capacitor (to remove
charged particles) and then partially stripped in a molecular nitrogen gas cell (impact ionisation).
The gas pressure in the stripping cell (in the range 3 . . . 5 × 10−4 mbar) is optimised such that
only single collisions between particles and gas molecules occur. The emerging ions are deflected
downstream by the electric field of condenser plates. The electrostatic analysis alone doesn’t
separate different hydrogen isotopes. The ions enter cylindrical deflectors, guiding the ions to
the 5 detection channels equipped with open electron multiplier tube (EMT) detectors. When
the ions collide with the conversion dynode at the entrance of the EMT, secondary electrons are
generated which avalanche down through the dynode cascade. Figure 3.3.3 illustrates the assembly
of the core of the VNPA. The electronic signals from the output of the EMT pass through pre-
amplifiers that generate TTL pulses if above a certain thresholds, which in turn are counted
by a CAMAC housed multichannel scaler. The voltages on the analysing condenser plates and
cylindrical deflectors are supplied by a dual power supply. The latter is commanded by a DAC,
whose waveform (amplitudes and sweeping frequency) is fully programmable before each plasma
discharge. By sweeping the analyser voltage, the energy spectrum of the incoming neutrals is
scanned. This extends the energy range of the VNPA to 0.5. . . 8 keV and provides cross channel
calibration. Typical energy scanning periods are 10. . . 20 ms (the maximum sweep frequency is
2 kHz). Better time resolutions down to 50 µs are achieved by maintaining a fixed deflector voltage
(the energy dynamic range is then reduced from >13 to <4). The detection and acquisition path
is able to resolve up to 5000 counts per ms.
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Figure 3.3.2: Schematic representation of the vertical NPA (VNPA) on TCV showing the NPA duct, calibration
source, stripping element and detection housing. The width of the solid angle is indicated by the
two thin lines. The distance between vessel midplane and dispersion element is 4 m.
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Figure 3.3.3: Pumping and electrical configuration of the VNPA. In particular, the labels highlight the following
elements: ©1 TCV torus valve; ©2 neutral particle path; ©3 entrance slit; ©4 retractable ionic
source; ©5 adjustable gas cell diaphragm (S01, S02); ©6 nitrogen gas flow regulator; ©7 nitrogen
valve; ©8 nitrogen reservoir; ©9 nitrogen reservoir supply valve; ©10 primary pumps; ©11 gas cell
gauge; ©12 VNPA gauge; ©13 nitrogen reservoir pressure valve; ©14 neutral dump; ©15 purification
condenser; ©16 stripping gas cell; ©17 analysing condenser; ©18 pump security valve; ©19 primary
vacuum gauge; ©20 turbomolecular pumps; ©21 trajectory of secondary ions; ©22 detection entrance
slits; ©23 cylindrical condensers; ©24 electron multiplier tubes.

3.3.3 Compact NPA

The acquisition of the Compact NPA (CNPA) was driven by a requirement of the experimental
program on TCV. The assessment of suprathermal features due to current-driven turbulence
(chapter 6) or DNBI deposited particles (section 6.5.1) required a spectrometer with energy range
up to 50 keV.
Observation of fast features in the ion distribution function like the rapid anomalous energisation
of the suprathermal ion population in ECCD plasmas (section 6.1.3) or the effect of sawteeth
on the ion confinement (section 6.6) require a diagnostic with high spatial resolution and high
particle detection efficiency to reduce the counting period duration. Studies of the transport of
plasma bulk ions in multi-isotope plasmas using gas puff experiments [100] required a separate
recording of at least two particle isotopes or species. Observation of different plasma regions
(section 4.4.1) or directions need a compact, more or less simply displaceable diagnostic design
and assembly. All these requirements are met by the CNPA [101]. This new type of compact
(smaller than 200×400×500 mm3) and lightweight (<50 kg) NPA was developed at the beginning
of this millennium and has since then been installed and exploited on various plasma physics
devices, namely the Wendelstein 7-AS stellerator in Germany [102], the LHD heliotron in Japan
[103], TCV [92], the TJ-II heliac stellerator in Spain [104], the SSPX dynamo spheromak in
California [105] and the Mega Amp Spherical Tokamak (MAST) in the UK [106].
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Figure 3.3.4: Side view of the integration of the CNPA in TCV. The labels designate: ©1 turbodrag pump and
secondary pressure gauge; ©2 CNPA housing with soft iron shield; ©3 alkali ion source; ©4 bellow for
horizontal CNPA orientation; ©5 insulating ceramic; ©6 rod with three input diaphragms; ©7 gate
valve; ©8 CNPA duct; ©9 TCV midplane port; ©10 bypass line for primary pumping; ©11 vertically
adjustable CNPA support; ©12 CNPA maximum solid angle; ©13 supporting structure; ©14 TCV
pump; ©15 TCV chamber. The view shown corresponds to the location in toroidal sector 14 (prior
to 2008).
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3.3.3.1 CNPA biviewline setup on TCV

TCV’s CNPA collects neutrals along a horizontal view line at the vessel mid-plane. The diagnostic
was initially installed next to the DNBI with its view line being of grazing incidence on the beam
path inside the plasma (see figure 4.8.1). For the 2008 experimental campaign (and onwards), the
diagnostic was displaced to another location on the torus, where a new support and torus flange
allow measurements at normal incidence or at an inclination of 60◦ in respect to the toroidal
direction. This setup was designed to address the anisotropy of the fast ion population (section
6.9.1).
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Figure 3.3.5: Top view of the integration of the CNPA in TCV. For labels ©1 to ©15 see the caption of figure 3.3.4,
©16 magnetic axis; ©17 CNPA platform; ©18 movable CNPA table. The view shown corresponds to the
location in toroidal sector 10 (since 2007) with the two possible view line configurations. The alkali
ion source is not represented in the drawing.

Figures 3.3.4 and 3.3.5 show how the CNPA interfaces with TCV. The maximum solid angle is
>10−8 m2sr wide and is normally reduced by one of three inlet collimators(§) which are mounted
on a movable rod in order to diagnose various levels of neutral fluencies.
Both TCV port holes are equipped with a gate valve, so that the position of the diagnostic may
be changed without breaking the torus vacuum. However the vacuum inside the CNPA is broken
during this operation and the subsequent pumping takes some time (to prevent any damage of
the carbon stripper foil, see below) – typically 2 days.

(§) The available diaphragm diameters currently are 1.38, 4.6 and 13.8 mm. The rod, figure 3.3.4, label ©6 , is
located at a distance of 35 cm from the CNPA input diaphragm, figure 3.3.6, label ©1 . The latter is located
at a major radius of R = 2.4 m.
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Figure 3.3.6: Photograph of the CNPA core, ©1 particle beam entrance flange and fixed input diaphragm with

diameter of 1.38 mm; ©2 combined stripping and acceleration unit; ©3 access window for stripping
foil replacement; ©4 carbon stripping foil; ©5 permanent magnet of the analyser; ©6 electrostatic
condenser of the analyser; ©7 pumping port; ©8 high voltage feed through; ©9 detector for secondary
hydrogen ions with E = 50 keV; ©10 detector mask; ©11 detector for secondary hydrogen ions with
E = 644 eV; ©12 detector output signal connectors.

3.3.3.2 Diagnostic core

Figure 3.3.6 depicts the core components of the CNPA. The analyser employs a diamond like
carbon (DLC) foil [107] to strip the electrons from the incident neutrals. The foil is produced
by thermal sputtering, has a thickness of 100 Å and is mounted on a fine grained mesh of high
transmission.

Foil strippers are simpler to implement (no need of gas supply and handling) but induce an im-
portant scattering of the particles at lower energies. To correct this, the foil is supplemented by a
cylindrical electrostatic acceleration unit to achieve an efficient refocusing of the particle stream.
The resulting ions are dispersed by momentum and energy using collinear E and B-fields.

The B-field is produced by two rare-earth Nd2Fe14B permanent magnets (residual magnetisation
∼1.2 T) whose geometry is optimised to focus the particles onto the detector plane.
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The detector plane is equipped with two parallel arrays of open-ended channeltron electron multi-
plier (CEM) detectors [108] manufactured by Dr. Sjuts Optotechnik, Göttingen, Germany [109].
These are operated in the pulse counting mode, in a vacuum of <10−5 mbar, obtained with a
group of fore- and turbodrag pumps (this pressure prevails in the whole volume behind the torus
gate valve).

The CEM’s are sensitive to charged particles, hard and soft X-rays, as well as ultraviolet radiation.
The continuous dynode of these channeltrons is made of hydrogen-reduced lead oxide glass coated
on a ceramic support. The secondary electron cloud is collected by an anode, producing a pulse
shorter than 10 ns. The linear electron avalanche gain is about 108, but is strongly degraded if
more than ∼500 ions/ms are impacting on the inner wall of the detector (note that this is a factor
10 below the limit of the VNPA).

This counting rollover is primarily due to the limited CEM bias current (sustaining the secondary
electron emission process) and, if the incoming secondary ion flux becomes still more important,
due to the channel capacitance, resulting in lower pulse amplitudes, that now fall below the
discrimination level of the multichannel charge amplifier (MCA) with integrated discriminators,
connected to the CEM’s in outgoing circuit.

The MCA delivers LS-TTL-pulses which are then counted using a multichannel CAMAC scaler
with a memory of 1024 counting cells per discharge. The raw counts are stored to the MDSplus
database [110] holding all the measurement data of the TCV experiment. The diagnostic is inte-
grated into the TCV plant control system and is controlled through a Vista GUI window on the
OpenVMS cluster of CRPP.

Two types of particles with different mass/charge ratio are simultaneously recorded, the detected
particle pair is chosen by the adjustment of the acceleration unit and analysing condenser volt-
ages. These voltages are kept constant during an experiment (i.e. no dynamic energy scanning
like with the VNPA). The mass crosstalk rejection is better than 103. Two setups are avail-
able, with simultaneous H/D or D/He detection. The lower mass row has 11, the higher mass
row has 17 detectors. Detectors with three different sized acceptance slits are used to partially
compensate for the exponential decay of the particle fluency with increasing energy (section 4.3.2).

To reduce the perturbation of the ion trajectories by the tokamak magnetic field, a soft Armco
iron box (wall thickness 5 mm) encapsulates the diagnostic to limit the interior stray field to a
value below the maximum allowed 5 mT.

The channel energy resolution ∆E/E, detection efficiency α and instrumental function were ab-
solutely calibrated using mono-energetic neutral beams in the lab of the manufacturer [111]. To
verify the correct diagnostic operation and calibration, a movable thermal source for alkali ions
may be inserted into the CNPA line of sight. A salt powder containing a blend of potassium
or lithium is heated such that K+ or Li+ ions are produced by thermoemission. An adjustable
potential is then applied to the source to bring the emitted ions to energies in the range of 100 eV
to 2 keV, with their velocity vector directed into the CNPA collimator. This permits the detector
response to be checked using a multichannel pulse height analyser. Note that this is a relative
calibration (against channel neighbours), the (slow) disintegration of the radioactive salt requires
its sporadic replacement. Thus the overall evolution of the detector response (e.g. precipitate age-
ing) may not be assessed. A procedure for the absolute calibration of the NPA will be described
in section 4.8.2.
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Figure 3.3.7: (a) CNPA channel #14 and #15 (deuterium array) raw counting traces. The signal of channel #15
scales linearly with the incoming neutral flux at energy E = 2.1 keV and ranges below the pulse
counting limit of typically 500 events per ms. The flux into channel #14 (E = 1.6 keV) exceeds
this limit at t = 0.1 ms and during each DNBI blip (shaded regions). The stronger the flux the
weaker the detector response – clearly a signature of capacitive saturation.
(b) VNPA and CNPA detection efficiencies. S1 and S2 designate the two possible setups of the
CNPA. The calibration factors for energies above 20 keV were calculated using a Monte Carlo
code [111]. All VNPA channels have very similar detection efficiencies, only detector #3 is shown.

3.3.4 Comparison of the capabilities of VNPA and CNPA

The compact size of the CNPA permits installation closer to the magnetic axis than the VNPA
and thus the spatial resolution is better (the particle collection volume at the magnetic axis is
smaller).
The neutral flux intensity can vary over several orders of magnitude at the energies typically
diagnosed with NPA. The large energy range covered by the CNPA, despite the application of
CEM’s of increasing acceptance at higher energy, results in a counting dynamic range exceeding
a factor of 103. Satisfactorily high count rates at high energy are then sometimes paid for by
the saturation of the detectors at lowest energy (and/or those of intermediate size). Nonlinear
detector responses are also observed in the high energy hydrogen channels when the DNBI is fired.
Figure 3.3.7a shows an example. Due to its capacitive nature, channeltron saturation depends on
the transient flux behaviour and its history. The maximum count rate is therefore limited to less
than 1 MHz. Such problems do not occur with the VNPA diagnostic (count rates up to 10 MHz).
At higher particle energies the foils are better ionisers than the gas cells, the stripping efficiency
is increasing with the incoming atom energy whereas gas cells become almost inefficient above
∼10 keV [112]. Although the particle scattering becomes significant at low particle energies, the
subsequent acceleration and refocusing unit of the CNPA ensures an acceptable detection effi-
ciency. The higher detection efficiency allows for higher spatial resolution without degradation of
the detection statistics. Figure 3.3.7b compares the detection efficiencies of CNPA and VNPA.
The very low detection efficiency for helium should be noted.
The horizontal view line of the CNPA, together with the flexibility of vertical plasma positioning
of TCV, opens the way to diagnose different parts of the plasma. The outcome of neutral particle
flux measurements with systematic vertical plasma displacements can be used as pseudomulti-
chord measurements (see sections 4.4.1 and 6.3).
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However, the VNPA provides complementary information in such experiments since for example
the plasma-wall interactions, the plasma shape or the location of deposition of EC power may
be altered undesirably in a plasma that is vertically displaced. The VNPA measurement thus
becomes a monitor of the stationarity and reproducibility of the discharge in this case.

Last but not least, the VNPA is further away from the plasma core, such that the intensity of
parasitic signals that surround a tokamak is reduced in respect to the CNPA and the EMT of the
VNPA have the advantage of being relatively insensitive to hard radiation (good Russian design
and more than 25 years of operation). The CNPA requires lavish shielding (see the next section).

3.4 Parasitic signal rejection (diagnostic shielding issues)

During the first session exploring the fast ion physics on TCV with the CNPA (chapter 6), strong
but, apparently parasitic signals, in the high energy channels of the CNPA were observed (figure
3.4.1).
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Figure 3.4.1: CNPA signal spectrums averaged over t = [0.7; 0.85] s. Both discharges shown are strictly ohmically
heated up to the time interval shown, electron density is as low as 〈ne〉 = 1.3 × 1019 m−2. The
spectrum of discharge #29366 is not the result of incoming neutrals, as the accelerator and analysing
condenser high voltage were switched off. No secondary ion could therefore reach the channeltrons.
All hits are due to parasitic interactions between the CEM and X-rays. A change in the design of
the initial phase of the discharge successfully prevent the triggering of parasitic signal contributions
(discharge #29370, see discussion in section 3.4.2.1).

In order to exclude this contribution from the signal due to neutral particles, the accelerator
and analyser voltages were switched off and the CNPA gate valve closed (to prevent potential
ultraviolet light from the plasma to penetrate into the detectors through multiple reflections)
during a discharge. Strong perturbations of the channeltrons were clearly identified, as they leave
an identical signature in all CNPA channels, shown in figure 3.4.2 for the channeltrons at low,
mid- and high energy for the hydrogen (left) and deuterium (right) detector array. All traces are
plotted to the same scale. To get rid of this unwanted signal contribution, each discharge had
to be repeated, first with and second without the CNPA analyser voltages being applied. The
neutral part of the signal was then obtained by substraction of the signals of the second from
the first discharge. Of course, this was not a feasible long-term solution since shot repetitions are
costly and often are not that reproducible.
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Figure 3.4.2: Parasitic CEM events occur in all CNPA channels, independent of the channel energy. For the
discharge shown the parasitic signals are reduced when the electron cyclotron waves are injected
into the plasma (modulated, 3 pulses of 100 ms length each, duty cycle 50 %, starting at t = 0.9 s).
During the first auxiliary heating pulse the discharge starts to disrupt, but recovers and weaker
parasitic signal reappear. For the ohmic plasma period the CEM response is essentially due to
runaway electrons (emission of hard X-rays when they collide with the vessel wall or with ions).
For the EC heated phase suprathermal electrons are produced by Electron Cylcotron Current Drive
(see discussion in section 3.4.2.1).

Visible or ultraviolet stray light as a possible perpetrator is excluded since the signal pollution is
observed regardless whether the CNPA gate valve was open or closed.
The channeltrons of the compact NPA were found to be remarkably sensitive to X-rays. If the
radiation is sufficiently hard, the photons traverse the materials surrounding the torus and interact
with the detectors of the CNPA. Weaker parasitic signals, as observed during ECCD phases (see
second half of the discharge shown in figure 3.4.2), are more difficult to identify and compensate.
Reliable operation of the diagnostic requires careful monitoring and, should the occasion arise,
proper shielding of the potential radiation source from the CNPA.

3.4.1 Hard X-ray production on TCV

The most important source of hard X-rays on TCV is Bremsstrahlung radiation emitted by elec-
trons with energies above ∼10 kiloelectronvolts [113], upon collisions with plasma ions or absorp-
tion in a solid target (so called thick-target radiation). The photon energy depends on the impact
parameter of the collision and may be as high as the electron energy prior to the collision.
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Electrons gain such high energies in plasmas with electron cyclotron current drive (section 5),
with the injected wave being in resonance with the gyration motion of the electron around the
magnetic field line, resulting in efficient electron acceleration in the direction along the torus.
A second avenue to high energy electrons are low density plasmas, where the electrostatic force
due to the loop voltage may overcome the drag and the electrons may accelerate continuously.
The upper limit in energy within reach for the electrons is dictated by the amount of energy lost
through radiation or the loss of confinement.

3.4.1.1 Runaway electrons

Runaway electrons circulate toroidally with drift velocities vde in excess the thermal speed of the
bulk electron population vthe =

√
Te/2me. Their equation of motion may be written

me
dvde

dt
= −eE − νe/ip (vde)me vde, (3.4.1)

where E is the toroidal electric field induced by the transformer and

νe/ip (ve) = ni
Z2e4

4π ε2
0

ln Λ

m2
e v

3
e

(3.4.2)

is the momentum loss rate of electrons due to Coulomb collisions with ions, evaluated at the
electron drift velocity [114]. The first term of eq.(3.4.1) describes the acceleration of the electrons

(ohmic heating), the second the deceleration by the drag force. If now e|E| > ν
e/i
p me vde, the

electrons accelerate, and as ν
e/i
p ∝ v−3

e , the drag decreases and the electrons accelerate even more,
i.e. they are running away. . .
The previous inequality may be written as

1

2

me v
2
de

Te
>
ED
E
, (3.4.3)

with ED, the Dreicer field [115], defined as

ED =
ne Z e

3 ln Λ

8π ε2
0 Te

. (3.4.4)

Eq.(3.4.3) states that if |E| = ED, the runaway regime is reached at Edrift = me v
2
de/2. For toroidal

electric fields below ED, the electron acceleration is eventually balanced by the collisional drag
exerted by the ions.

The generation of hard X-rays on TCV was studied with diagnostics described below.

3.4.2 Hard X-ray diagnostics on TCV

A multichord hard X-ray camera (section 3.4.2.1) was installed on TCV (with interruptions) from
1999 to 2005 [116]. The camera was on loan from CEA Cadarache. Unfortunately the camera was
returned to France soon after the commissioning of the CNPA, so only preliminary tests concern-
ing the CNPA shield against hard X-rays could were performed. Most of the tests to design and
optimise the CNPA hard X-ray shield were undertaken with a simple photomultiplier/scintillator
tube (section 3.4.2.2).
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A new hard X-ray spectrometer (HXRS) is currently under development [117, 118] and will com-
prise 4 cameras, each housing 30 detectors for a complete imaging of a poloidal cross section.
The current design strives for an energy resolution of ∆E ∼ 5 keV, energy range 10. . . 200 keV,
temporal resolution of maximum ∆t = 1 ms and spatial resolution ∆r = 2 cm for neighbouring
chords. A tomographic reconstruction of the detector signals would then unfold the hard X-ray
emissivity profile and the underlying suprathermal electron distribution function.

3.4.2.1 Hard X-ray camera (HXRC)

The hard X-ray detector system from Tore Supra is a single multichord camera comprising detector
diodes made of cadmium telluride (CdTe) [119]. The system was installed on TCV to study the
dynamics of suprathermal electrons during electron cyclotron current drive experiments [120]. The
analysed range of Bremsstrahlung energy lies approximately between 5 and 200 keV. 14 partly
overlapping observation chords capture the photons emitted from roughly the outboard half of
the TCV plasma. Figure 3.4.3 shows the diagnostic geometry.
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Figure 3.4.3: Equilibrium reconstruction for discharge #29364 showing the geometry of the hard X-ray camera
available during the initial commissioning of the Compact NPA.

The spatial resolution is about ∆r = 2 cm on the torus midplane. Each chord collects photons
which are discriminated into 8 energy channels with adjustable energy discrimination thresholds.
At most 1024 acquisition periods are available in a discharge, although the temporal resolution is
mostly limited by the poor photon statistics (typically a couple of milliseconds).
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Figure 3.4.4: Hard X-ray camera traces of photons binned in the lowest (a) and highest (b) available energy
windows. Chord #6 intersects the plasma edge, chord #18 the plasma core, as shown in figure
3.4.3. High energy hard X-ray photons are emitted from all locations inside the plasma during the
electron runaway phase prior to the EC injection. During the current drive intervals hard radiation
is only seen at the location where the EC power is absorbed (inside the q=1 safety factor surface,
located at normalised radius ρ ≈ 0.4).

Figure 3.4.4 shows HXRC measurements during the discharge already shown for the CNPA (figure
3.4.2). Figure 3.4.4a shows weakly hard photons with energies around 20 keV, figure 3.4.4b such
with energies between 64 and 200 keV. Signals from three chords are shown, chord #6 is the
outermost (looking at the edge), chord #18 the innermost (looking at the plasma core) view line
(see figure 3.4.3)(¶). Obviously plenty of hard X-ray photons are found throughout this experiment.

Figure 3.4.5a shows the radiation intensity spectrum of some chords averaged over the ohmic time
interval t = [0.7; 0.9] s, showing that the peak of the photon energy distribution lies above 64 keV.
These photons are emitted everywhere inside the plasma, as all HXRC chords detect them. At
these energies the photons easily penetrate into the CNPA housing and yet deposit part of their
energy in the channeltron detectors (figure 3.4.2).

The discharge discussed here has a very low density of 〈ne〉 < 6× 1018 m−3, a strong loop voltage
(−3 V at t = 0, −1 V at t = 0.4 s) and runaway electrons were inevitable since the prefill density
just after the plasma breakdown at t = 0 was low. If the density upon ionisation of the gas is too
low then the toroidal electric field may overcome the Dreicer field, eq.(3.4.4), and the produced
electrons immediately start to run away. Close collisions between thermal and keV-electrons,
although much less frequent than those with large impact parameters, continuously increase the
runaway electron population.

This route to hard X-rays may often be suppressed by careful tweaking of the gas programming
at the start of the discharge (figure 3.4.5b).

(¶) The camera has 20 detectors, but on TCV number #1–#5 and #19/#20 are obstructed by the port aperture.
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Figure 3.4.5: (a) Hard X-ray energy spectrum typical for the runaway regime. The spatial emission profile is flat
and the photons have high energies (the last energy channel collects photos with energies between
64 and ∼200 keV).
(b) Measured line integrated density (central FIR chord) for the two discharges #29366 and #29370.
The runaway electrons which were present in the first experiment are not produced in the second
and the CNPA (figure 3.4.1) measures a real thermal neutral flux distribution.

There is however a far more troublesome source of hard-X rays. In discharge #29364 (look again
at figure 3.4.2), the density rapidly increases as an UFO is falling inside the plasma at t = 0.96 s.
The plasma disrupts but recovers. The runaway signal disappears due to the increased electron
drag after this event. At t = 0.9, 1.1 and 1.3 three gyrotrons (on axis: 1 pure ECH, 1 ECCD
at ρ < 0.4, off-axis: 1 pure ECH at ρ ∼ 0.5) started to inject a total power of 1.5 MW during
three gyrotron pulses lasting 100 ms each. The auxiliary heating periods are clearly visible on the
HXRC traces (figure 3.4.4), mainly on those chords intercepting the region of absorption of the
radiofrequency power.

Figure 3.4.6a shows the photon intensity energy spectrum γ(Eγ) of some chords, where the photon
temperature Tγ was derived from a linear regression of the slope of the spectrum,

dγ

dEγ
∝ exp

(
−Eγ
Tγ

)
. (3.4.5)

Figure 3.4.6b plots these temperatures against the minimum normalised radius intercepted by the
chord. The photon temperature obtained correlates with the period of auxiliary heating. During
ECH/ECCD the parasitic signals in the CNPA channels rise here to about 10. . . 20 counts per
millisecond. This is too much for studies of suprathermal ion populations with poor neutral particle
fluxes at high energies (section 6.1), worse, in plasmas with stronger ECCD (up to three gyrotrons
instead of just one here) the hard X-ray production was found to be substantially stronger. With
the return of the HXRC to CEA, the potential of shielding was examined with a simple hard
X-ray monitor.
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Figure 3.4.6: (a) Photon energy spectrum obtained with the hard X-ray camera during an ECCD phase of
discharge #29354 for a subset of the available view lines. The photon temperature was inferred
from the slope of the photon energy distribution (thin straight lines).
(b) Photon temperature for all available chords as a function of radius (channel #5 close to the
LCFS, channel #18 lies on the low field side with respect to the magnetic axis.

3.4.2.2 Hard X-ray monitor (PMTX)

The PMTX diagnostic is a standard Hamamatsu photomultiplier tube (PMT) encapsulated by a
soft iron cylinder to shield the PMT against soft X-ray photons (of energies lower than 50 keV) and
the magnetic stray field. The scintillator at the end of the tube is covered by 2 cm of aluminium.

The tube was connected to a remotely programmable high voltage power supply to adjust the tube
dynode supply voltage and thus avalanche gain to diagnose various levels of hard X-ray fluencies.
The tube output signal is acquired through a digitiser typically working at a frequency of 20 kHz.
However no information about the absolute photon flux or photon energy spectrum is available.

For the design of a shield for the CNPA a sufficient number of specially shaped bricks made of
lead (length of a side 5 or 10 cm) were procured(�). Lead is the best attenuator for photons up to
500 keV due to its high density (ρ = 11.33 g/cm3) and its heavy nucleus (atomic number Z = 82)
ensuring the presence of many bound electrons. A series of low density discharges designed to
provoke the generation of runaway electrons were executed with various variants of lead shields
built around the PMTX. The PMTX is smaller than the CNPA, easier to handle and may be
placed freely. First, the PMTX was placed behind a lead wall of thickness ∆x = 5 cm. The
unshielded CNPA measured an almost unchanged influx (figure 3.4.7a), whereas the PMTX reg-
istered photon fluency was reduced by a factor ∼20 (figure 3.4.7b).

This attenuation was still considered as insufficient, so the PMTX was completely wrapped in a
lead shield housing of minimum thickness ∆x = 10 cm (photograph 3.4.8a). Now the X-ray flux
was decreased by a factor of ∼250 (figure 3.4.8b).

(�) Foundry André Neeser SA, Morges, Switzerland.
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Figure 3.4.7: Raw signal ratios of (a) the CNPA and (b) the PMTX diagnostics for two identical very low density
plasma discharges. The CNPA was unshielded to monitor the reproducible HXR production, the
PMTX was only shielded in discharge #31034. The signal ratio of the PMTX is renormalised with
the flux ratio measured with the CNPA.

(a) Picture of PMTX and test shield.
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Figure 3.4.8: (a) PMTX tube on top of the lead brick housing used for the X-ray attenuation tests.
(b) With the PMTX inside the mountain of lead the parasitic signals were reduced by a factor
better than 200.
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The same value was obtained with an open and a closed housing on the side away from the torus
so backscattered X-rays do therefore not significantly contribute and the shield may be reduced
to only cover the diagnostic from direct exposure.

The energy of the photons was estimated from the observed X-ray intensity attenuation in lead,

γ = γ0 exp

(
−
(
µ

ρ

)
ρ∆x

)
, (3.4.6)

where γ0 is the measured photon intensity without shield, ∆x the linear thickness of the shield,
ρ the mass density of the absorber and (µ/ρ) the mass absorption coefficient, whose value as a
function of X-ray energy is available from tables published by the National Institute of Standards
and Technology (NIST) [121], shown in figure 3.4.9a. Eq.(3.4.6) gives (µ/ρ) ≈ 0.6 cm2/g for both
wall thicknesses, thus requiring photon energies of 250 keV, consistent with the observations of
the HXRC camera.
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(a) X-ray absorption in lead. (b) CNPA X-ray survey detectors.

Figure 3.4.9: (a) Linear mass absorption coefficient (µ/ρ) of lead [121]. The two (overlapping) circles represent
the observed X-ray attenuation with a lead shield of ∆x = 5 and 10 cm thickness respectively,
indicating photon energies in the neighbourhood of 250 keV.
(b) Photograph of the additionally installed channeltrons inside the CNPA. The rail in the back-
ground supports the hydrogen array, particles enter the detectors from below. The X-ray detectors
are connected to the preamplifier channels #31 (blinded entrance window) and #32 (open window).
The negative detector voltage is applied to the detector entrance through the wire in the teflon
hose, the anode output signal is lead out of the detector on its top end. The entrance mask is at
ground potential. The 10 MΩ resistors connect to the system mass, ensuring a potential difference
of approximately 100 V between the anode and the output end of the CEM such that the secondary
electron clouds are efficiently transferred to the anode.

After these tests the PMTX was placed into an electronics shelf in the TCV hall, at a distance
of approximately 3 m from the torus, where it is used as a hard X-ray survey monitor without
calibration. The output signal UPMTX scales as (UHV)8, such that the tests performed lead to the
definition of a PMTX signal threshold. If exceeded, the CNPA measurement should not be taken
as a valid neutral particle measurement.
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3.4.2.3 X-ray channeltrons in the CNPA

The possibilities of X-ray surveys were completed by the installation of two spare CEM detectors
inside the CNPA locations where particles with a mass that would have to be less than hydrogen
would impact. These channeltrons monitor the X-ray radiation background in situ (detector with
masked acceptance) and stray light potentially reflected on the interior of the CNPA housing or
internally generated UV scintillation light (open detector). Figure 3.4.9b shows a picture of these
channeltrons (channels #31 and #32).

3.4.3 CNPA shield design

After the displacement of the CNPA to its new location in 2008 (section 3.3.3.1), more free space
was available around the diagnostic. A lateral and frontal shield built with lead bricks is currently
installed, the lead in place weighs about one ton. To further shield the 5 × 5 cm2 hole left for
the vacuum tube linking to the torus, a machined cylinder of INERMET� [122], contributed by
Plansee, an Austrian high performance material company, was inserted into the bellows between
the thermal ion source and the ceramic insulator, see label ©4 on figure 3.3.4.

INERMET� is an iron free tungsten alloy with a high mass density (17. . . 18 g/cm3) and is
therefore a strong X-ray absorber. Contrary to pure tungsten, INERMET� is easily machinable.
With all the described shielding measures in place, perturbations of the CNPA measurement by
X-rays were only merely observed.

3.5 Neutron yield monitor

3.5.1 Diagnostic principles

Together with γ-ray spectroscopy [73], neutron measurements [123] are the diagnostic of choice
for the measurement of the ion parameters of a burning plasma, where the number of escaping
neutrons is impressively high. But also in machines like TCV, with plasmas far from the ignition
point, neutron detectors may be used to recover the fuel temperature and density as the fusion
rate is measurable even at low temperatures.

TCV is fuelled with hydrogen or deuterium, but only the deuterium fusion reaction, eq.(1.2.4),
produces neutrons, whose energy is 2.45 MeV. From figure 3.5.1b it is clear that only ions in the
tail of the deuterium distribution function will undergo a fusion reaction(**), as the fusion cross
section decreases exponentially towards lower energies and may be interpolated [47] by

σn =
71

ED

exp

(
− 44√

ED

)
, (3.5.2)

with ED the energy in keV in the lab frame of the projectile deuterium ion colliding with a target
ion at rest and the cross section is given in the units of barns.

(**) indeed the mean energy of the reacting deuterium ions is approximatively given by

ED ≈
7
6
Ti + 3.1T 2/3

i (3.5.1)

with Ti in keV [124]. For a plasma with Ti = 1 keV, the mean energy of the reacting particles is ED ' 4.3 keV.
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Figure 3.5.1: (a) Nuclear fusion reactivities for thermal plasmas as a function of the plasma ion temperature.
Data taken from [125,126].
(b) Convolution of fusion cross section and deuterium velocity distribution function (Ti = 400 eV).

The neutron production rate per unit volume is then

dΦn =
1

2
n2

D〈σnv〉, (3.5.3)

where the reaction rate coefficient is integrated over the velocity distribution of the deuterium
ions. Shown in figure 3.5.1a, the averaged reaction rate 〈σnv〉 has a strong dependence upon Ti,
an experimental evaluation of eq.(3.5.3) by measuring the number of neutrons produced allows
then Ti to be determined provided that nD is known. Assuming carbon as the only impurity in
the plasma, nD(ρ) is defined by quasi-neutrality,

ne = nD + 6nC, (3.5.4)

where, from the definition of the effective charge, eq.(2.5.13),

nC = nD
Zeff − 1

6 (6− Zeff)
(3.5.5)

and finally

nD(ρ) =
ne(ρ)

1 + Zeff−1
6−Zeff

. (3.5.6)

Although the accuracy of the experimentally measured (profile averaged) Zeff is often worse than
30 % (section 2.5.3.3), the impact of nD on the ion temperature is not overly critical. Indeed,
from eq.(3.5.2), integrated over a thermal ion velocity distribution, the propagation of the error
on nD into the error on Ti gives

∆Ti
Ti

=
3
√
Ti

3.3

∆nD

nD

. (3.5.7)

That is, for Ti = 1 keV, less than 30 % of the relative error on nD contribute to the error on Ti.
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On the other hand, parasitic non-fusion reactions producing neutrons may represent non-negligible
sources of errors in the estimation of the ion temperature. Very energetic electrons produced by
resonant interactions with electron cyclotron waves or by electric fields exceeding the runaway
threshold (section 3.4.1.1) effectively incite the disintegration of deuterium [127]. Direct disinte-
gration,

D + e→ H + n+ e, (3.5.8)

may occur anywhere in the plasma. Indirect disintegration is caused when the energetic electrons
impinge on the structure materials at the vessel wall and emit thick-target Bremsstrahlung (γ-
rays). The γ’s induce then photodisintegration in the surrounding solid structures,

D + γ → H + n. (3.5.9)

Both disintegration reactions have a threshold given by the deuterium binding energy (2.2 MeV).
On TCV the neutron detector measurements are only processed if the runaway production is
small, i.e. if the PMTX hard X-ray detector (section 3.4.2.2) signal is negligibly small. Otherwise
the proper isolation of the 2.45 MeV fusion born neutron contribution from the measured signal
would require a neutron energy spectrometer [128].

The total flux of neutrons through a space point xi is then obtained by integration over space
points being potential sources of neutrons (i.e. the plasma volume)

Φn(xi) =
1

4π

∫

Vplasma

dΦn

(xj − xi)
2 dxj (3.5.10)

where the neutrons scattered by light atoms (air in the torus hall, concrete structure of the re-
actor bioshield) are neglected. The first contribution is in general negligible, the second is partly
avoidable with a detector neutron shield for incidence directions other than those originating from
the plasma.

The neutron flux recorded by an absolutely calibrated neutron detector located at xi is then mod-
elled by eqns.(3.5.2)–(3.5.10). The parameters of the ion distribution function in the modelled
flux are iteratively adjusted for convergence to the experimental value.

This Ti recovery procedure is simple for a plasma with Maxwellian ion velocity distribution, where
only the two parameters characterising the ion population (nD and Ti) have to be iterated. In
this case, the reaction rate coefficient is well approximated [129] by

〈σnv〉 ≈
3.5× 1020

T
3/2
i

exp

(
−20.1

3
√
Ti

)
. (3.5.11)

Through the strong energy dependence of its cross section, neutron production susceptibly de-
pends on the detailed structure of the distribution function. For non-thermal distributions, fur-
ther assumptions must be made (bi-Maxwellian distribution, suprathermal population strength)
and eq.(3.5.3) needs eventually numerical integration. Useful analytic expressions for anisotropic
velocity distribution functions are available in [130].

The error bar on the deuterium ion temperature is calculated from the error on the experimental
profiles for ne, Zeff and the statistical error 1/

√
N , with N the number of recorded neutrons, as

the neutron production follows a Poissonian distribution.
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3.5.2 3He tube

Neutrons can penetrate deeply into matter without experiencing any collisions. Direct detection
of a neutron is therefore impossible and a neutron diagnostic relies on the detection of the emission
of secondary charged particles released upon a nuclear reaction triggered by an incoming neutron
inside a target volume [131], typically filled with a noble gas.
3He is the most important isotope in instrumentation for neutron detection. A neutron entering
the gas undergoes the nuclear reaction

3
2He + 1

0n→ 3
1T(191 keV) + 1

1p(573 keV) (3.5.12)

and the charged reaction products ionise surrounding 3He gas molecules along their trajectories.
The released electrons are accelerated towards the axis of the cylindrical tube, where an electrode
at high positive potential creates an intense radial electric field. On their way towards the anode
the electrons collide with the filling gas molecules and may ionise more of them giving rise to a
townsend avalanche. The electron cloud is then collected on the anode. As explained in the section
about the DMPX (section 2.5.3.2), each avalanche causes a surge in the detector output signal,
which, if the high voltage was chosen appropriately, can be made approximately proportional to
the energy deposited by the nuclear reaction products in the filling gas.

Reaction (3.5.12) has a large cross section at thermal energies (E ' 1/40 eV) and strongly decays
with increasing neutron energy (figure 3.5.2a). Fusion born neutrons (in our case En = 2.45 MeV)
are far too energetic for detection in a He3 tube and must first be thermalised. This is conveniently
performed by elastic collisions with light nuclei contained in materials surrounding the helium tube,
that is moderators containing hydrogen.
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Figure 3.5.2: (a) Behaviour of the nuclear reaction, eq.(3.5.12), playing the key role in the neutron detection.
(b) Gas amplification factor G (e.g. the number of electrons collected on the anode per incident
neutron) as a function of the anode high voltage. The neutron detector on TCV is operated in
the proportional counting regime, where each neutron causes an avalanche such that the number
of secondary electrons has a linear dependence on the neutron energy. The tube works as an
ionisation chamber (G = 1, no avalanche) at lower voltage and as a Geiger-Müller counter (multiple
avalanching leading to anode pulses which are independent of the neutron energy) at higher voltage.
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Figure 3.5.3: (a) Pulse height distribution of the neutron detector output signal, accumulated over half a second.
Most of the pulses are of low amplitude, the lowest bin has seen more than ten times the pulses
recorded in all other bins. The total number of neutron encounters is obtained by summation of
the pulse height spectrum on the right hand side of the vertical red line (representing the threshold
voltage Uthres = 0.85 V).
(b) Geometrical arrangement of the neutron detector on TCV. Sampling of the magnetic axis (circle
in magenta) as seen from the detector. Neutron attenuation in the transformer coils A (innermost
blue ring), and inner (E) and outer poloidal coils (F), see figure 2.3.1, are considered. The detector
solid angle partly intercepts a massive concrete column (on the right).

The neutron detector on TCV consists of a helium filled tube (type 18NH10) manufactured by
Canberra [132]. The detector has a diameter of ø = 2.5 cm, an active length of ` = 100 cm and
the gas pressure is p = 6 bar. The tube is surrounded by a moderator made of polyethylene with a
wall thickness of ∆x = 6.5 cm, optimised for effective neutron thermalisation without exaggerated
scattering and absorption losses [133]. Detector and moderator are encapsulated in a soft iron
cylinder to remove the residual magnetic field. The tube is vertically oriented and mounted on a
movable support at a height to have its tube centre at the tokamak midplane. High count rates
without saturation are obtained at a distance of approximately x = 2.2 m from the torus.
The anode high voltage is configured for proportional neutron counting such that the anode pulse
peak is proportional to the energy of the incident neutron (proportional counting regime, see figure
3.5.2b). The anode signal is DC filtered, processed using a Canberra ACHNA98 charge amplifier
and acquired with a transient digitiser sampling at a frequency up to 1 MHz. The ionisation of the
filling gas by means of X-rays generates many output pulses with low amplitude. Real neutron hits
are identified from the acquired signal by pulse height analysis. Figure 3.5.3a shows an example,
the threshold for pulse counting has to be set to approximately Uthres = 0.5 . . . 1 V here, the
pulses in the bins below have to be discarded. Note that the lowest bins are mostly populated
by electronic noise in the charge amplifier. For proportional counters one may expect to see
the neutron contribution as a narrow peak on the pulse height spectrum, as the kinetic energy
deposited in the gas amounts to 764 keV, see reaction (3.5.12). The broad measured neutron
contribution shown is due to the finite size of the gas chamber as the reaction products may be
partially absorbed by the detector chamber wall before their whole kinetic energy is deposited in
the gas.
Neutron detector measurements are not exploited if the parasitic counts overlap the neutron
contribution or if the count rate exceeds the detector saturation limit (>5×104 neutrons/second).

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL



3.6. Comparison summary of Ti diagnostics on TCV page 65

3.5.3 Detector calibration

The effective surface and absolute sensitivity of the detector were determined ten years ago [133]
using the decay of Americium 241Am/Be [134]. A source with an activity of 10 mCu (>2×104 n/s)
was used.

Depending on the placement of the detector in the torus hall, the neutron attenuation in the most
relevant tokamak structure elements, namely coils and concrete columns [135], are modelled know-
ing their materials, position and geometries. Elastic scattering was neglected in these attenuators.
The geometrical arrangement of these structures is depicted in figure 3.5.3b.

3.6 Comparison summary of Ti diagnostics on TCV

The measurement principles and some technical details of the ion diagnostics available on TCV
were presented in this chapter. For a tokamak, whose experimental program is strongly devoted
to explore the physics of the electrons, the available set of ion diagnostics is quite formidable.

Table 3.2 summarises the capabilities and limitations of the various diagnostic techniques.

Diagnostic DNBI+CXRS VNPA CNPA NEUT

measurement charge exchange hydrogenic light neutron
principle recombination neutral flux atoms flux flux

luminance
measured ion TiC, niC fiH+D⊥ fiD⊥, fusion

parameters viC fiH⊥/fiHe⊥ reactivity
derivable Zeff n0

H+D n0
D, TiD,

parameters n0
H/n0

He niD
spatial local vertically horizontally global

measurement 20/40 locations line integrated line integrated
diagnosed bulk rather bulk+tail mainly

ion population bulk tail
typical time 30 ms 13 ms 2.5 ms 1 ms

resolution
electron < 6× 1019 < 3 . . . 4× 1019 < 6 . . . 8× 1019 > 2× 1019

densities [m−3](��)

spurious green Hard HXR, ultra- Hard
detection light X-rays violet, light X-rays
operated on demand by default by default on demand

current 78 % > 90 % > 85 % < 2 % (average
availability (when requested) of ten years)

Table 3.2: Comparison of key parameters of the ion diagnostics on TCV. Except for the neutron detector, which
is rarely used, the numbers of availability for operation represent the score of successful measurements
whenever the diagnostic was selected by the operator.

(��) for the retrieval of the core ion temperature.
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Strong effort was expended to successfully exploit the measurements of the Compact NPA under
extreme experimental conditions. Over the five last years, the measures taken for appropriate
shielding against parasitic signal sources have been advanced strongly and the diagnostic is now
outstandingly well fitted to operate safely and satisfactorily during practically all recent experi-
mental campaigns on TCV.
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Figure 3.6.1: Example of the experimental investigation of a Maxwellian distribution function (Ti = 400 eV)
in velocity space with the ion diagnostics available on the TCV tokamak. The hatched velocity
ranges illustrate the approximate region of operation of the corresponding diagnostics. For CXRS
this corresponds to the wavelength domain mapped onto the active CCD area, ∆v = c∆λ/λ0.
The NPA range is representative of the particle velocity span of the CNPA deuterium array. The
neutron detector velocity range was chosen to correspond to the FWHM of the neutron production
spectrum fiDσDD (shown in figure 3.5.1b).

Although the quantities derived from the measurements of the different ion diagnostics are some-
what redundant, each technique has its own peculiarities, making them complementary. Note
that each type of diagnostic probes the ions in different ranges of energies. In the ideal case
the plasma ion velocities are distributed according to a Maxwell-Boltzmann distribution. The
different diagnostic measurement ranges illustrated in figure 3.6.1 are then linked by a known
function, parameterised by one single parameter – the ion temperature – and the determination of
its value with the different techniques will agree. Various examples illustrating either agreement
or disagreement will be discussed in the next chapters.

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL



Chapter 4

Neutral particle analysis of thermal
TCV plasmas

This chapter describes various results obtained with neutral particle measurements of thermal
TCV plasmas. The first section introduces selected elements of the physics of neutral particle
analysis. The underlying theory is verified using simple one-dimensional modelling in sections 4.2
(plasma permeation by cold neutral gas) and 4.3 (plasma neutral particle exit flux measured with
the neutral particle analysers). A diagnostic experiment is discussed in section 4.4, where the ion
temperature profile was directly measured by a displacement of the plasma across the NPA line of
sight. Section 4.6 demonstrates that integrated modelling of the NPA measurement is sufficient
to iteratively extract the ion temperature profile from one single charge exchange flux spectrum.
More advanced modelling of the neutral emissivity using a 2D particle code is presented in section
4.7 and applied to active charge exchange measurements (section 4.8), used for the absolute
calibration of the NPA. The NPA ion temperature measurement is then validated against the
other ion diagnostics (section 4.9). The behaviour of the ions in thermal TCV plasmas is finally
summarised in section 4.10.

reaction E(*) 〈σv〉(*) type
[eV] [m3 s−1]

(a) H2 + e→ 2 H + e 15 1× 10−14 dissociation
(b) H2 + e→ H + H+ + 2 e 125 2.5× 10−15 dissociative ionisation
(c) H+

2 + e→ H + H+ + e ∼100 1× 10−14 dissociation
(d) H+

2 + e→ 2 H+ + 2 e ∼100 1× 10−13 dissociative ionisation
(e) H+

2 + e→ 2 H 10 1× 10−14 dissociative recombination
(f) H2 + H+

2 → H + H+
3 1 1× 10−15

(g) H+
3 + e→ 3 H 1 6× 10−14 recombination

(h) H + H+ → H+
2 105 5× 10−14

(i) H+ + H2 → H+
3 105 8× 10−14

(j) H + e→ H+ + 2 e 100 3× 10−14 ionisation
(k) H2 + e→ H+

2 + 2 e 100 5× 10−14 molecular ionisation
(l) H+ + H2 → H + H+

2 - - charge exchange
(m) H + H+ → H + H+ - - charge exchange
(n) H2 + H+

2 → H2 + H+
2 - - charge exchange

Table 4.1: Listing of the reactions relevant for neutral particle analysis in a tokamak plasma.

(*) the tabulated energy corresponds to the location of the maximum in the rate coefficient.
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4.1 Neutral targets for charge exchange reactions

Thus far the origin of the neutral flux escaping the plasma was discussed rather qualitatively
(section 3.3.1), here a more quantitative discussion is given. For this, the mechanisms that take
neutrals into and out of a hot plasma are briefly reviewed. These processes are, in turn, governed
by a number of collisional interactions between neutrals and charged plasma particles.

4.1.1 Collision processes involving neutrals

The description of the survival of neutral particles inside the plasma column is quite complicated
due to the large number of possible interactions with the charged particles of the background
plasma [136]. Ionising collisions are a sink of neutrals, recombination a source and charge ex-
change reactions alter the energy of the neutral population.

Table 4.1 shows a list of tokamak relevant reactions, figure 3.3.1 shows the corresponding rate
coefficients as a function of temperature for some of the most important reactions inside the
plasma, namely:

R electron-impact ionisation doesn’t occur if the energy of the impacting electron is below
the ionisation potential (13.6 eV for a hydrogen atom), but then dramatically increases to
attain a maximum value of ∼πa2

0 (hence the analogy with a spatial section, as a0 is the Bohr
radius of the hydrogen atom) at an energy where the deBroglie wavelength of the electron
has approximately the dimension of the hydrogen atom. Because electrons move generally
more rapidly than ions the motion of the atom will not affect this type of collision until the
translational energy of the atom exceeds that of the electrons by a factor mi/me. One can
thus usually approximate the ionisation rate as independent of velocity. The effective cross
section for an atom moving through a distribution of electrons therefore is

σion =
〈σeive〉
va

, (4.1.1)

where 〈σeive〉 is the electron ionisation rate coefficient and ve and va are the electron and
atom velocity respectively.

R ion-impact ionisation ejects the electron from the target atom. The cross section of
this process has a dependence on energy similar to the electron-impact ionisation, but the
projectile ion must have an energy that is a factor mi/me higher in this case.

R charge-exchange, as already mentioned in section 3.3.1, transfers the electron from the
atom to the impacting ion. If the atom formed is of the same species as the incident atom,
the process need involve no change in energy of the bound electron other than the transitional
energy change associated with the different atomic velocities. The charge-exchange process
is then resonant between atomic levels of the same energy (usually the ground state). The
transfer probability is high even for slow encounters and with impact parameters up to
10 × a0, the cross section is as high as 50πa2

0 [137] and increases for lower relative kinetic
energies, since the interaction time is then longer. Since ions move more slowly than electrons
by the ratio me/mi, the translation will have a small effect for collision energies less than
about Rymi/me ' 25 keV for hydrogen. If the relative velocity exceeds the electron orbital
velocity, the resonance breaks and the cross section drops rapidly.
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In the absence of neutral transport, the local neutral particle balance equation is a sum over all
possible reactions of neutrals with plasma particles and each other,

dn0(ρ)

dt
=
∑

f0 n0(ρ) fj nj(ρ) 〈σ0jvj〉 , (4.1.2)

where fj is the reacting particle and f0 the unknown neutral velocity distribution function, nor-
malised by the number of particles in the population. Eq.(4.1.2) is valid if the density and temper-
ature of the particles do not significantly change over the neutral mean free path between collisions.

As shown in figure 3.3.1, the charge exchange rate dominates over the ionisation processes, a neu-
tral inside the plasma may therefore undergo multiple charge exchange reactions before ionising.

4.1.2 Plasma penetration by neutrals

There are three possibilities for neutrals to penetrate inside an ionised plasma:

(a) transport of vessel wall recycled neutrals into the plasma,

(b) radiative recombination of plasma ions with plasma electrons and

(c) injection of neutral beams.

The additional neutral deposition by the diagnostic neutral beam on TCV was described in section
3.2. An application of such a local neutral density enhancement will be discussed in section 4.8
(active charge exchange). However the DNBI source rate (∼1019 neutrals per second) is insignifi-
cant in comparison with the total neutral influx from the plasma edge.

Radiative recombination occurs when a ion captures a free electron, which is then in a bound state,
reactions (e) and (g) in table 4.1. Light is emitted to compensate the loss of kinetic energy of
the electron. But recombination is a less probable process, with a recombination rate six to seven
orders of magnitude smaller than the sum of the ionisation rates (figure 3.3.1). Recombination
has to be considered for high density plasmas only [138], say above 8× 1019 m−3.

For the rather low density plasmas studied with NPA on TCV, recombination may often be
neglected. The most relevant neutral source is therefore from the plasma periphery, where lost
plasma particles are soon neutralised at the intersection of the open magnetic field lines with the
vacuum vessel wall and then reenter the plasma as neutral molecules (particle recycling). Molecular
replacement gas (hydrogen, deuterium or helium) is also puffed at the edge, highly unionised
particles are therefore by far the most abundant occupants of the plasma surroundings. Chemical
reactions with other ion species (oxygen, carbon) may also influence the neutral population at the
plasma edge [139]. Cold (∼ambient temperature) wall desorbed neutrals have velocities typically
v0(a) = 103 m/s when they cross the last closed flux surface (LCFS) where electron densities of
0.5 < ne < 5× 1019 m−3 and electron temperatures of 20 < Te < 200 eV are typically found. For
these conditions the rate for direct ionisation of molecular hydrogen is ∼2× 10−8 m3s−1 and the
mean free path,

λ =
v0

ne 〈σv〉ion

, (4.1.3)

is of the order of a centimetre, much smaller than the size of the plasma (TCV has a minor radius
a = 25 cm).
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Molecular neutrals are therefore only found at the very edge of the plasma. But ionisation is not
the only fate of molecular neutrals, at typical edge temperatures (5. . . 50 eV), H2 are efficiently
dissociated by electron impact, reaction (a) in table 4.1. The resulting Frank-Condon atoms have
a mean free path of 10 cm and higher at low edge densities, as for X2-ECRH heated discharges
(chapter 5). Moreover, unlike molecular neutrals, atomic neutrals may penetrate into the plasma
in a diffusive-like manner by a sequence of charge-exchange interactions until ionisation occurs. As
the charge exchange cross section is larger than the atomic ionisation cross section this sequence
may persist for some time. Too, with each charge exchange the slow neutral is replaced by a
faster one. With subsequent increase in v0, λ is enlarged and may become larger than the plasma
column. λ therefore depends on the ion temperature.

To summarise, the neutral concentration in the plasma core is essentially determined by the
balance between ionisation and neutrals entering the plasma from the wall. The balance depends
on neutral velocity v0, neutral n0 and electron density ne. On TCV the electron properties
are determined from measurements inside (Thomson scattering or interferometry) and outside the
plasma (Langmuir probes). The neutral properties are difficult to determine experimentally inside
the plasma (optical measurements with large uncertainties), the neutral velocity may be estimated
from vessel tile temperature measurements and the neutral gas pressure (measured using gauges).

4.1.3 Neutral pressure gauge (IOMAN)

Mainly for studies of diverter detachment [140], TCV was equipped with fast pressure gauges of
the type installed on ASDEX [141]. One of those was located at the outer midplane, with its
gauge head aligned with the magnetic field and standing out from the wall by a few cm.

B-field

base plate

filament

control electrode

acceleration grid

ion collector

Figure 4.1.1: Sketch of the fast pressure gauge head.

A schematic of the gauge head is sketched in figure 4.1.1 and consists of:

R A filament as thermal electron source (UF = 50 V, IF 6 20 A),

R a control grid with horizontal slit whose potential is chopped at some kHz between 25 and
105 V,

R an acceleration grid (potential at 250 V) with multiple vertical slits and

R an ion collector plate
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Figure 4.1.2: Time traces of (a) electron density, (b) gas supply and (c) edge neutral pressure measured with the
midplane fast gauge.

The electrons emitted by the filament oscillate in the potential between filament and the collector
plate until they collide with other particles or with the acceleration grid, where they give rise to
the measured electron emission current Ice. The tokamak magnetic field amplifies the electron
emission and enhances the electron lifetime in the ionisation volume. The measured ion collector
current Ici is proportional to the neutral density in the gauge,

pneutral = S
Ici

Ice − Ici

, (4.1.4)

where the calibration coefficient S is determined off line by immersion of the gauge into a magnetic
field similar to TCV and thermal gas of known density. The gauge head is equipped with a
metallic cover to protect the electrodes against arcs. Neutral gas penetrates through a small
orifice, limiting the time resolution of the gauge measurement to 2. . . 4 ms. Figure 4.1.2 shows the
line integrated electron density (measured by FIR), gas puff flowmeter and calibrated fast pressure
gauge measurements for a deuterium discharge on TCV. Unfortunately the collector current noise
level is too strong for a valuable determination of the neutral density at ne < 4 × 1019 m−3,
i.e. most of the discharges studied within this thesis. The gauge was damaged in 2003 and has yet
to be repaired.

4.2 Modelling of neutral particle transport

Proper calculation of the neutral density profiles requires numerical codes which follow the neutral
trajectories from the edge to the plasma core. Within closed flux surfaces of a steady state plasma,
the neutral fluid transport equations

∇ (−D∇ne + V ne) = nen0Sion − n2
eSrec (4.2.1)

∇ (n0v0) = −nen0Sion + n2
eSrec (4.2.2)

describe the electron ne and neutral n0 densities. Sion is the neutral particle sink due to ionisation
processes, Srec the neutral source term due to recombination, D and V are the radial electron
diffusivity and pinch velocity and v0 the neutral fluid velocity.
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As neutrals are not confined by the magnetic field some of the available codes are 2D or even
3D in real space. The linear transport solver EIRENE [142], for example, uses the Monte Carlo
technique to track neutrals entering the plasma and includes a very precise 2D description of the
plasma facing surfaces. EIRENE provides realistic results for the low temperature plasma edge
within a reasonable computation time, but the computational effort increases tremendously for
calculations covering regions deeper inside the plasma.
The simulation of the NPA measurement requires the neutral concentration in the plasma core
to be assessed properly. Fortunately the number of atomic processes of relevance inside the
LCFS is strongly reduced and the neutral flux can be satisfactorily calculated using spatially
one-dimensional kinetic or fluid codes. Such codes show reasonable agreement with sophisticated
multidimensional codes beyond the LCFS [143].

4.2.1 Kinetic neutral transport algorithm (KN1D)

KN1D [144] is a kinetic transport solver for atomic and molecular hydrogen or deuterium velocity
distribution functions in a one dimensional, slab-like geometry for a plasma with known back-
ground profiles. The numerical algorithm includes charge exchange collisions, electron-impact
ionisation and dissociation, elastic self-collisions (atomic and molecular), and a variety of elastic
cross-collisions among heavy particles (atoms, ions and molecules). KN1D is written in IDL and
was implemented at CRPP for the TCV geometry interfacing with the experimental database.
The geometry adopted are (a) the chamber wall surface, (b) the scrape-of-layer (SOL) and (c) the
core plasma. The code calculates the neutral properties along the diagnostic chord of the CNPA
or VNPA.
To take account of the real (elongated) plasma geometry, the neutral penetration for each point
on the diagnostic chord inside the plasma is calculated along a straight spatial grid aligned along
the shortest distance from the LCFS, that is not necessarily along the diagnostic chord. This
is especially important for the vertical viewing VNPA in elongated plasmas (core neutrals come
predominantly from the in- or outboard side depending on the plasma shape) and for plasmas
above the midplane investigated using the CNPA (core neutrals enter from the bottom). This
approach is justified by the short mean free path of wall neutrals inside the plasma, most of the
neutrals present at a certain plasma location have arrived there along the shortest path from
the boundary. However, the 1D simulated core neutral concentration will be the upper limit for
the experiment, in 2D (large edge and small core volumes) the real neutral influx to the core is
expected to be smaller than predicted in this way.

L-mode discharges on TCV are limited on the inner vessel wall, the inner SOL length is therefore
set to zero. The upper, lower or outer SOL lengths correspond to the distance from the intersec-
tion of the NPA chord with the LCFS to the upper, lower or outer vessel wall.
The experimental plasma profiles are mapped to the diagnostic chord using the geometry of the
reconstructed equilibrium using the Ψ-toolbox [145]. Electron density and temperature profiles
are mostly taken from the Thomson scattering diagnostic, the ion temperature profile from CXRS
(this will be justified in section 4.9.2). The profiles outside the LCFS are not routinely measured,
exponential decay profiles in agreement with Langmuir probe data [146] are usually adopted, with
typical wall temperature Te(a) = 10 eV and density ne(a) = ne(ρ = 1)/3. The recycled neu-
trals are at ambient temperature when they leave the wall. All particles are assumed to have
Maxwellian velocity distribution functions. The free parameter of the simulation is the neutral
edge gas pressure pa, which is taken to be uniform everywhere around the plasma. Note that the
calculated KN1D density profiles are linear in pa.
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Figure 4.2.1 shows results obtained with KN1D for a diverted Deuterium plasma of mid range
core electron density, #20557, t = 0.7 s, ne(0) = 6 × 1019 m−3, where the neutral profiles were
calculated along the view line (vertical line at R = 0.88 m) of the VNPA (the CNPA was not
installed yet on TCV). At the modelled time instant the divertor leg is detached from the plasma
wall. The second sub-figure shows electron (SVD inverted FIR measurement) and hydrogenic ion
density profiles mapped to the VNPA chord, the ion density profile was obtained from eq.(3.5.6)
using Zeff = 2.1 (constant over the profile), derived from the measured plasma Bremsstrahlung
radiation and assuming carbon as the only plasma impurity. The positions of intersection of the
LCFS with the diagnostic chord are indicated by the two stroked horizontal lines. The efficient
separation of the plasma from the vessel exhibits a considerable electron density even at the LCFS,
ne(ρ=1) = 1× 1019 m−3. The third sub-figure shows the electron temperature measured with the
Thomson scattering diagnostic (round symbols) together with the interpolated profile inputted
to KN1D. Measurement of the ion temperature profile using CXRS was not yet available for this
discharge, the ion profile (- -) was taken to be of the same shape as the electron temperature pro-
file, scaled by Ti(0) determined from the VNPA (section 4.3.3). The neutral temperature profile
(-·-) shown is calculated by KN1D. The forth sub-figure shows the KN1D calculated deuterium
molecular neutral (straight line), molecular ion (- -) and atomic neutral (-·-) density profiles and
the last sub-figure the ionisation rate Sion entering eq.(4.2.1) and eq.(4.2.2). Note that the neutral
edge pressure taken by KN1D was pD2(a) = 0.01 Pa, this is the value measured with the fast
pressure gauge at the midplane (figure 4.1.2). The lines linking some points on the VNPA chord
to the LCFS (first sub-figure) indicate the 1D calculation grid of KN1D, the profiles shown in
sub-figure four were actually concatenated from the neutral density obtained from 15 individual
runs of KN1D. As shown, the shortest distance from the plasma edge to the locus on the VNPA
view line runs from the outboard side of the plasma, except at plasma core.

Figure 4.2.2 shows another KN1D simulation for a more rarified, ne(0) = 1×1019 m−3, and limited
plasma (#27182, t = 1 s) almost vertically centred (magnetic axis at zmag = 3 cm) in the vessel.
The magnetic configuration is such that the plasma is limited simultaneously on the inner and
outer walls, resulting in zero width of the SOL. Here, the neutral particle density profiles were
calculated along the horizontal view line of the CNPA and the shortest path from any point of the
chord to the LCFS coincides with this chord. KN1D required only two runs per isotope species,
once for each half of the plasma, considering neutral penetration from the right or left.

Figure 4.2.2 shows KN1D simulations for hydrogen and deuterium, the hydrogen concentration
was less than 1 % for this discharge (determined using the CNPA, see section 4.9.6.1). Experimen-
tal points from Thomson were used for the definition of electron density and electron temperature
profiles. Plasma purity was derived from XTOMO (Zeff = 1.8). This time the ion temperature
profile was measured using CXRS (circles in the second sub-figure). The ratio of the similar look-
ing neutral profiles, deuterium (top) and hydrogen (bottom), reflect the ratio in the respective
neutral edge pressures. The calculated molecular deuterium density profiles are shown in detail
in figure 4.2.3.

From the KN1D simulations shown so far the following conclusions may be drawn:

R Molecular neutrals play an important role in neutral fuelling of the plasma only at the very
edge, especially at high electron density the molecular density drops to zero within a few
centimetres.

R For TCV conditions, neutral densities vary, from the plasma edge to the plasma core, by a
factor >105.
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Figure 4.2.2: Low density KN1D modelling along the line of sight of the CNPA.
(a) The plasma is simultaneously limited on inner and outer walls, such that the SOL profile
calculation is omitted. The magnetic axis is located at about 3 cm above the vessel midplane,
neutrals found along the CNPA chord came there along that same direction.
(b) KN1D was run for H and D separately, the upper set of profiles in the third subplot represents
D, the lower H (very low concentration, <1 % of deuterium density).

R Multiple charge exchange reactions efficiently heat the neutral particles, at high electron
density the ion and neutral populations are thermalised throughout the plasma. This is due
to frequent charge exchange at high density and therefore small mean free path between
collisions. A neutral arriving at the magnetic axis in a low density plasma has undergone
far fewer charge exchange reactions than in a high density discharge and is therefore much
colder. The difference in electron and ion temperature will be discussed in section 4.9.1.

R At high density, no edge neutrals arrive at the core, the low neutral density in a vast part
of the bulk is entirely due to volume recombination. This is due to the strongly enhanced
atomic ionisation rate ne ni Sion; for Sion see the last graphs in figures 4.2.1 (subplot 5) and
4.2.2 (subplot 4). The competition between ionisation and recombination yields

nrec
0 = ni

〈σv〉rec

〈σv〉ion

. (4.2.3)

The contribution of recombination born neutrals nrec
0 is shown in figures 4.2.1 (subplot 4)

and 4.2.2 (subplot 3). Volume recombination may be neglected at low density.
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Figure 4.2.3: Densities of molecular neutral deuterium D0
2 and molecular deuterium ions D+

2 for the low (LFS)
and high field sides (HFS) of the plasma.

4.3 Plasma fast neutral emission

Now we have explained how neutrals get into the plasma, how do they get back out? In the very
core of the plasma, a charge exchange collision transfers the captive electron from the neutral atom
to a hot ion. The nucleus of the “old” atom is now trapped by the magnetic field whereas the
“new” atom continues in the same direction as prior to the charge exchange and carries “memory”
of its life as an ion in the vicinity of the collision. We shall call this atom a fast neutral, to
distinguish it from the more numerous neutrals surrounding the plasma. With the knowledge of
the radial neutral particle profile, the local emissivity of fast neutrals may now be calculated from

S(vi) = fi(vi)

∫
σCX (|va − vi|) |va − vi| fa(va) d3va ≡ fi(vi) 〈σCXva〉vi na, (4.3.1)

where the subscript i refers to the ion that becomes the neutral and a refers to the atom from which
it gains the electron. However, at least for low density plasmas (see the respective temperatures
in figure 4.2.2), prior to the collision, the hot ion has an energy significantly in excess of the
cold neutral, the relative velocity may be approximated by |va − vi| ≈ vi and the local neutral
emissivity simplifies to

S(vi) = fi(vi)σCX vi na. (4.3.2)

4.3.1 Plasma thickness for neutrals

Although the fast neutral has a high velocity va, the plasma is not fully transparent to it. The
electron loss mechanism discussed in section 4.1.1 may occur along its new trajectory. Thus the
probability of a neutral to survive from point A to B without suffering a collision is

PA→B = exp

[
−
∫ B

A

α(l) dl

]
≡ 1− γ, (4.3.3)
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where γ is the absorption probability and α the mean number of collisions per unit path length,
defined as

α =
1

va

[
ne 〈σeive〉va +

(
ni 〈σiivi〉va + 〈σCXvi〉va

)]
≈ ne 〈σeive〉

va
+ ni

(
σii + σCX

)
, (4.3.4)

where σCX, σei and σii are respectively the cross sections for charge exchange, ionisation by electron
and ion impact. Here the charge exchange process has to be considered also, as it replaces the fast
neutral by a slow, and from the diagnostic point of view, uninteresting neutral. Figure 3.3.1 shows
the reaction rates as a function of electron respectively ion temperature. The charge exchange
reaction is the most important fast neutral loss channel for ion temperatures below 10 keV. Note
that the neutral mean free path λ increases towards the periphery of the plasma as the ion density
ni decreases. The approximation of α made in eq.(4.3.4) is justified because the background
neutrals are much slower than the thermal electrons but usually significantly faster than the ion
thermal speed. It is clear that the electron impact ionisation plays a secondary role, at most at
low neutral velocities, due to the factor 1/va in eq.(4.3.4).
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Figure 4.3.1: Survival of neutrals on their journey towards the CNPA pinhole. The abscissae is the CNPA chord
length, with its origin coinciding with the CNPA port flange. The lower (upper) limits of the plot
match the outer (inner) vessel wall. The curves illustrate again the low density discharge #27182.
For each energy shown there are two curves, the upper (labelled with symbols) stands for deuterium,
the lower for hydrogen.

Figure 4.3.1a shows the attenuation factor α across a TCV poloidal cross section. The attenuation
length 1/α for a neutral of energy E = 5 keV traversing a plasma of density ne = 1019 m−3 is
0.2 m, about the minor radius of a TCV plasma. Figure 4.3.1b shows γ, i.e. the probability for a
neutral being absorbed before passing the CNPA gate valve and demonstrates that neutrals with
E . 1 keV are quite efficiently reabsorbed. The neutral flux collected by an NPA thus doesn’t
contain neutrals born in the plasma centre if the line integrated density 〈ne〉 =

∫
ne dl is too high.

On TCV the NPA cannot recover the centre ion temperature for 〈ne〉 & 5× 1019 m−2 (see section
4.9.3).
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4.3.2 CX spectrum and inference of the core ion temperature

The charge exchange induced production of fast neutral particles throughout the plasma with an
outward velocity vector gives rise to a particle flux leaving the plasma. The fraction of the emitted
particles detected by an NPA is obtained by integration of the local neutral emissivity over the
plasma volume seen by the detector, retaining only particles flying into the cone of acceptance of
the NPA.
If the detector solid angle Ω is small, the emissivity in a plane at a certain distance to the detector
is approximately constant and the integration is carried out along the detector central view line.
For an NPA with étendue AΩ, the neutrals of energies within the interval dE generate a neutral
flux per second (at the NPA entrance window)

F (E) dE = v2 dv AΩ

∫ ρa,LFS

−ρa,HFS

exp

[
−
∫ ρa,LFS

ρ

α(l) dl

]
S(ρ,v) dρ, (4.3.5)

where ρa,HFS and ρa,LFS are the normalised chamber wall radii at the high field and low field
side respectively. For NPA detector j with central channel energy Ej, channel energy window
width ∆Ej and detection efficiency µj the relationship between the flux and the Nj secondary
ions counted during a period of time ∆t is

F (Ej) =
Nj

∆t∆Ej µj
. (4.3.6)

From the point of view of the NPA diagnostician, as will be shown below, the charge exchange
spectrum G(E), is a far more useful quantity, as there is a simple relationship between G(E) and
the ion temperature of the diagnosed plasma. The charge exchange spectrum is defined as

G(E) =
F (E)

σCXE
. (4.3.7)

Indeed, if the velocity distribution function of the ions fi(E) is thermal, i.e.

fi(E) = ni

(
mi

2π Ti

)3/2

exp

(
−E
Ti

)
, (4.3.8)

meaning that an ion temperature Ti is well defined, the charge exchange spectrum, using eq.(4.3.1),
for a uniform plasma, may be written

G(E) = ni na
AΩ

(π Ti)3/2
√

2mi

exp

(
−E
Ti

)∫ ρa,LFS

−ρa,HFS

exp

[
−
∫ ρa,LFS

ρ

α(l) dl

]
dρ (4.3.9)

and, after differentiation of its logarithm with respect to the energy, one obtains

d

dE
ln |G| ≈ − 1

Ti
−
[∫ ρa,LFS

ρa,HFS

α(l) dl

]
d

dE
ln |α|. (4.3.10)

The last term is small and may be neglected, as α is largely governed by σCX, the latter being
weakly dependent on energy up to 20 keV (see again figure 3.3.1).
Eq.(4.3.10) shows that, in theory, the ion temperature may be obtained as the negative reciprocal
slope of a semi-logarithmic plot of the charge exchange spectrum versus energy, i.e. through

TNPA
i (E) ≡ −

(
d

dE
ln

∣∣∣∣
FNPA

CX (E)

σCX(E)E

∣∣∣∣
)−1

. (4.3.11)
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However, a more realistic plasma exhibits a temperature profile that is not spatially uniform and
the flux emanated at the cold edge would thus have a steeper slope on the plot than the contribu-
tion from the hot core. In steady state TCV discharges, without additional heating or diagnostic
beam injection, the plasma particle energy distribution functions are essentially Maxwellian(�),
eq.(4.3.8), with the ion temperature monotonically increasing towards the magnetic axis.
The slope of the measured charge exchange spectrum is representative for the plasma region
contributing most to the flux, weak contributions are obscured. To estimate the maximum con-
tribution to the flux the maximum of the integrand of eq.(4.3.5) has to be found. Differentiating
in respect to the radial coordinate ρ yields

α +
1

na

dna
dρ

+
1

na

dna
dρ

+

(
E

T 2
i

− 3

2Ti

)
dTi
dρ

= 0, (4.3.12)

where the contribution containing E is the most important if E � Ti. Roughly speaking, most of
the neutral flux is emitted in the region where the temperature profile is flat, that is the plasma
core. Another property of the charge exchange spectrum is that at a certain energy E, the absolute
value of the G(E) is not modified when the ion temperature changes. This energy is found by
differentiating eq.(4.3.9) with respect to Ti and setting the derivative equal to zero, giving E = 3

2
Ti.

This means that for energies above E the logarithmic slope of the charge exchange spectrum is
thus characteristic of the hottest temperature probed by the NPA chord.

4.3.3 Measured spectrum slope fit and accuracy of Ti(0) estimation

Figure 4.3.2a shows the CNPA charge exchange spectrum (hydrogen and deuterium detector array)
measured for discharge #27182.
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Figure 4.3.2: (a) CNPA charge exchange spectrum for discharge #27182, averaged over t = [0.95; 0.97] s (trian-
gles). The lower curve shows the hydrogen flux, the upper deuterium. The statistics of counted
particles in channels above 4 keV is insufficient, the events “one counted particle in the time interval
considered” are indicated by the discontinuous lines.
(b) Decomposition of the calculated charge exchange spectrum (upmost curve) into contributions
from distinct spatial regions. The calculation was performed with the KN1D code (section 4.2.1),
supplemented with the equations presented in section 4.3.2.

(�) For such distributions, neutral particles of a particular energy will originate from all plasma radii.
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Evidently, as the slope of the spectrum is not entirely linear, the inferred effective temperature will
depend on the particle energy considered; furthermore, the inferred ion temperature increases with
particle energy, suggesting that the more energetic neutrals are coming from the hotter plasma
regions. At lower energies the spectrum has a steeper slope, indicating a lower temperature. It is
the cold plasma edge, surrounded by plentiful neutrals, that contributes most to the flux at these
energies (section 4.5). The slope increase is partially compensated by the stronger attenuation
of low energy neutrals (figure 4.3.1). Nevertheless, TNPA

i (E) depends on the energy interval over
which the slope is measured that, in ohmic heated plasma discharges on TCV, may lead to
differences in the NPA effective ion temperature as high as ∼70 % between the slope obtained for
low, ∼2·Ti(0) and high, ∼8·Ti(0) neutral energies. In practice, the slope of the charge exchange
spectrum measured by the VNPA or CNPA on TCV is usually determined in the range

3 · Ti 6 E 6 10 · Ti. (4.3.13)

This is common practice of many tokamak NPA operators [147] and is justified by looking at
figure 4.3.2b, where the charge exchange spectrum was classified into individual contributions
originating from a set of spatial shells of the plasma volume. The extent of these shells correspond
to regions where the ion temperature decreases by 20 % each. The core temperature for this
discharge is Ti(0) = 350 eV (figure 4.2.2), Ti is therefore fitted from the slope of the CX spectrum
– according to eq.(4.3.13) – in the range E = [1; 3.5] keV. In this energy range the whole CX
spectrum correlates well with the spectrum of the flux contribution from the plasma core. For
Maxwellian velocity distribution functions, eq.(4.3.8), the CX flux falls off exponentially with
energy, hence the upper energy limit of eq.(4.3.13) takes into account the statistical dispersion of
the high energy neutrals, with the result that the charge exchange spectrum flattens (see figure
4.3.2a).
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Figure 4.3.3: (a) Error bars on the raw CNPA counts for discharge #27182. Shown is the relative error for the
low energy channels of hydrogen and deuterium for a single measurement (t = 0.96 s, vertically
oriented triangles) and if the detector pulses are summed up during 20 ms.
(b) Correction of the CNPA nominal channel energy at the example of hydrogen channel #2
(EcH = 1.1 keV). The true channel energy response (triangles) is obtained by convoluting the
charge exchange spectrum (circles) with the channel instrumental function (squares) and overall
detection efficiency (diamonds). The correction results in a channel centre energy lowered by ∼10 %.
The dependence of the detection efficiency is obtained by interpolation of µ between neighbouring
channels (figure 3.3.7b).
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The slope of the CX spectrum is determined by linear regression. As the ion temperature is often,
a priori, unknown, an iterative approach for the correct selection of the energy range according to
eq.(4.3.13) is adopted.

The straight-line fit is weighted by bi-dimensional uncertainties; these are

R σG: Charge-exchange interactions at the origin of the plasma emitted neutral flux occur at
an average rate given by the cross section and each interaction is independent of the others.
Such neutrals follow therefore a Poisson distribution. The statistical uncertainty on the
counts N is

σN =
1√
N
. (4.3.14)

The neutral count rate is usually high at low energies such that the Poisson distribution
converges nicely towards a Gaussian. For higher energies Poisson predicts events that are
much more likely than a Gaussian, high energy channels with low count rates may falsify
the temperature inference if they are given too much weight.

In figure 4.3.2a the dashed line indicates the charge exchange spectrum produced if each
detector of the CNPA would have recorded exactly 1 neutral during a period of 20 ms. Of
course there is no plasma that would correspond to such a spectrum, but this curve becomes
handy whenever the measured charge exchange spectrum drops below this limit. If this
happens the ion temperature is inferred only from channels lying above this limit. How this
works will be shown in section 4.4.

The vertical error bar of the charge exchange spectrum σG is dominated by eq.(4.3.14),
systematic errors (uncertainty of charge exchange cross section σCX, estimation of the NPA
solid angle Ω or detection efficiencies µ) play a minor role, even when σN is small). Figure
4.3.3a shows the statistical error of a single CNPA measurement and its reduction when
the charge exchange flux is averaged over a time window where the plasma conditions are
steady-state. These are the error bars drawn on the charge exchange spectrum in figure
4.3.2a.
The rate coefficients in the neutral attenuation calculation (section 4.3.1) are double poly-
nomial fits (depending on density and temperature) taken from [148].

R σE: The channel energy width ∆E of the lowest energy hydrogen detector (Ec
H = 500 eV)

of the CNPA is as large as 70 % of its central value. The minimum channel energy width is
more than 10 % (Ec

H = 50 keV). The channel instrumental function IF(E) were determined
using the in-situ alkali ion source (section 3.3.3.2). For a thermal plasma, as already men-
tioned, the number of particles entering the diagnostic aperture exponentially decreases with
energy, eq.(4.3.9). The maximum flux contribution in a detector therefore doesn’t normally
occur at the channel centre energy Ec, but somewhat below (above) for high (low) energies.
Figure 4.3.3b shows the convolution of the simulated particle flux of discharge #29769, ion
temperature Ti(0) = 600 eV, and the detection efficiency of hydrogen channel #2. The
nominal channel energies E are then corrected to correspond to the energy representing the
maximum particle influx to the detector. The error bar on that corrected energy is then
chosen to be σE = 5 % to reflect the channel’s energy acceptance range (but to a value lesser
than the lowest channel energy width). The correction depends on the individual channel’s
characteristics and the local ion temperature and generally lowers the inferred temperature
by less than 20 %.
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Following eq.(4.3.10), the straight line model to be fitted is

lnG(E) = lnG0 −
E

Ti
(4.3.15)

and the goodness-of-fit is checked through the χ2 merit function [149],

χ2(Ti) =
∑

m

(
G(m)−G0 +

E(m)

Ti

)2

σ2
G(m) +

(
σE(m)

Ti

)2 , (4.3.16)

with m the set of data points in agreement with eq.(4.3.13). The iterative code starts by fitting
the slope to the three lowest energy CNPA channels, the obtained temperature is then used to
reevaluate the energy interval according to eq.(4.3.13) and a new temperature is inferred from
that new energy range. This procedure iteratively increases the considered energy interval until
convergence of Ti towards a value compatible with eq.(4.3.13) is achieved. The procedure is similar
for the VNPA, where all measurements within the energy interval of interest are considered.
The code calculates the propagation of the vertical and horizontal error bars σG and σE into the
calculation of Ti (σTi) and the probability Q that a value of χ2 as poor as eq.(4.3.16) would occur
statistically [150].

Figure 4.3.4a shows the charge exchange spectrum measured with CNPA and VNPA for discharge
#29370, which was centred on both diagnostic view lines (the magnetic axis has the coordinates
R = 89 cm, z = −2 mm). To improve the particle statistics, the measurements were averaged
over 100 ms and the VNPA performed almost eight scans across the diagnosable energy range.
The electron density is also low, 〈ne〉 = 1× 1019 m−2, so the neutral attenuation in the plasma is
low and the neutral flux entering both NPA is strong. It is possible to deduce the ion temperature
from the hydrogen flux, whose concentration is only ∼10 % of the deuterium population. The
straight lines in the figure symbolise the energy interval, compatible with eq.(4.3.13), used for the
retrieval of the ion temperature on the magnetic axis. The three temperatures measured (see the
figure caption) agree within 5 %.

Figure 4.3.4b shows the time traces of the ion temperature obtained with the VNPA and CNPA
of a hot (Te ' 1 keV) low density discharge with strong EC heating. In this case, the neutral
fluencies are strong (low attenuation) and the ion temperature is low (only the low to intermedi-
ate energy channels are required for the CX spectrum slope fit), such that poor particle counting
statistics is not an issue.

NPA channels with events below the statistical confidence level or saturated by too many particles
(figure 3.3.7.a) are ignored. A calculation of Ti is not attempted unless at least three channels
satisfy these requirements. The question is now: Which statistical confidence level should be used?
An answer will be given with the experimental studies presented in the next section. Further
justification for the Ti inference rule, eq.(4.3.13), will be validated by statistical benchmarks, to
be discussed in section 4.9.4.
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Figure 4.3.4: (a) Charge exchange spectra measured with CNPA and VNPA for discharge #29370, averaged over
the steady-state plasma phase t = [550; 650] ms. The numbers refer to the CNPA array channels.
The straight lines indicate the fitted slope and the energy subinterval used for the calculation of
the core ion temperature. These are: VNPA, E = [1.61; 5.35] keV, Ti(0) = 535 ± 32 eV; CNPA,
hydrogen, E = [1.64; 4.01] keV, Ti(0) = 542 ± 26 eV; CNPA, deuterium, E = [1.58; 4.24] keV,
Ti(0) = 513± 6 eV. The broken lines indicate the “one count per integration period” event.
(b) Low density (1× 1019 m−2) high electron temperature (1 keV) discharge #34446. At t = 0.5 s
a total of 2 MW of electron cyclotron power is injected into the plasma, increasing to 2.5 MW from
1.1 s onwards. The plasma is vertically centered in the vessel up to 1.3 s and moves upwards later
on. Up to this time the temperatures measured by VNPA and CNPA are expected to agree.

4.4 Ion temperature profile reconstruction

4.4.1 Quasi multichord measurement by plasma displacement

The freedom of plasma shaping and placement inside the vessel of TCV may be exploited for
diagnostic purposes. In order to verify the assumptions that the charge exchange spectrum is
characteristic of the hottest temperature along the diagnostic view line (section 4.3.2) and that
this temperature is correctly derived from the spectrum energy range, eq.(4.3.13), the recovery of
the ion temperature profile in a moving plasma experiment was performed. This exercise will also
finalise the analysis of the minimum level of counting statistics required by the NPA measurement
for reliable retrieval of the core ion temperature (section 4.3.3).

First attempts to probe different regions of the plasma with the CNPA were aimed at reproducing
a discharge at different vertical positions inside the vessel. By displacing the plasma across the
CNPA line of sight a temperature profile was concatenated from multiple discharges [151]. The
plasma parameters of these shots have, however, proven not sufficiently reproducible. The ex-
ercise was successfully repeated by displacing the plasma configuration vertically during a single
discharge. The displacement of the magnetic axis was performed for a fixed plasma configuration
with stationary plasma parameters (elongation κ = 1.5, triangularity δ = 0.6) from z = 25 cm
down to the vessel midplane.
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Figure 4.4.1: Reconstruction of the poloidal topology of the magnetic flux surfaces for the vertically displaced
discharge #28690 (moving plasma experiment) for t = 0.1, 0.3, 0.6, 0.9, 1.2 and 1.55 s. The
horizontal line at z = 0 represents the view line of the CNPA, the minima of the normalised radius
ρ intercepted are drawn below the figure. The nested flux surfaces are depicted for ρ = 0.1. . . 1.0
(last closed flux surface, LCFS).

Figure 4.4.1 shows the poloidal cross section of TCV together with the reconstruction of the
magnetic topology by the LIUQE code. The minimum of the magnetic flux coordinate intercepted
by the view line of the CNPA decreases linearly from ρ = 0.8 @ t = 0.3 s to ρ = 0.2 @ t = 1.5 s. To
monitor the target plasmas constance, the vertical NPA monitored the core plasma temperature
taking advantage of its relative insensitivity to a vertical plasma displacement.
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Figure 4.4.2: (a) Time traces of central electron temperature derived from a reconstructed profile of the electron
temperature measured with Thomson Scattering (upper points) and the ion temperature derived
from the charge exchange flux measured by the VNPA, whose line of sight crosses almost the centre
of the plasma (lower points). The temperatures are constant from t = 0.4 s onwards.
(b) Time traces of line integrated electron density measured with the FIR (left axis) and deuterium
gas supply (right axis).
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The ion temperature from the VNPA is shown together with the central electron temperature
measured by the Thomson Scattering system in figure 4.4.2a. The temperatures Te(ρ=0) and
Ti(ρ≈0) are deemed sufficiently constant from t = 0.4 s onwards.

Figure 4.4.2b shows the thermal deuterium gas feed (toroidally φ = 45◦ from the CNPA, 112◦ from
the VNPA), injected from the top and the bottom of the plasma to maintain a constant electron
density. The measured electron density (line integrated FIR measurement, used for feedback of
the gas control) is also shown.

To exclude a possible perturbation of the NPA measurement by the strong neutral density sur-
rounding the plasma (section 4.2.1), the influence of the difference in instrument to plasma distance
(defined by the LCFS) for the two NPAs (which is less than 1 m for the CNPA but more than
4 m for the NPA) was investigated by horizontally shrinking a plasma configuration by several
centimetres in a separate experiment.
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Figure 4.4.3: Discharge #28177 and #28179, with the latter being displaced horizontally by 3 cm, illustrated
by the LCFS contours. Both plasmas have otherwise similar parameters (not shown). The CNPA
counting traces (on the right with the horizontal lines representing the average counts in the shown
time window) do not exhibit any difference between the two discharges, although the neutral par-
ticles have to traverse a dense cold neutral edge layer which has been enlarged by 25 % for the
second discharge. Only CNPA deuterium channels #2 to #6 are shown.

Figure 4.4.3 shows the LCFS of two plasmas (left), one has a LFS SOL path length of 4 cm along
the CNPA line of sight, the other of about 7 cm. Both plasma configurations are, otherwise,
identical. On the right the raw CNPA count rates (counts per 2.5 ms of counting) of some of
the lower deuterium energy channels are shown. Little change in the measured flux is observed
which implies that there is no significant particle absorption in the volume between the plasma
edge and the CNPA. The orientation of the view line is, however, found to be important since
neutrals created in the plasma core must traverse a longer distance within the plasma (especially
with high elongation) and scrape-off layer before entering the VNPA and are thus more strongly
attenuated than the neutral flux reaching the CNPA.
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Figure 4.4.4: (a) Time traces of the charge exchange flux for six of the lower energy CNPA deuterium channels.
(b) Time traces of the charge exchange flux within some narrow energy windows acquired by the
energy sweeping VNPA.

In the moving plasma experiment, discharge #28690, the CX fluxes measured by the CNPA
increase linearly in time for all energies for t > 0.4 s, see figure 4.4.4a, whereas the fluxes at the
energies fulfilling eq.(4.3.13), detected by the VNPA, are unchanged (figure 4.4.4b).
The CX spectrum, derived from the measured fluxes of figure 4.4.4a for the 9 lowest energy
deuterium channels, is shown in figure 4.4.5 at five different times (the straight lines show the
fitted slope for the temperature determination). The higher the analysed energy range, the hotter
the inferred temperature, which is thus concluded to correspond to the preponderance of a plasma
region closer to the plasma centre.
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Figure 4.4.5: Charge exchange spectra averaged over intervals of 50 ms for the time slices t = 0.4, 0.8, 1.1 and
1.5 s. The upper dotted line corresponds to a count rate of 25 counts per bin, the lower to one count
per bin. The straight lines show the channels retained in the calculation of Ti, the obtained values
are printed in the figure legend. The numbers in brackets label the CNPA deuterium channels.
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As the temperature of the hottest part of the plasma covered by the solid angle of the NPA is not
a priori known, the temperature was iteratively determined according to the procedure described
in the previous section. However, the restricted number of the fixed energy channels of the CNPA
require sometimes the inclusion (or not) of a channel outside but close to the interval defined by
eq.(4.3.13), especially when some of the included channels show saturation.
The neutral flux in ohmic discharges of higher densities is drastically reduced (section 4.3.1) and
the counting statistics of the high energy channels are poor. In such discharges, the ion temper-
ature is high (see section 4.10.2) and eq.(4.3.13) requires the ion temperature to be derived from
NPA channels of higher energy. Even for the low density discharge discussed here, if an impor-
tant number of ions with energy & 7 keV would be neutralised in the plasma, most must then
be reionised on their trajectory to the CNPA since the higher energy channels observe essentially
noise which is not statistically significant (large Poisson error). This was confirmed by a repetition
of the discharges with the NPA accelerator and deflector high voltage power supplies switched off
(to measure the noise background).
The statistical error of the counted neutrals in channels at the upper energy limit must be properly
assessed otherwise the measurement is worsened by the inclusion of those channels. The criteria
for selection (or not) of the high energy channels uses a time independent (but CX flux intensity
dependent) statistical argument to determine the ion energy range from which the ion temperature
is calculated. If too many high energy channels must be discarded the temperature inference is
abandoned.

The ion temperature was calculated for a range of counting statistics Υ =
∑

counts/∆t such that
the CX flux measured by the energy channels, whose counting rates exceeded this limit, were used
in the linear regression of the CX spectrum.
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Figure 4.4.6: After integration over time slices of 50 ms, the ion temperature was calculated from the CNPA
measurement. (a) shows the time trace of the temperature for Υ = 25 counts per time slice, in (b)
the temperature is plotted against the minimum of the intercepted ρ at every time slice, in order
to obtain a temperature profile. A smooth profile, fitted to the CNPA measurement and further
used in the simulations (section 4.2.1), is also shown.

For a counting limit of Υ = 25 counts per 50 ms, the obtained ion temperature trace is plotted in
figure 4.4.6a.

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL



page 88 Chapter 4: Thermal plasmas

The value of the obtained temperature is within a range of 3–10 times the particle energy of the CX
flux for the measurement, for the entire discharge. Figure 4.4.6b shows the ion temperature profile
obtained from plotting Ti against the minimum of ρ intercepted by the CNPA. The solid line in the
figure shows a weighted interpolation of the passive CNPA measurement (points) setting a zero
first derivative at the plasma centre. The final choice of the statistical limit, i.e. the limit that will
result in the best estimation of the temperature profile, was addressed by modelling the measured
charge exchange flux spectrum based on the interpolation of the recovered ion temperature profile
using the method described in section 4.2.1.

4.4.2 Modelling of the moving plasma experiment

Using the method described in sections 4.2.1 to 4.3.2, the CX flux in the moving plasma experiment
was modelled for the various ion temperature profiles calculated for different upper ion energy
limits, defined by levels of count rates ranging from Υ = 5 to 50 counts per 50 ms (section 4.4.1).
The simulated CX spectrum was then compared to the measured spectrum and characterised by
the figure of merit function X2 defined by

X2(m) =
m∑

k=1

(
Γsim(k)− Γexp(k)

)2

Γexp(k)
, (4.4.1)

summed to the m = 8th CNPA channel. The fit of the temperature profiles inferred from the
CNPA CX spectrum and the corresponding relative error between simulated and measured charge
exchange flux, defined by

δΓCX(i) =
Γsim(i)− Γexp(i)

Γexp(i)
, (4.4.2)

with i the CNPA channels, are shown in figure 4.4.7. Only channels with count rates higher than
the chosen Υ are shown.
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Figure 4.4.7: (a) Fit of the temperature profile reconstructed from the CNPA CX spectrum of the moving plasma
experiment (section 4.4.1, #28690) for different levels of the statistical limit Υ used to determine
the set of CNPA channels to derive the temperature from.
(b) Fit error δΓCX, eq.(4.4.2), between simulated and measured charge exchange flux spectrum for
the different temperatures shown in (a).
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The X2 defined in eq.(4.4.1) is shown in figure 4.4.8a. The best match between experiment and
simulation is achieved with a reconstructed temperature profile inferred from ion energies corre-
sponding to CNPA channels with count rates exceeding Υ = 25 counts per 50 ms. The simulated
and measured charge exchange spectrum for this statistical level is shown in figure 4.4.8b. The
agreement of the simulation with the measurement is surprisingly good, with a relative error
δΓCX .10 percent for the 8 lowermost deuterium energy channels over the complete CNPA!
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Figure 4.4.8: (a) Goodness of fit quantified by the X2, eq.(4.4.1). The model recovers the charge exchange flux
for a temperature profile calculated for ion energy count rates just above the statistical limit of Υ
= 25 counts/50 ms.
(b) Modelling of the charge exchange spectrum (continuous lines) with the upper energy limit Υ =
25 counts/50 ms.

4.5 Modelling of the neutral source energy distribution

In the moving plasma experiment (section 4.4.1), the ion temperature was inferred from the CNPA
CX spectrum at the energy of particles supposed to originate from the hottest region of the plasma.
Figure 4.3.2b, where the total charge exchange flux was separated into contributions from different
nested shells of the plasma column, has already demonstrated that the slope of the measured CX
spectrum is a reasonable approximation of the ion temperature in the plasma core.
This section explains how the birth place of the neutrals detected by the NPAs are recovered from
the model of the neutral source of the neutrals (section 4.2.1).

4.5.1 Place of birth

The primary place of birth, i.e. the dominant contribution to the flux of neutrals of energy E, is
given by the position of the maximum emissivity, eq.(4.3.1). The terms in this formula peak at
different radial positions: on the source side the neutral density (figure 4.2.2) and the charge ex-
change rate coefficient peak at the plasma edge (low particle energy), whereas the sinks, described
by the plasma attenuation coefficient α (figure 4.3.1a), increase towards the centre and decrease
in strength with particle energy.

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL



page 90 Chapter 4: Thermal plasmas

0 0.1 0.2 0.3 0.4 0.5
0

0.2

0.4

0.6

0.8

1

E = 50 keV

E = 5 keV

E = 500 eV

E = 50 eV

no
rm

al
is

ed
ne

ut
ra

le
m

is
si

vi
ty

ε
[n

or
m

.]

CNPA diagnostic chord coordinate s [m]

#27182, t = [0.95; 0.97] s, neutral source location

Figure 4.5.1: Normalised neutral deuterium (curves with symbols) and hydrogen emissivities ε (ρ,E) for arbitrar-
ily chosen neutral particle energies, plotted against the CNPA chord coordinate. The discontinuities
in the curves coincide with the magnetic axis. Discharge #27182, t = [0.95; 0.97] s.

The competition between particle sources and sinks leads to peaked emissivity profiles, whose
radial position maxima are a function of energy (shown in figure 4.5.1 for arbitrarily chosen
particle energies of discharge #27182) where the vertical scale of the plots was normalised to
facilitate comparison. Put simply, the hotter neutrals have a deeper place of origin. Even if,
locally, the ions D+ have a broad energy distribution, characterised by the local temperature, the
maxima of the neutral emissivities of the CNPA channel energies remain well separated in space
and may be used to determine the preferential radial origin of the detected particles. Figure 4.5.2a
plots the spacing ∆ρ of the channels with respect to their higher energy neighbour channel.
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Figure 4.5.2: (a) Neutral particle emission maxima are well separated in ρ. The separation is highest for the
lowest energy channels, the high energy channels cover the plasma centre. Discharge #27182, t =
[0.95; 0.97] s.
(b) The radial width of the emissivity peaks is maximum for intermediate energies, at the edge
the width is limited by the strong gradients of neutral atomic density and charge exchange rate
coefficients, in the centre of the plasma the emission is localised but also small.
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Increasing the plasma density leads to a displacement of the maxima away from the plasma centre.
The flatter the profile, the closer the peak separation and the wider they become, as shown in
figure 4.5.2b. The widths are largest for the intermediate channel energies (where the gradient of
the ion temperature profile is smallest).
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Figure 4.5.3: (a) Origin of maximum emissivity versus corrected CNPA channel energies for discharge #27182,
t = [0.95; 0.97] s, for hydrogen and deuterium. The maxima are fitted with weights given by the
radial width of the emissivity.
(b) CXRS carbon ion temperature measurements (t = 0.86 s) and corresponding fitted profiles.
CNPA/KN1D ion temperature profiles for hydrogen (red) and deuterium (blue) with radial coverage
of ρ = [0.15; 0.95] averaged over t = [0.95; 0.97] s.

4.5.2 Hydrogenic ion temperature profile

Using the deduced flux energy spectrum and the probable spatial origin (chosen to be the ra-
dial positions of the maxima of the neutral emissivities shown in figure 4.5.1), the energy of the
neutrals may be mapped into radial space, ρ = g(E), figure 4.5.3a. The simulated CX spectrum
of figure 4.3.2a is a smooth function, so the ion temperature from eq.(4.3.11) may be obtained
at every point on the curve. A hydrogenic ion temperature profile is obtained in the range ρ =
[0.15; 0.95] by plotting these values against the flux surface coordinate. Figure 4.5.3b shows the
profiles obtained for the hydrogen and deuterium isotopes, together with the CXRS measurement
at t ' 0.86 s. The fitted CXRS profile, used as input for the codes, is also shown. Excellent agree-
ment, within the error bars of deuterium and carbon ion temperatures, is found (as previously
described, the ions are thermalised for this scenario).

Figure 4.5.3b is taken as confirmation of the assumption that the NPA temperature inferred from
the CX spectrum at a particular energy E is equal to the value of the ion temperature profile at
the radial position contributing most particles to the CX flux of that energy E.
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4.6 Inversion of single chord NPA measurements

TCV ion temperature profiles are reasonably approximated using parabolic expressions. Using
functional expressions for the ion temperature in the neutral transport codes, the temperature
profile may be iteratively recovered by fitting the measured CX spectrum with a functional tem-
perature profile – without a priori knowledge of the ion temperature profile shape.

For this purpose, an initial temperature profile is constructed by

Ti(ρ) =
[
Ti(0)− Ti(1)

] (
1− ρ2

)κTi + Ti(1), (4.6.1)

where Ti(1) is the value of the ion temperature at the LCFS, Ti(0) is the central ion temperature
and κTi the peaking coefficient of the profile. For this procedure, Ti(0) is usually estimated from the
measured CX spectrum. This initial profile is then input to KN1D to calculate the neutral density
profile. The modelled charge exchange spectrum is calculated using eq.(4.3.1) to eq.(4.3.12) with
an unconstrained nonlinear optimisation of the functional ion temperature profile, eq.(4.6.1), based
on the Nelder-Mead simplex method in order to reproduce the measured spectrum. The deduced
temperature profile is then returned to the neutralisation codes and the procedure repeated with
the new neutral density profile until a convergent solution is found. Figure 4.6.1 illustrates the
results of this method for discharge #29769 employing KN1D. Plasma profiles are shown in figure
4.6.2.
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Figure 4.6.1: CNPA signal inversion using KN1D.
(a) Arbitrary initial guess of the ion temperature profile and subsequent iterations with parameters
giving the best interpolation of the measured CX spectrum. The legend indicates the core and edge
ion temperature, the last number is the profile peaking factor.
(b) Measured and iteratively improved approximation of the CX spectrum using the temperature
profiles shown in (a).

Starting with an initial (arbitrarily bad) guess profile of parameters Ti(0) = 400 eV, Ti(1) = 100
eV and κTi = 0.7, a convergent solution is found after only two iterations. The parameters of the
best fit profile are Ti(0) = 660 eV, Ti(1) = 100 eV and κTi = 1.3. For comparison, the measured
CXRS profile is shown. It should be recalled that the procedure described here is independent of
the knowledge of this profile! The solution is largely insensitive to the initial profile parameter
approximation. Convergence is often obtained within 1. . . 3 iterations.
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Figure 4.6.2: Measured electron density and temperature (Thomson scattering) as well as ion temperature
(CXRS) profiles for discharge #29769. The Thomson scattering measurements were made at t
= 1.02 s, the ion temperature was measured during a DNBI beam blip lasting from t = 1.04 to
1.06 s.

This exercise was also performed with the Monte Carlo code DOUBLE-TCV, to be described in
the next section. For this code, the numerical noise in the calculated neutral density limits the
convergence precision. Figure 4.6.3 shows an example of the temperature profile recovery using
the VNPA (the CNPA was not available for this discharge). However, the lack of a CXRS mea-
surement for this discharge doesn’t allow for a validation of the profile obtained.

The recovery of the central ion temperature is restricted to charge exchange spectra with sufficient
contributions from the centre of the plasma, i.e. with significant CX flux up to energies 10 · Ti(0).
If this condition is fulfilled, the central ion temperature is generally recovered to within .10 % of
the CXRS measured carbon ion temperature (for scenarios where agreement is to be expected, of
course).
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Figure 4.6.3: VNPA signal inversion using DOUBLE-TCV. (a) shows the temperature profile iteration, (b) the
corresponding CX spectra.
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4.7 2D neutral emissivity simulations

KN1D was designed to calculate the neutral particle penetration at the plasma edge. In section
4.2.1 it was shown how the neutral density profile is obtained requiring laborious multiple runs of
the code, especially when profiles along vertical directions are called for. Further, TCV plasmas
have a significant impurity content and multiple species have been modelled by individual runs
of KN1D. This is, however, only valid as a first approximation, as collisions between different
species are neglected. For TCV’s needs, a neutral transport code with the following additional
requirements was desirable:

R A correct 2D description of the plasma, with the ability to model the zoo of TCV plasma
shapes,

R the ability to describe a non-homogenous neutral density distribution in the SOL,

R the execution of simultaneous simulations of multiple plasma species (hydrogen, deuterium,
helium isotopes and impurity ions), especially the proper accounting of atomic processes
between particles of different species or isotopes,

R a description of neutrals injected by the DNBI,

R the ability to handle non-thermal particle distribution functions,

R the direct calculation of the fast neutral attenuation, including a direct modelling of the
NPA measurements and

R to avoid proprietary software (e.g. IDL).

4.7.1 Multi-species neutral transport modelling with DOUBLE-TCV

The neutral particle diagnostics group at the Ioffe institute offered an upgraded version of their
DOUBLE code [152–154], which was finally purchased and installed at CRPP. The DOUBLE-TCV
upgrade(�) included [155]:

R A re-implementation of the neutral distribution calculation using the Monte Carlo technique,

R an implementation of the focusing DNBI beam (equations of section 3.2.2), of circular shape
with a gaussian radial profile, including a calculation of the cold beam halo neutrals. The
true beam geometry (divergence, width, position, direction, focal length) is described and
up to three beam components (species, energy and equivalent current) may be specified,

R a description of a non-homogenous (but monoenergetic and isotropic) neutral distribution
surrounding the plasma column (density at the LCFS), the non-homogeneity may be ob-
tained for example from EIRENE [142],

R a definition of the real plasma geometry through a convex poloidal flux map (function of
vertical and horizontal coordinate), last closed flux surface (particle source location) and the
vessel first wall (particle recycling and refuelling),

R the treatment of mixed fuel plasmas, e.g. simultaneous simulation of two hydrogen isotopes
(out of H, D and T), one helium isotope (3He or 4He) and carbon 6C impurity,

(�) features implemented as of October 2006

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL



4.7. 2D neutral emissivity simulations page 95

R the inclusion of recombination neutrals and

R a description of plasma ions of arbitrary distribution (pitch angle and energy) to describe
suprathermal ion populations.
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Figure 4.7.1: Disposition of the neutral beam (DNBI) and diagnostics modelled with the DOUBLE-TCV code.
Beam and CNPA don’t intersect anymore since the displacement of the latter in 2007. The grey
area indicates the plasma volume covered by the simulation.

The output of the code are 2D neutral particle distributions in a poloidal plane and 1D neutral
density and emissivity profiles along the NPA view lines as well as charge exchange spectra as
measured by NPAs. DNBI and NPA chords are specified by a reference location, by toroidal and
poloidal orientation angles and need not be located in the same toroidal sector (TCV is divided
into 16 toroidal sectors, VNPA is located in sector 1, CNPA now in sector 10 and the DNBI
in sector 14, see figure 4.7.1). The code is written in Fortran 90 and presently runs on a IBM
eServer p5 with POWER5 processor running IBM AIX 5.3 and interfaces with Matlab and the
MDS database. Results are stored in a container in the self-describing Hierarchical Data Format
HDF5 [156].

With respect to KN1D, the DOUBLE-TCV code doesn’t model the molecular atomic processes
and elastic collisions at the plasma edge but these are not expected to strongly influence the fast
neutral particle emission (see section 4.7.3 below). Each bulk ionic plasma species is defined by its
density profile and an energy distribution in space and energy. Atomic reactions between particles
of different species or isotopes are considered. The impurity component is defined through a profile
of the effective charge, eq.(2.5.13), and does not contribute to the charge exchange flux, as this
contribution is negligible for particle energies below 500 keV. Only electron impact and ion impact
ionisation of carbon are implemented, the latter plays the role of a neutral hydrogen loss channel.
The plasma column is assumed to be surrounded by atomic gas only. The code launches a specified
number of particles from the LCFS. The particle starting points are uniformly distributed along
the plasma boundary, with varying weighting factor to address non-homogenous conditions. Each
particle trajectory is tracked until the particle hits the first wall or its weighting evolves to below
a certain threshold level.
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The contribution of recombination to the neutral density is calculated upon completion of the
tracking of the edge neutrals assuming a coronal model, e.g.

n0
x =

nen
i
x 〈σv〉rec

((
nix + niy

)
〈σv〉y→xCX + Σy

loss

)

nix 〈σv〉y→xCX Σx
loss + niy 〈σv〉x→yCX Σy

loss + Σx
lossΣ

y
loss

, (4.7.1)

where

Σloss =
∑

nσ v (4.7.2)

is the sum over all considered loss processes. x and y are the first and second hydrogen component
respectively. Equation eq.(4.7.1) is supplemented with a second equation of the same form, but x
and y permutated.

The computation domain of DOUBLE-TCV for the calculation of the wall neutral penetration is
2D in space, with rectangular particle cells filling the whole poloidal section of the vessel. The
obtained density is then virtually extended to 3D and superimposed by the beam particle cells
(which do not necessarily lie in a poloidal plane).

The beam particles are launched separately, once the wall particle penetration has been com-
pleted. For each tracked beam particle, the cloud of produced halos is evaluated immediately
after each propagation step. Simultaneous modelling of VNPA and CNPA fluxes in plasmas with
neutral beam require the particle cells to fill approximately a slice as large as φ = 90◦ of the torus
(grey shaded sector in figure 4.7.1). The initial particle integration step must be smaller than the
neutral mean free path. A typical code setup comprises a cell grid composed of 50 × 210 × 80
elements in radial, toroidal and vertical direction respectively. A reasonable setup of the number
of launched edge, beam and halo particles is typically 105, 103 and 10.

Figure 4.7.2 shows an example of the beam attenuation in the plasma. The plasma neutrals are
not shown on the contour plots. The FWHM of the beam profile is 10 cm at the magnetic axis.
The cold halos have a spatial distribution that is almost twice as large as the beam profile. In this
example, the beam was already attenuated by a factor of two at the plasma centre and the halo
driven density is almost as large as that of the beam and the maximum halo density occurs at the
intersection of beam and CNPA. This is beneficial for the active charge exchange measurements
(section 4.8). The statistical noise on the beam axis in the DOUBLE-TCV calculation results
from the small beam volume at the beam core.

4.7.2 Validation of beam neutral fuelling

The calculation of the spatial distribution of the diagnostic neutral beam with DOUBLE-TCV
was compared to the simple beam attenuation code BEAT expounded in section 3.2.2. The
halo calculation was switched-off in DOUBLE-TCV as BEAT doesn’t take them into account.
DOUBLE-TCV evaluates only three beam components, therefore the H2O+ component (contri-
bution of less than 2 % to the ion current) is reasonably neglected in BEAT.
The vertical grid size was refined to ∼1 cm and the number of launched wall and beam parti-
cles was one and two million respectively. The DOUBLE-TCV calculation was restricted to the
toroidal angle domain φ = [−45;−65]◦ to just cover the plasma region affected by beam particles.
The radial and vertical extent of the grid are not constrainable.
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Figure 4.7.2: Simulation of the plasma penetration of the diagnostic neutral beam with DOUBLE-TCV.
(a) and (b) show contour plots of the population of beam and halo particles in the vessel midplane
cells (vertical view). The straight lines indicate beam axis and its intersection with the CNPA view
line (setup prior to 2008). The blue background is delimiting the toroidal and radial extent of the
particle cells.
(c) and (d) show profile cuts of beam and halo particles at plasma entrance, exit and at beam focus
close to the torus axis.

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL



page 98 Chapter 4: Thermal plasmas

0

2

4

6

8

10

12

14

0

2

4

6

8

0

0.5

1

1.5

2

2.5

3

3.5

-0.1 0 0.1
0

0.5

1

1.5

2
all beam components

beam radius r [m]

E0/3half energy
be

am
ne

ut
ra

l
de

ns
it
y

pr
ofi

le
 n

(r
,R

)
[1

014
 m

−
3 ]

nominal energy E0

-0.1 0 0.1-0.1 0 0.1-0.1 0 0.1
beam radius r [m]beam radius r [m]beam radius r [m]

outer

axis

inner

Figure 4.7.3: Gaussian beam profile shapes before, at the plasma centre and after the plasma traversal. The
dashed lines are analytical calculations with BEAT, the solid curves are the numerical results
obtained with DOUBLE-TCV.

Figure 4.7.3 compares the projection of the gaussian beam density profile on the cylinder normal
surface (plane normal vector in radial direction) at the vessel entrance window (R = 1.136 m,
upmost), the beam focal point (R = 0.91 m, middle) and central solenoid wall (R = 0.634 m,
lowest curve) during an injected DNB beam blip at around t = 0.6 s of discharge #32460 ob-
tained from BEAT and DOUBLE-TCV. Full lines represent DOUBLE-TCV simulations, dotted
lines the analytical beam profile convoluted with the beam absorption probabilities (BEAT). The
beam nominal energy is 51.4 keV, the equivalent total current 3.67 A and the beam power fractions
of full, ½ and 1/3 energy component are respectively 38 %, 28 % and 32 %. The DNBI-CNPA
intersection major radius was R = 0.994 m. The beam setup in the codes corresponds to the
experimentally determined parameters of beam geometry, that is Abel inversion of lateral visible
imaging measurements with a web cam [157], current profile measurement with thermocouples
inside the calorimeter at the beam dump and spectroscopic Hα emission measurements after the
beam neutraliser to determine the beam composition, see section 3.2.2.

Discharge #32460 was performed shortly before the beam plasma RF generator [158] was replaced
by the arc-discharge source [159] (section 3.2). The old ion supply was replaced because most of
the extracted beam particles had one third of the nominal energy. Figure 4.7.4 compares the old
and new beam source, demonstrating that the new source has a nominal energy beam density
fraction exceeding 85 %.

Poloidal maps of total hydrogen neutral density distribution (beam and wall sources) at the
location of beam injection are shown in figure 4.7.5. The beam is clearly discernable on the
hydrogen background density. Note that the neutral density distribution outside the plasma is
not meaningful, DOUBLE-TCV ignores potential molecular and flow processes in the plasma
SOL.
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Figure 4.7.4: Peak beam density on the beam axis. (a) shows the beam condition with the RF plasma box for
discharge #32460, (b) with the new arc source for discharge #36000, demonstrating the improved
beam energy distribution. Shown are again calculations with BEAT and DOUBLE-TCV. Both
codes agree reasonably well.
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Figure 4.7.5: Neutral density distribution in a poloidal plane for the conditions of discharge #36000. The colour
bar scales with the logarithm of the neutral density (in m−3). The toroidal location shown (φ =
−56◦) coincides with the location of the DNBI. The left cross section shows deuterium, the right
hydrogen. The simulation includes 2’000’000 wall, 100’000 beam and 10 halo particles (per beam
particles). Particles were tracked down to densitites that were a factor 10−9 than the initial density.

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL



page 100 Chapter 4: Thermal plasmas

4.7.3 Comparison of DOUBLE-TCV and KN1D

In order to benchmark DOUBLE-TCV, both neutral transport codes were run for many thermal
discharges of TCV [160]. Each time, the atomic neutral density and energy at the LCFS, calculated
by KN1D, were taken by DOUBLE-TCV and both codes calculated the neutral density profile
along the vessel midplane against the same background plasma profiles. The edge neutral density
was taken to be uniform. High density discharges require KN1D to be executed with a larger
number of iterations of the calculation of the neutral distribution function to avoid the neutral
density to be truncated in the plasma centre. The number of launched particles in DOUBLE-
TCV requires a massive increase and the initial particle maximum attenuation has to be chosen
accordingly, otherwise the number of particles tracked down to the core was often too small. The
agreement is excellent with a discrepancy of neutral density in the core as low as a factor of 2. As
an example, figure 4.7.6 shows the neutral density profiles provided by KN1D and DOUBLE-TCV
for the moving plasma experiment (section 4.4), calculated along the view line of the CNPA.
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Figure 4.7.6: Simulated profiles of atomic hydrogen and deuterium for t = [1.50; 1.55] s of discharge #28690.
Comparison of results from DOUBLE-TCV and KN1D for identical situations. The profiles are
for the low field side of the plasma. The ratio between the hydrogenic isotope densities is ∼2 %.

4.8 Active charge exchange measurements

At the beginning of the 1960s, neutral beams injected into plasmas were first used to measure
the electron line density [161] where the beam shine-through was compared to the beam intensity
before entering the plasma. The first application of a beam for the local measurement of the ion
temperature was obtained on the Russian T-6 tokamak in 1973 [162]. In this technique a diagnostic
neutral beam is used to dope the plasma locally with a time-modulated neutral density. The
doping gives rise to a modulation in the neutral flux at the analyser, resulting from the increment
in charge exchange production at the point in the plasma along the detector sight-line where
it crosses the doping beam path. The slope of the measured charge exchange flux spectrum is
then characteristic of the temperature at that position and hence a local measurement. The local
character of the measurement is maximised by a narrow neutral beam width, a low NPA acceptance
and a perpendicular crossing of beam and NPA directions. Many fusion devices (e.g. TFTR [163],
Alcator C-Mod [164], HT-7 [165], TJ-II [166]) have been equipped with such an active charge
exchange diagnostic setups.
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4.8.1 Benefits from active charge exchange on TCV

Although TCV features a diagnostic beam (section 3.2.1) and a CNPA intersecting its beam path
until 2007, the active charge exchange measurement is not local. The reason for this is the flat
incidence (about 10◦ only) of the directions of beam and CNPA (figure 4.8.1). As a result the
active volume for beam charge exchange extends almost through the whole plasma column and
the measurement is mostly global (figure 4.7.2).

CNPA

DNBI beam duct midplane 
port

magnetic
axis

Figure 4.8.1: Setup for active charge exchange measurements on TCV. From 2004–2007 the CNPA was inter-
secting the DNBI. The position shown corresponds to the minimum angle of intersection between
beam and CNPA view line, such that the intersection with the beam axis is located at the inner
wall. The CNPA may be slightly turned on its table, the maximum major radius of intersection
accessible is approximately R = 1 m.

Figure 4.8.2a shows active and passive charge exchange spectra measured by VNPA and CNPA
averaged over periods of 20 ms before and during a neutral beam blip, discharge #27094, 〈ne〉 =
2 × 1019 m2, Te(0) = 900 eV, figure 4.8.2b shows the corresponding ion temperature profile ob-
tained with the CXRS diagnostic.

The DNBI mostly injects hydrogen, a fraction of the injected neutrals get ionised in the plasma
(section 6.5.1) and these beam deposited particles strongly perturb the charge exchange spectra
measured by the hydrogen array of the CNPA, impeding a core ion temperature measurement.
On the other hand the deuterium neutral flux registered by the CNPA is enhanced by approx-
imately an order of magnitude, depending on the electron density. This flux increase is due to
charge exchange between beam hydrogen and plasma deuterium ions. The VNPA doesn’t gain
from the beam doping as its line of sight doesn’t intersect the beam. However the beam deposited
ions, following their orbits, occasionally get neutralised in front of the VNPA and pollute the high
energy tail of the charge exchange spectrum, though the perturbation is less pronounced than on
the CNPA (as the hydrogen contribution is masked by the stronger superimposed deuterium flux).

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL



page 102 Chapter 4: Thermal plasmas

0 1 2 3 4 5 6 7
1024

1026

1028

1030

1032

(9)

(8)
(7)

(6)(5)
(4)

(3)
(2)

(1)

#27094, active and passive charge exchange spectra
ch

ar
ge

ex
ch

an
ge

sp
ec

tr
um

[m
−

2
eV
−

1
s−

1
]

neutral particle energy E [keV]

VNPA, H+D, act.
CNPA, D, active
CNPA, H, active

VNPA, H+D, pass.
CNPA, D, passive
CNPA, H, passive.

(a) Active charge exchange spectrum

0 0.2 0.4 0.6 0.8 1
0

200

400

600

interpos fit
CXRS data

#27094, t = [1.22; 1.24] s, CX recombination spectroscopy

C
X

R
S

io
n

te
m

pe
ra

tu
re

T
i
[e

V
]

normalised radius ρ

(b) CXRS ion temperature profile

Figure 4.8.2: Illustration of global charge exchange measurements on TCV. (a) depicts the NPA charge ex-
change spectra during a passive (averaged over t = [1.19; 1.2] s) and an active (averaged over
t = [1.23; 1.24] s) charge exchange phase. The fitted slope (during the active phase, see the straight
line) indicates a core deuterium temperature of 618± 12 eV, in agreement with the peak ion tem-
perature profile measured with the CXRS diagnostic (b).

Nevertheless the measured charge exchange spectrum is still slightly curved, due to the non-locality
of the measurement. Anyway, the increased flux permits improved statistics for the temperature
inference and extends the range of diagnosable core ion temperatures to ∼20 % higher electron
densities in respect to the density limit of passive charge exchange. As shown in figure 4.8.2a,
the charge exchange spectrum is noisier without the additional neutrals from the beam, the core
ion temperature is only reliably determined during the beam blip and agrees well with the CXRS
value: Ti(0)CXRS = 620±60 eV, Ti(0)CNPA = 618±12 eV. The rather large error bar on the CXRS
measurement results from a low recombination light yield.

The constructive constraints of the TCV vessel would actually allow to perpendicularly intersect
a horizontal beam with a vertical NPA if installed in the same toroidal sector, but the availability
of free ports on TCV in the past years has not (yet?!) permitted such a layout.

4.8.2 NPA absolute calibration

The NPA measurement scales linearly with the background neutral densities and the absolute
profiles might thus be determined if the NPA is absolutely calibrated.

4.8.2.1 VNPA calibration against neutral pressure gauge

An absolute calibration of the VNPA was not accomplished in the past, although the stripping
gas pressure is kept fairly constant (typically 4 × 10−4 mbar), such that the calibration should
not evolve in time. A relative calibration is effectively achieved with every discharge diagnosed
in sweep mode, as the channel overlapping is typically 50. . . 70 % of the energy swept by each
channel. The measurement of the edge neutral pressure, as described in section 4.1.3 (figure 4.1.2),
was used to model the absolute neutral density profile (with KN1D, figure 4.2.1).
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The measured VNPA neutral flux spectrum was then scaled to agree with the modelled spectrum,
both are shown in figure 4.8.3. All data derived from VNPA measurements shown in this thesis
is scaled in this way.

#20557, t = [0.65; 0.75] s, VNPA flux

Figure 4.8.3: Calibrated energy spectrum of the neutral flux measured with the VNPA (squares) and its simula-
tion using KN1D. The KN1D result is absolutely scaled by the neutral pressure measured with the
fast pressure gauge. The VNPA measurement was then scaled to reproduce the modelled neutral
particle measurement in the statistically relevant energy range.

The gauge pressure measurement is expected to be close to the background vessel pressure. How-
ever, the uncertainties in the measurement technique are quite large and there may be large
variations of the neutral pressure in the periphery due to the wall geometry, local pumping points,
local gas injection and SOL gas fluxes (the gauge is in sector 3, the VNPA in sector 1). The
unavailable measurement of the isotopic composition of the plasma (before the CNPA became
available, see section 4.9.6.1) further complicates the unbundling of contributions form hydrogen
and deuterium to the measured flux.

4.8.2.2 CNPA calibration using the diagnostic beam

Prior to delivery, the CNPA manufacturer characterised the detector response using a mono-
energetic particle beam providing calibration coefficients (detection efficiency, energy instrumental
function). Provided that the geometrical parameters (diagnostic alignment and solid angle) are
known with sufficient precision, the CNPA is therefore absolutely calibrated. However, the coef-
ficients for channels with energy above 30 keV were not determined experimentally (restriction
on the manufacturers beam energy) and were estimated by modelling the ion trajectories in the
dispersion element. An in-situ absolute calibration on the tokamak was therefore most welcome.
When the CNPA was installed the neutral pressure gauge had ceased operation. But the intersec-
tion of CNPA and DNBI path allowed for a new calibration based on the beam modulated increase
of the charge exchange targets. For this purpose, both NPA were simultaneously modelled with
the DOUBLE-TCV code for a phase without and a phase with DNBI. Figure 4.8.4 shows the ex-
cellent results, for the hydrogen (left) and deuterium (middle) arrays of the CNPA and the VNPA
(right). The modelling took all available experimental data into account, i.e. Te(ρ) from Thomson
scattering, Ti(ρ) from CXRS, ne(ρ) SVD-I reconstructed from the FIR, average Zeff from conduc-
tivity measurements and the neutral edge densities were adjusted to achieve agreement with the
NPA measurements.
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The VNPA measurement was modelled by the sum of the hydrogen and deuterium flux using the
previously determined calibration coefficients (see preceding section). The ion temperature profile
and the density of the neutrals surrounding the plasma before and during the beam blip were
assumed to be the same. The wall particle energy was taken E0(a) = 2 eV. The beam energy was
50 keV.
Note again that the ionised beam hydrogen is visible on the VNPA and the CNPA hydrogen array.
Proper modelling of the neutral flux due to the beam ions would require the calculation of the
(magnetically confined) ion orbits in the whole plasma torus (including all probable orbit loss
mechanisms). The computational investment for such an analysis would be disproportionate and
the corresponding calculations are thus not implemented in DOUBLE-TCV.
The two VNPA spectra overlap well, confirming the assumptions that the wall particle pressure and
the plasma ion temperature do not considerably change between the two time intervals considered.

The same exercise of the NPA calibration with the beam was successfully repeated for various
historical setups of the DNBI (e.g. also with the new ion optical system installed in 2007–2008) and
the absolute beam neutral source simulations were always consistent with the NPA and CXRS
(recombination luminosity) measurements. The conclusion from what has been shown in this
section is that the description of the DNBI beam is correctly implemented in DOUBLE-TCV and
is considered as confirmation of an acceptable absolute calibration of VNPA and CNPA.

4.9 Diagnosis of thermalised ion populations in steady-

state inductive discharges

Thus far the ion temperatures of various ionic species have been compared numerous times and
their agreement was generally noted. This section recapitulates, after all, the reasons why.

4.9.1 Relaxation processes

The long-range Coulomb forces induce frequent elastic collisions between the charged particles of a
strongly ionised plasma. Collisions are responsible for the loss or transfer of energy or momentum
among the charged particle species of a plasma and are responsible for the isotropisation and
thermalisation of particle populations. The rate at which a collision produces a certain effect
(e.g. energy transfer) is commonly obtained by considering a succession of frequent small angle
two-body collisions and by integration over all possible collision impact parameters [167]. An
effective collision frequency for the loss of kinetic energy E from projectile particle species j with
velocity vj on target particles at rest of species k may be defined as
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An average collision frequency for a population of particles of a certain velocity distribution is
then obtained by integration of eq.(4.9.1) over the distribution function of the projectile particles.
For the case of energy transfer from electrons to ions, this becomes
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2 dv =
2

3

√
2

π
ni
Z2 e4 ln Λ

4π ε2
0

√
me

mi T
3/2
e

. (4.9.2)

Figure 4.9.1 summarises the hierarchy of the characteristic time scales τ = ν−1 for the isotropisa-
tion (momentum transfer) and thermalisation (energy transfer) for ions and electrons.

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL



page 106 Chapter 4: Thermal plasmas

∼


mi

me
∼


mi

me

τ e/i
p τ e/e

p τ i/i
p τ

e/i
E τ i/e

p = mi

me
τ e/i
p


τ

e/e
E = 1√

2
τ e/i
p τ

i/i
E =


mi

me
τ e/i
p τ

i/e
E = mi

2me
τ e/i
p

(a) (b) (c)



time

≈ ≈

Figure 4.9.1: Characteristic time scales for momentum (τp) and energy exchange (τE) in terms of the fastest
collision process (τe/ip ). There are three classes of time scales at play: (a) electrons lose momentum
on ions and other electrons, electrons lose energy on other electrons (electrons become Maxwellian),
(b) ions lose momentum and energy on other ions (ions become Maxwellian) and (c) electrons and
ions reach thermal equilibrium.

The following three time scales are distinguishable:

a.) the electrons loose momentum first on the ions, then energy and momentum on other electrons.
For example, for an ohmically heated low density deuterium TCV plasma, ne(0) = 1 ×
1019 m−3, Te(0) = 1 keV, Ti(0) = 500 eV, τ e/e = 60 µs. The electron population is rapidly
thermalised.

b.) A time of the order ∼
√

mi
me

later, ions have thermalised. For the example above, this happened

after τ i/i = 1 ms. That is, particles of the same species have reached thermal equilibrium,
but Te 6= Ti yet.

c.) Only a time again∼
√

mi
me

later, electrons and ions have thermalised Te = Ti. The equipartition

of the energy between electrons and ions would take more than τ
e/i
E = 120 ms for the plasma

considered.

However, tokamak plasma confinement is not perfect and losses (by transport or radiation) may
occur on time scales comparable or faster to those of collisional processes. An energy confinement
time is commonly defined by the balance between energy input and losses to a certain species.
The plasma heating schemes on TCV (inductive or injection of electron cyclotron waves) primarily
heat the electrons only.

The energy of the electron population,

Ee =
3

2

∫
neTe dV, (4.9.3)

varies as

dEe
dt

= POH + PECH −
We

τ eE
, (4.9.4)

where POH and PECH are the ohmic and electron cyclotron wave heating powers respectively and
τ eE is the electron energy confinement time.
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Figure 4.9.2: (a) Electron–ion equipartition power for TCV plasmas (symbols) as a function of the core electron
density. The ion temperature was obtained with the CNPA, the electron temperature and density
were extrapolated from profile fits to Thomson scattering data. The legend labels the values of the
fraction in eq.(4.9.8). The solid curves represent robust quadratic fits of the data.
(b) Relative fit error δΓCX for deuterium. The best fit is obtained for Ti = TCXRS

iC . The linearity
the charge exchange spectrum with particle edge density p(a) is demonstrated with KN1D runs
with the edge pressure modified by ± 30%. The influence of the ion temperature on the slope of
the mismatch as function of particle energy is also shown (Ti ± 5%).

Ions gain energy through collisions with the electrons, the balance of the ion energy is written

dEi
dt

= Pei −
Ei
τ iE
, (4.9.5)

where Pei is the equipartition power between electrons and ions, defined as

Pei =
3

2

∫
ni

dTi
dt

dV (4.9.6)

and τ iE is the ion energy confinement time. Using the equipartition time τ
e/i
E = 1/ν

e/i
E defined in

eq.(4.9.1), the increase in ion temperature may be written as

dTi
dt

=
Te − Ti
τ
e/i
E

. (4.9.7)

Eq.(4.9.6) depends therefore strongly on electron density and temperature, namely

Pei ∝ n2
e

Te − Ti
T

3/2
e

, (4.9.8)

illustrated in figure 4.9.2a.

The energy losses of electrons and ions are phenomenologically characterised by energy confine-
ment times τ eE and τ iE. They are defined by eq.(4.9.4) and eq.(4.9.5) by setting dEi

dt
= 0. For

typical TCV plasmas τ eE is of the order of 10 ms, τ iE ∼100 ms.

To summarise, the energy time scale ordering of TCV plasmas is as follows:

τ
e/e
E < τ

i/i
E < τ eE < τ iE ' τ

e/i
E (4.9.9)
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This in turn implies that

R ions equilibrate their energy more than 100 times faster than they are heated by collisions
with the electrons. The ion temperatures of the various ion species (essentially hydrogen,
deuterium, carbon) in TCV plasmas are therefore expected to be thermalised among them-
selves, e.g. TH

i = TD
i = TC

i . Measurements with diagnostics measuring the temperature of
different ion species confirm this (see the following sections).

R At low densities, the energy confinement time of ions is of the order or less than the electron–
ion equipartition time and the equipartition power is low and electrons and ions are not
expected to have time to thermalise.

R τ
e/i
E decreases and Pei increases with density, their heating rate exceeds the loss rate and
Te = Ti may be achieved (section 4.9.4). Note that burning plasmas (e.g. ITER) or neutral
beam/ICRF heated plasmas (e.g. JET) generally have Ti > Te.

4.9.2 Validation of the NPA against the CXRS temperature profile

So far it was shown that the ion temperature profile inferred from the CNPA CX spectrum agrees
with the integrated model of neutrals in the plasma. We now compare the hydrogenic ion temper-
ature profiles to a simulation obtained with profiles of the carbon ion temperature measured with
charge exchange recombination spectroscopy. The comparison was thus made with a stationary,
ohmically heated discharge (shot #27182) at z ' 0 featuring a high-quality CXRS measurement
and a strong passive charge exchange flux. The constancy of the plasma parameters permitted a
reduction of the Poisson statistical error by integrating the CNPA signals over several tens of mil-
liseconds, obtaining error bars below ∼10 %, even for higher particle energies (see figure 4.3.3a).
TCXRS
i was measured at t ≈ 0.95 s, close to the time interval selected for averaging the CNPA

signals in order to keep the temperature measurements comparable, but sufficiently delayed from
neutral injection to allow the injected hydrogen beam particles decelerate to thermal velocities.

The profiles used in the neutralisation codes are shown in figure 4.2.2. For the ion temperature,
the experimental profile from CXRS was directly used in the codes this time. For the analysis
of time intervals far from a CXRS measurement, a small ion temperature scaling factor, close to
1, and constant over the radial profile, accounts for the possibility of having TC

i 6= TD
i or the

heating or cooling of the plasma in respect with the CXRS measurement and may thus improve
the agreement of the simulation with the experiment over the considered time interval.

The effect of a small ±5 % change of TD
i with respect to TC

i in the simulation is illustrated in
figure 4.9.2b (2, �), showing the relative error δΓCX, eq.(4.4.2), between simulated and measured
neutral flux ΓCX. The figure shows deuterium channels #1 to #7 (E = 500. . . 5’000 eV) where
the statistical Poisson uncertainty of the averaged CNPA signals, shown in figure 4.3.3a, is below
∼20 %. Ion temperature changes lead to a positive (negative) slope in the relative error δΓCX

when the temperature is increased (decreased).

The best agreement with the CNPA measurement was obtained by setting T code
i = TCXRS

i . The
modelled charge exchange spectrum was already shown in figure 4.3.2a (solid lines). For the
shown energy interval, the simulation recovers the experimental charge exchange flux again with
a mismatch .10 %.
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Figure 4.9.3: (a) Charge exchange spectrum of the high density discharge #33433 with Ti(0) = 750 eV. Flux
components with energies above 4 keV are statistically irrelevant and the core temperature is not
retrievable, as this would require to fit the slope of the spectrum at energies up to 7.5 keV.
(b) Ratio of CNPA and CXRS temperature as a function of line integrated electron density. The
absorption of core neutrals during their journey towards the CNPA increases with density, but this
has no influence on the correct ion temperature calculation.

The quality of the agreement between simulation and experiment vindicates the model presented
in section 4.2.1 and implies that the deuterium and carbon ion temperatures are essentially the
same, which is to be expected since the ion thermalisation time is ∼0.5 ms for these plasma con-
ditions (incidentally also vindicating the use of the CXRS profile from carbon as the hydrogenic
ion temperature in the simulation).
To demonstrate the charge exchange flux linearity and solution sensitivity to neutral wall pa-
rameter changes, figure 4.9.2b illustrates further code simulations with the same conditions but
pD0

2
(r=a) modified by 30 % respectively.

4.9.3 Density limit for neutral particle analysis

Any comparison of the measurement of a plasma physics parameter obtained with different ex-
perimental techniques must deal with the limitations of applicability of the latter. Table 3.2
summarised the capabilities of CXRS and NPA for the central Ti measurement in terms of den-
sity. The quite low density limit of the VNPA is explained by the long path that core neutral
particles must cover inside the plasma to reach the diagnostic. Figure 4.8.3 illustrates a spectrum,
although averaged over 100 ms, with the statistical limit lying below the energy necessary to fit
the core ion temperature. Things are less strict with the CNPA, where this limit now extends to
ne(0) 6 6× 1019 m−3. Active charge exchange measurements extend its operational domain even
to ne(0) 6 8× 1019 m−3. Figure 4.9.3a shows the charge exchange spectrum for a discharge with
ne(0) ' 1.7 × 1020 m−3, close to the highest density achievable on TCV. The ion temperature
is expected to approximate 750 eV but the CNPA records only neutrals up to energies half the
energy necessary to successfully infer the temperature from the spectrum.
As the CXRS diagnostic nowadays has a similar high density limit, ne(0) 6 8 × 1019 m−3, the
following analysis is naturally limited to a comparison of many discharges at low and intermediate
densities.
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4.9.4 Statistical benchmark of CXRS and CNPA Ti measurement

To further justify the energy range for the temperature inference from the charge exchange spec-
trum, the CXRS ion temperature measurement made during ∼2500 hydrogen DNBI beam blips
extended over the last four years of TCV operation (2005–2008) were compared to the core ion
temperature derived from the CNPA charge exchange spectrum.

CNPA and CXRS signals were both integrated over the whole DNBI beam pulse length. Figure
4.9.4a shows the excellent agreement of the ion temperature measurement, over a wide range of
ion temperatures. Most of these measurements represent steady-state plasma phases. All the ion
populations, hydrogen, deuterium and carbon are strictly heated by collisions with electrons and
are thus expected to be thermalised with each other (section 4.9.1).
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Figure 4.9.4: Benchmark of CXRS and CNPA core ion temperature measurements.
(a) compiles 2500 measurements made from TCV experiment #27053 to #34972 and demonstrates
the agreement between the two diagnostics.
(b) shows the distribution of the mismatch between the two diagnostics.

For CXRS, the central ion temperature was extrapolated from an interpolated profile if a believ-
able measurement at ρ = 0.2 or below was available. The core ion temperature was determined
from the CNPA measurement according to eq.(4.3.13). All possible TCV scenarios are repre-
sented, as long as the bulk ion temperature was determinable with the CNPA (e.g. in absence of
suprathermal ion species, see section 6.1).
Figure 4.9.4b illustrates the histogram to the ratio of CNPA to CXRS temperature, 90 % of the
measurements give values in agreement to within 10 % !

Figure 4.9.3b shows the ratio of the ion temperatures as a function of electron density, demonstrat-
ing that NPA may correctly determine the core ion temperature for low and mid range electron
densities (remember, this is active charge exchange).

Figure 4.9.5b illustrates the typical agreement of the CXRS and CNPA ion temperature measure-
ment within a single discharge (for the density ramp of experiment #30556, figure 4.9.5a).
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Figure 4.9.5: Comparison of Ti measurement with CNPA and CXRS diagnostics (discharge #30556).
(a) The electron density keeps increasing from 〈ne〉 = 1× 1019 m−2 @ 0.4 s to 〈ne〉 = 4× 1019 m−2

@ 1 s, the electron temperature is high and slightly decreases during the plasma lifetime.
(b) Ion temperatures ramp measurement. The hydrogen flux is very weak, its intensity is only suffi-
cient for the temperature calculation at the beginning of the discharge. The deuterium temperature
is calculated every 5 ms, independently of the hydrogen beam blips.

0 0.8 1.2 1.6

200

400

600

800

CXRS
NEUT
VNPA, H+D

co
re

io
n

te
m

pe
ra

tu
re

T
i(

0)
[e

V
]

time t [s]

#22212, ion temperatures

0.4 2

(a) #22212

0 0.4 0.8 1.2 1.6

200

400

600

800

CXRS
NEUT
VNPA, H+D
CNPA, D

co
re

io
n

te
m

pe
ra

tu
re

T
i(

0)
[e

V
]

time t [s]

#34512, ion temperatures

2

(b) #34512

Figure 4.9.6: Comparison of Ti measurement with CNPA and CXRS diagnostics.
(a) limited discharge #22212, Te(0) = 1.1 keV, 〈ne〉 = 2.5 × 1019 m−2. The CNPA was not yet
available, Ti is too high to be calculated from the VNPA during the flattop.
(b) diverted, single upper null discharge #34512, Te(0) = 800 eV, 〈ne〉 = 2.0 × 1019 m−2. Good
neutron statistics is only available at the beginning and at the end of the discharge, where the
density peaks to 〈ne〉 = 3× 1019 m−2. The CNPA measures the ion heating by the beam.
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Figure 4.9.7: Ion heating during DNBI beam blips. The DNBI trace corresponds to the neutral current (arbitrary
units). Due to the beam deposited ions the plasma temperature (deuterium is shown here) increases
by approximately 10 %. Discharge #27504, Te(0) = 650 eV, 〈ne〉 = 4× 1019 m−2.

4.9.5 Overall comparison of ion diagnostics in thermal plasmas

The third type of ion temperature measurement on TCV, the neutron detector, gives reliable
estimations for Ti(0) at high ion temperatures (where the fusion reactivity strongly increases) and
the neutron statistics increases with the square of the deuterium ion density (section 3.5). High
thermal ion temperatures are only attainable at high electron density on TCV (section 4.10.2).
The neutron detector is namely used to estimate Ti(0) at high density, where the exploitation of
NPA and CXRS are not suitable. At intermediate densities, none of the diagnostics perform well
but such plasmas are interesting as a comparison of diagnostic methods.

Figure 4.9.6 shows two examples of ion temperature traces obtained with neutron detector, CXRS
and CNPA. The first was calibrated in 1997, discharge #22212 (figure 4.9.6a) was obtained five
years, discharge #34512 (figure 4.9.6b) ten years after the calibration. The calibration seems not
to have evolved with time. The ‘neutron’ ion temperature was calculated using the ion tempera-
ture profile shape measured by CXRS, but not its absolute value.

During DNBI beam blips a small fraction of the neutrals are ionised. These ions transfer most
of their energy to the electrons during their slowing down. The energy directly transferred to
the plasma ions results in an increase of the hydrogenic ion temperature of less than ten percent
(confirmed by modelling of the CNPA hydrogen charge exchange spectrum before and during a
beam blip). This value is within the typical error bars of the CXRS measurement. This effect is
seen in figure 4.9.6b and shown in greater detail in figure 4.9.7.
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4.9.6 Ion and neutral density profiles

4.9.6.1 Experimental determination of the isotopic composition

The experimental assessment of the isotopic composition of the bulk plasma is still lacking on
many tokamaks, although it is required for the analysis of many aspects of tokamak physics, es-
pecially transport issues. Recent experiments with trace isotopes (tritium at JET [168]) made
high demands on exact measurement of the isotope concentrations. Isotope monitoring will be
indispensable in burning mixed fuel plasma operation, like in ITER. New NPA monitoring multi-
ple plasma ion species were developed, like the isotope separator (ISEP), which has successfully
measured the three hydrogenic isotopes, again on JET [169].

On TCV the radial profile of the fuel isotopic composition is obtained from the CNPA hydrogen
and deuterium efflux measurements using the relation between particle energy and position of
maximum emissivity, as discussed in section 4.5.2. The particle flux of species j, eq.(4.3.5),
approximated by considering only the contribution from the maximum emissivity x0, may be
written

Γj(E) = γj(E)

∫ a

−a
n0(x)

〈
σv0

j

〉
CX

(E) f ij(x,E) δ(x− x0) dx =

γj(E)n0(x0)
〈
σv0

j

〉
CX

(E)

∫ a

−a
f ij(x,E) dx = γj(E)n0(x0)

〈
σv0

j

〉
CX

(E)nij(E), (4.9.10)

where the fast neutral attenuation, eq.(4.3.4), appearing in the emissivity function, eq.(4.3.1), is
approximated by a transmission coefficient evaluated at x0, e.g.

γj = exp

(
−
∫ a

x0

αj(l) dl

)
. (4.9.11)

In the energy range below 10 keV the charge exchange rate coefficient is flat (figure 3.3.1) and is
species independent.

From the ratio of the neutral fluxes, measured at the same energy for species j and k, the isotopic
composition is then derived through

nj
nk

=
mj

mk

Γj
Γk

γk
γj

(4.9.12)

and the factor involving the masses comes from the comparison of the two fluxes at the same
energy (vj = mk

mj
vk).

For hydrogen and deuterium, x0 almost coincides and the absorption probabilities α are quite
close (see figure 4.3.1), thus γH/γD ≈ 1. The radial profile of the isotopic composition is then
readily available, although the neutral energy to plasma radius conversion needs some modelling.
Figure 4.9.8a shows the radial isotopic composition profile for the E-to-ρ mapping obtained in
the moving plasma experiment (section 4.5). One profile was obtained by assuming γH = γD, the
other is corrected by the calculated ratio of the transmission coefficients. The profiles generally
indicate that the hydrogen concentration increases towards the plasma centre.

Figure 4.9.8b shows the evolution of the hydrogen population density since the installation of the
CNPA (after a TCV restart in June 2004). Only measurements from TCV standard discharges
(first prototype plasma shot each morning) at t = 0.3 s are shown.
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The counted particles in the two lowermost energy channels of the hydrogen and deuterium de-
tector arrays were interpolated at an intermediate energy of 840 eV to calculate the neutral flux
ratio from. The isotopic measurement is therefore representative for the outer part of the plasma.
The considered CNPA counts were accumulated over a time window of 30 ms.
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Figure 4.9.8: (a) Profile of the isotopic plasma fuel ion composition of discharge #27182.
(b) Time history of the hydrogen concentration of TCV deuterium plasmas. Periods without
discharges indicate tokamak openings for maintenance and upgrades. The vertical lines represent
occasional wall conditioning by boronisation.

During the last five years, TCV has been operating with deuterium gas only (pure hydrogen
and helium plasma campaigns [170] were performed earlier). Hydrogen is therefore an impurity
on TCV. ∼90 % of the TCV first wall is tiled with polycrystalline graphite. Hydrogen atoms
cannot deeply diffuse into graphite. However, the tile surfaces and the non-graphite materials
of the first wall are good absorbers of hydrogen, mainly in their bound form as hydrocarbons or
water molecules. The trapped hydrogen gets released by outgassing, erosion (sputtering) and is
continually recycled into the plasma. Efficient wall desorption may give hydrogen concentrations
as high as 10 %. During experimental campaigns without air leaks the hydrogen slowly decreases
through continuous pumping and is replaced by deuterium, but never decreases below some 2–3 %.

Helium was sometimes injected additionally to assist in cleaning the wall surface layers of gas after
strong disruptions or air leaks, but the CNPA setup was not switched to observe helium because
due to the very bad electron stripping efficiency of helium in the carbon foil at low energy (figure
3.3.7b), the helium setup has poor statistics even in pure helium plasmas. The first wall of TCV
is routinely – particulary after a major shutdown – reconditioned using a vessel vacuum bake-out
at 250◦C followed by a thin film boronisation using a mixture of diborane (B2H6) and helium.
These conditioning cycles are represented by the vertical lines in figure 4.9.8b. No boronisation
was carried out prior to the operation restart March 2008. During the long machine opening in
2007 all the TCV carbon protection tiles were removed, sandblasted and cleaned and the plasma
was facing an unconditioned, uncoated wall in early 2008. The hydrogen reduction with operation
is well portrayed on figure 4.9.8b, during two month of operation the hydrogen content reduces
from 8 % to the TCV asymptotic 3 %.
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4.9.6.2 Modelling of absolute neutral density profiles

The absolute value of the charge exchange spectrum (but not its slope and thus the inferred
temperature) changes linearly with the neutral density at the plasma edge, as the equations
governing neutral penetration (section 4.2.1) and neutral escape (section 4.3.1) are all linear with
the plasma edge gas pressure pa. This has already been reported in section 4.9.2, where KN1D was
run with artificial modification of the neutral edge pressures. With the absolutely calibrated NPA
and the isotopic composition of the plasma known, the absolute atomic neutral (output of KN1D or
DOUBLE-TCV ), molecular ion and neutral profiles (output of KN1D) and edge pressures (inputs)
are obtained by matching the modelled charge-exchange flux Γsim

CX(E) to the measurement of the
CNPA, ΓCNPA

CX (E). Examples of such profiles, obtained following this procedure, are shown in
figures 4.2.1, 4.2.2b and 4.7.6 with absolute scales.

4.10 The behaviour of Ti in inductive TCV discharges

4.10.1 Temperature profile shape

The behaviour of the ion temperature profile was also extensively studied with the CXRS diagnos-
tic [171]. Ion temperature profiles are typically flatter than electron temperature profiles measured
with the Thomson scattering diagnostic (e.g. figure 4.6.2) and may reasonably be approximated by
a parabolic profile, eq.(4.6.1), with peaking factors κTi between 0.2 and 0.5. The profile shape is
similar to the deduced plasma current profile with the profile flattening in the plasma core mainly
due to the action of sawteeth (section 5.4.4).

4.10.2 Plasma energy balance

The energy balance between electrons and ions of inductively heated discharges on TCV depends
on the plasma density and charge. With direct heating of the electrons, the electron temperature
is in excess or at most close to the ion temperature, depending on the efficiency of collisional
energy transfer between the plasma particles. Following eq.(4.9.6), the coupling between electrons
and ions is strongly enhanced in denser plasmas. Figure 4.9.2a shows how Pei scales with the line
averaged density.

Pei shows that the energy influx to the ion population and the fraction of the plasma energy
sustained by the ions therefore varies with density. Ei/(Ei + Ee), shown in figure 4.10.1a, varies
from 20 % at low density and stabilises at a fraction of ∼40 % when the plasma approaches global
thermodynamic equilibrium, in agreement(§) with typical effective charges of TCV plasmas, Zeff ∼
2 . . . 3.5. Finally figure 4.10.1b demonstrates the discrepancy of electron and ion temperature at
low density. For electron densities close to (and above) the high density limit for the CNPA, Te
and Ti agree, as Pei is sufficiently high to thermalise electrons and ions.

(§) from the definition of the effective charge, eq.(2.5.13), assuming carbon and deuterium being the only plasma
constituents, nD + 36nC = Zeffne, plasma neutrality nD + 6nC = ne and for a flat temperature and density
profile,

ED

Ee + ED
' nD

ne + nD
=

1
1 + 5

6−Zeff

= 44 % . . . 37 %, corresponding to Zeff = 2 . . . 3.5, (4.10.1)

where the definition of particle stored energy, eq.(4.9.3), was used for Ee and Ei.
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Figure 4.10.1: (a) Ion stored energy fraction. The legend labels indicate again the value of the quotient in
eq.(4.9.8). The ion energy fraction saturates towards higher densities because of global thermo-
dynamic equilibrium (Te = Ti).
(b) Ratio of measured core electron (TS) to core ion (CNPA) temperature of thermal TCV plasmas
as a function of the plasma volume averaged electron density. The symbols show different classes
of ion temperatures. Electron and ion populations are decoupled at low density but approach
thermodynamic equilibrium at high densities.

4.10.3 Impact of plasma shape

TCV was designed to study the impact of the plasma shape on plasma performance, such as en-
ergy confinement and MHD stability and detailed studies have revealed the importance of plasma
elongation and triangularity on particle and heat transport (see [172] and the references therein).

The electron confinement time τE, section 4.9.1, was characterised in several series of ohmic
and second harmonic EC-heated L-mode discharges, where κ and δ were varied whilst keep-
ing the density and the edge safety factor q constant. At intermediate densities (line averaged,
5 . . . 9× 1019 m−3), τE was found to increase with κ with little dependence on δ [34, 173].
At higher elongation (κ > 2) a saturation of τE is observed [174].

The behaviour of τE at intermediate densities is ascribed solely to geometrical effects, as an
increase in the elongation involves a compression of the flux surfaces and thus a steepening of
the gradient of the electron temperature profile. Assuming no poloidal variation, the flux surface
averaged conducted radial heat flux may be written

〈Qα〉 = −χαnα
dT

dr

dr

dψ
〈∇ψ〉 , (4.10.2)

where the heat diffusivity χ (due to collisions and turbulence) is independent of κ.
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The increase in τE is correctly predicted by the shape enhancement factor (SEF), the ratio of the
confinement time of a shaped plasma to that of a cylindrical plasma(¶),

HS =
τ eE(κ)

τ eE(0)
=

S0

∫ (∫
Qin

nχ

1

〈∇ψ〉
dψ

dr
dr′
)

dV

S

∫ (∫
Qin

nχ
dr′
)

dV0

(4.10.3)

where the index 0 makes reference to a unshaped (cylindrical) plasma, S is the poloidal section
of the plasma and Qin = POH/S is the energy input due to ohmic heating. The confinement
enhancement is due to the purely metric term dr

dψ
〈∇ψ〉 appearing in eq.(4.10.2) and eq.(4.10.3).

On TCV, the main energy loss channel is thermal conduction. The maximum energy released
by internal disruptions (sawtooth instability) is less than 25 % of the electron stored energy Ee
and radiation losses (mostly impurity line radiation) reach 30 % of Ee at most. Conduction is
most efficient through the electrons. From eq.(4.10.2), the ratio of the thermal conductivities is
expressed as

λe
λi

=
neχe
niχi

=
Pe

dTi
dr

Pei
dTe
dr

, (4.10.4)

where Pe is the total electron input power (inductive and auxiliary heating). With the temperature
gradients averaged over the outer region of the plasma (typically ρ > 0.7), the ratio, eq.(4.10.4),
varies from ∼2 at high to ∼10 at low current (where the coupling between electron and ions is
weak and Pei is small in respect to Pe).

At low line averaged densities, e.g. <2 × 1019 m−3, with central X2 EC heating, in contrast to
the higher density case, a strong dependence of confinement on triangularity was observed. An
asymmetric scaling of τE as (1+δ)−0.35 was calculated [175] that could not be explained in terms of
geometrical effects since the SEF, eq.(4.10.3), doesn’t depend on δ. An influence of plasma shape
on heat diffusivity was invoked and new experiments revealed that the heat transport decreases
with decreasing triangularity [176]. χe was eventually found to decrease with increasing collision-
ality, defined as the ratio between electron–ion collision frequency νei and electron curvature drift
frequency ωDe [177], that is

νeff =
νei
ωDe
∝ R0 ne Zeff

T 2
e

. (4.10.5)

Gyrokinetic simulations [178] revealed that Trapped Electron Modes (TEM) are responsible for
the major part of the electron heat flux. The TEM growth rates were found to be substantially
lower at negative than at positive triangularity.

The ion confinement characteristics are similar to those of the electrons [83]. Common scaling
laws for the ion temperature like the formula of Artsimovich [179] are therefore not applicable to
TCV plasmas. However, it is not possible to determine a dependence of the ion confinement time
on κ (due to the large uncertainties accompanying the assessment of τ iE), but the strong decrease
of τ iE with triangularity at low collisionality is also seen for the ions.

(¶) Shaped and unshaped plasma need to have the same ne, χe and the electron edge heat flux in order to be
comparable.
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Figure 4.10.2: Core ion temperature measured with the CNPA in low collisionality plasmas of various triangular-
ities. The abscissae is the triangularity calculated for the flux surface having a normalised radius
of ρ = 0.95. Ti decreases linearly with δ.

Figure 4.10.2 shows the CNPA core ion temperature measured during five ohmic discharges(�)

covering a large range of δ (±0.3), besides other parameters κ ∼ 1.4, q0 < 1, 4 < qa < 5.5,
BT ∼ 1.25 T, Ip ∼ 23 kA, 〈ne〉 ∈ [1; 1.4]× 1019 m−3.

Some of the equilibria for the measurements shown in figure 4.10.2 are depicted in figure 4.10.3.
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Figure 4.10.3: TCV equilibria with triangularities spanning δ95 ∈ [−0.3; +0.3]. The ion temperature profiles are
sufficiently flat in the plasma centre such that the core ion temperature may be derived with the
CNPA even if its line of sight is not crossing the magnetic axis (see the labels for ρmin).

Note that the observed change in Ti is not due to a change in Pei, which is even slightly higher
for the case of positive triangularity. The ion heat diffusivity must therefore decrease as well at
negative triangularity.

(�) #29581, #30724, #30725, #30890 and #31897.
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4.11 Summary and conclusions

The following topics were addressed in this chapter:

R The ion temperature profile of an ohmically heated low density discharge was experimentally
determined by displacing the plasma rather than the chord of the diagnostic (moving plasma
experiment).

R The considered processes for cold neutral penetration into the plasma, ion neutralisation and
attenuation of the escaping hot neutrals were sufficient to successfully model the measured
charge-exchange spectrum.

R The carbon impurity ion temperature profile calculated from CXRS agrees with the hy-
drogenic Ti(ρ) in plasmas with thermalised ion populations. A comparison of CNPA and
CXRS shows good agreement (within the expected error bars) between the measured core
ion temperatures.

R A procedure to recover the ion temperature profile without requiring plasma displacement
was developed and successfully applied. The method combines NPA measurements with
iterative modelling of the charge exchange spectrum by subsequent adjustment of the pa-
rameters of a functional ion temperature profile.

R Simulations of the absolute charge exchange spectrum provide estimations of the hydrogenic
atomic neutral density and molecular neutral and ion density profiles, consistent with the
main plasma parameters and code models. These profiles are important for transport studies,
since they have a strong influence on the particle diffusion coefficients and pinch velocities
[180], which are, in turn, important in the understanding of the plasma ion confinement.

R Using active charge exchange, the NPAs on TCV were absolutely calibrated for their particle
flux intensity.

R Combined simulations of both plasma fuel species with DOUBLE-TCV provide absolute
density profiles of the hydrogenic plasma species.

R Ion confinement shows a behaviour similar to the electron confinement. The ion confinement
time strongly degrades with triangularity at low collisionality.

The applicability of moving plasma experiments is limited to TCV, whose flexibility in plasma
shaping and positioning is unique. Machines without this ability have applied similar procedures
to reconstruct ion temperature profiles, either using rotatable analysers [181] or employing multi-
ple NPAs for instantaneous profile measurements [182].

Using the iterative ion temperature recovery method, Ti(ρ) was reliably retrieved for a large va-
riety of ohmic plasmas for which a sufficient counting statistics on CNPA channels up to energies
6 10 ·Ti(0) was measured. Here two examples have been shown (discharges #27182 and #28690).
The method breaks down for densities above ne(0) = 6× 1019 m−3, where neutrals emitted in the
centre of the plasma are absorbed before reaching the NPA. Close to this density limit, averaging
of the charge-exchange flux over longer time intervals may be necessary to improve the counting
statistics, requiring steady state plasmas. The lower the density, the stronger the charge-exchange
flux. Time resolutions of the recovered ion temperature profile as high as the CNPA sampling
rate were achieved (62 kHz).
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This is more than 100 times shorter than the time resolution of CXRS, as the diagnostic beam
on TCV has a repetition rate >10 Hz (provided that the carbon line light yield is good enough
to permit such short DNB pulses). The NPA may therefore be used to study ion temperature
fluctuations.

An iterative recovery procedure was presented using a parabolic profile to interpolate the ion
temperature, which is a good choice in ohmic scenarios at high q. Since TCV ions are heated in-
directly through interactions with electrons, the temperature profiles are monotonic and peaked.
At low safety factor, sawteeth flatten the central profile and more parameters may be required
to describe the ion temperature profile. The method is flexible enough to admit a user defined
functional expression for the ion temperature profile.

In general, the presence of suprathermal ion populations make the methods described within this
chapter impracticable. In plasmas with Electron Cyclotron Resonance Heating (ECRH) or Elec-
tron Cyclotron Current Drive (ECCD), an anomalous energy transfer from electrons to ions is
observed (see chapters 6 and 7). The charge exchange flux of the suprathermal ion population
appears as a fast ion tail in the charge exchange spectrum for the highest CNPA energies, super-
imposed on the flux from the neutralisation of the thermalised ions. The presence of the tail does
not appear to affect the underlying bulk ion temperature profile, since the flux to the low energy
CNPA channels does not change strongly. However, suprathermal populations, comprising 20 %
of the ions, have been observed and the highest energy CNPA channel unaffected by the tail is
generally well below the E = 10 ·Ti(0) criterion, rendering a reliable iterative retrieval of the bulk
Ti(0) no longer possible. The NPAs on TCV are, however, well suited to study the properties of
suprathermal ions, which are not diagnosable with CXRS, as their contribution to the Doppler
broadening of the impurity radiation line is negligible [83]. Eq.(4.3.11) may be applied to the
tail of the charge-exchange spectrum to estimate an effective “tail” temperature. This will be
discussed in chapter 6.
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Chapter 5

Electron cyclotron (EC) wave resonance
heating (ECRH), current drive (ECCD)
and emission (ECE)

This chapter is an excursion into the physics of nonthermal electrons. It constitutes the basis for
the fast ion studies (chapters 6 and 7), as the behaviour of the latter is found to strongly correlate
with the parameters of the suprathermal electrons(*).
Profound knowledge of the spatial and energetic electron distribution are thus prerequisites for the
qualitative and quantitative analysis of the fast ion energy redistribution. A certain period of this
thesis is thus devoted to a better experimental assessment of the electron population properties.

All charged particles of a plasma are sources for the Maxwell equations, eqns.(5.1.1), and their os-
cillatory solutions. Therefore most dynamical processes in plasmas are related to electromagnetic
waves and oscillations. Applied externally, waves are used to heat plasmas and to drive current
non-inductively. Another example of the importance of waves is the role that microscopic electro-
magnetic waves and instabilities play in producing transport of particles and energy in plasmas
well above levels expected by collisions alone.

Some elements of electron cyclotron physics, including wave theory, wave propagation and absorp-
tion modelling are introduced first. A short description of the millimetre wave sources employed
on TCV is then followed by a presentation of the available electron cyclotron diagnostics and an
analysis of their measurements. A last paragraph deals then with some topics of the EC physics
on TCV, notably internal electron transport barriers, electron velocity distribution function mod-
elling, non-thermal electron effects and internal disruptions. Many of the plasmas shown and
analysed in this chapter are those of the dedicated fast ion experiments to be presented later
(next chapter).

(*) Suprathermal electrons have velocities such that

1
2
mev

2 >
1
2
kBTe. (5.0.1)

They represent an important fraction of the electrons of a thermal Maxwellian velocity distribution.
Suprathermals of special interest in tokamak plasmas are nonthermal electrons populating suprathermal
energies such that the tail of the electron distribution function considerably exceeds the number of thermal
bulk electrons at higher energies, i.e. their tail ‘temperature’ T te � T be . Such electron energy distributions
are known to be the source of various kinetic instabilities.

121



page 122 Chapter 5: ECW, ECRH, ECCD and ECE

5.1 Elements of electromagnetic wave theory

5.1.1 The wave dispersion relation

A plasma, described by a charge density ρ and current density j, generates electric E and magnetic
B fields according to the Maxwell equations

∇∧ E = −∂B

∂t
, ∇∧B = µ0 j +

1

c2

∂E

∂t
,

∇ · E =
ρ

ε0

, ∇ ·B = 0, (5.1.1)

where the vacuum permeability µ0 and dielectric constant ε0 satisfy the relation c2 = 1/ (ε0µ0).
Taking the curl of the first Maxwell equation, the wave equation is obtained:

∇∧ (∇∧ E) = −µ0
∂j

∂t
− 1

c2

∂2E

∂t2
. (5.1.2)

To be self-consistent, the Maxwell equations need to be completed with a constitutive relation de-
scribing the link between wave and propagation medium, e.g. the plasma. Assuming a constitutive
relation between j and E totally general,

j(x, t) =

∫
dt′
∫

d3x′ σ(t, t′; x,x′) · E(x′, t′), (5.1.3)

where σ is the conductivity tensor which contains the model for the plasma dynamics, which is,
in general, a non–local relation. However, if the unperturbed system is uniform and stationary,
then, as a consequence of translation invariance,

σ(t, t′; x,x′) = σ(t− t′; x− x′) (5.1.4)

and Fourier decomposition may be applied,

jω,k = σω,k · Eω,k. (5.1.5)

In writing eq.(5.1.4) it is assumed that the electric field of the wave doesn’t affect the dispersive
properties of the plasma. Using plane waves for the fields, i.e.

E (r, t) = Eω,k exp
(
i (k · r− ωt)

)
(5.1.6)

B (r, t) = Bω,k exp
(
i (k · r− ωt)

)
(5.1.7)

the Fourier transform of eq.(5.1.2) is

− c
2

ω2
k ∧ (k ∧ E) = i

c2 µ0

ω
σ · E + E =

(
iσ

ε0 ω
+ 1

)
· E ≡ ε · E (5.1.8)

where k is the wave vector and ω the wave frequency, 1 = δij is the identity dyad and

ε ≡ iσ

ε0 ω
+ 1 (5.1.9)

is the dielectric tensor describing the wave propagation and absorption properties. Finally the
wave equation becomes

{
N2

[
k : k

k2
− 1

]
+ ε

}
· E = 0 (5.1.10)
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with N the index of refraction

N2 ≡ k2 c2

ω2
=

c2

v2
ph

(5.1.11)

and

vph =
ω

k
(5.1.12)

the wave phase velocity. Eq.(5.1.10) only has a non–trivial solution E 6= 0 (i.e. a condition for
waves to propagate) if ω = ω(k) or equivalently k = k(ω) are solutions of the dispersion relation

Λ(ω,k) = det

{
N2

[
kk

k2
− 1

]
+ ε

}
= 0 (5.1.13)

Frequency and wavelength are thus related in a way that depends on plasma dynamics.

5.1.2 Wave propagation in a cold magnetised plasma

A general treatment of the electromagnetic waves in plasmas is a very complicated subject. Nu-
merous phenomena observed in magnetically confined plasmas (e.g. the wave propagation) are
sufficiently described by considering a zero temperature, frictionless plasma. This so-called cold
plasma approximation considers the anisotropy due to an external confining magnetic field B0

(introducing a privileged direction), but treats the plasma as a frictionless fluid neglecting the
thermal particle motion. The fluid approach ignores the motion of gyration of the charged par-
ticles around the magnetic field. The cold plasma approximation therefore does not describe the
wave absorption by the plasma.

The Newton equation of a plasma described as a fluid of two species α = e, i at static equilibrium
(fluid velocity uα0 = 0) and spatially uniform (nα0 ≡ n0), with an external unperturbed and
uniform magnetic field aligned with the axis z (B0 = B0ez), is written

mα

{
∂uα
∂t

+ (uα · ∇)uα

}
= qα

(
E + uα ∧B

)
. (5.1.14)

Linearisation and Fourier transformation yields

−iωmα uα1 = qα E1 + qα uα1 ∧B0, (5.1.15)

or, introducing the mobility tensor µ
α
,

uα1 = µ
α
· E1. (5.1.16)

The perturbed quantities (index 1) are of the form∝ exp
(
i (k · r− ωt)

)
. From the current density,

j =
∑

α

qα nα0 uα1 =
∑

α

qα nα0µα · E1 ≡ σ · E1, (5.1.17)

using eq.(5.1.9), the dielectric tensor in the cold plasma approximation is obtained

ε =



ε1 −i ε2 0
i ε2 ε1 0
0 0 ε3


 , (5.1.18)
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Figure 5.1.1: Stix frame notation: Geometry of magnetic field and wave.

that is two uncoupled sub-systems, one for the components perpendicular to B0, the second for
the parallel component. The coefficients ε are

ε1 = 1 +
∑

α

ω2
pα

Ω2
α − ω2

; ε2 = −
∑

α

Ωα

ω

ω2
pα

Ω2
α − ω2

; ε3 = 1−
∑

α

ω2
pα

ω2
; (5.1.19)

with

ωpα =

√
nα q2

α

ε0mα

(5.1.20)

the plasma frequencies and

Ωcα =
|qα|B0

mα

(5.1.21)

the cyclotron frequencies.

For a cold plasma, ε does not depend on k, but only on ω. For B → 0 we have ε2 → 0 and
ε1 → ε3, thus ε becomes a diagonal matrix, e.g. there is no privileged direction.
Considering a wave vector k in the yz–plane and defining the angle θ with respect to the z–axis
as shown in figure 5.1.1, the wave equation, eq.(5.1.10), and its solutions given by eq.(5.1.13) then
become

N2

[
kk

k2
− 1

]
+ ε =



−N2 + ε1 −i ε2 0

i ε2 −N2 cos2 θ + ε1 N2 sin θ cos θ
0 N2 sin θ cos θ −N2 sin2 θ + ε3


 , (5.1.22)

whose non–trivial solutions for E1 are defined by the Appleton-Hartree dispersion relation

AN4 +BN2 + C = 0, (5.1.23)

where A,B and C depend on the angle θ between k and B0, but not on |k| and on ω. Explicitly





A = ε1 sin2 θ + ε3 cos2 θ,

B = (ε1 − ε2)2 sin2 θ + ε1ε3
(
1 + cos2 θ

)
,

C = ε3 (ε1 + ε2) (ε1 − ε2) .

(5.1.24)
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The wave experiences a cut-off if N =⇒ 0, i.e. is reflected [183]. That is if the wave phase velocity
ω/k diverges. This is the case if the wave frequency is either





ωp, or

ωR,L = ±Ωce

2
+

√(
Ωce

2

)2

+ ω2
pe + Ωce Ωci.

(5.1.25)

Cut-offs do not depend on the propagation angle θ.

There is no general expression for the solutions ω(k, θ). In terms of electron cyclotron wave heating
and diagnosis, wave propagation perpendicular to the tokamak main magnetic field (θ = π/2) is
the interesting case. The dispersion relation is then considerably simplified and has two solutions,




N2
⊥ = ε3,

N2
⊥ =

ε21 − ε22
ε1

.
(5.1.26)

The first solution may be written as

ω2 = ω2
pe + k2c2, (5.1.27)

with electric wave field components(�) Ex = Ey = 0, Ez 6= 0 and is thus a longitudinal wave,
E ‖ B0. This wave is linearly polarised and is called the ordinary (O) mode. The second
solution may be written as

N2
⊥ =

(ω2 − ω2
R)(ω2 − ω2

L)

(ω2 − ω2
UH)(ω2 − ω2

LH)
, (5.1.28)

where

ω2
UH = ω2

pe + Ω2
ce (5.1.29)

and

ω2
LH = Ωce Ωci

1 + me
mi

(
Ωce
ωpe

)2

1 +
(

Ωce
ωpe

)2 (5.1.30)

are the upper and lower hybrid frequencies respectively. This time Ez = 0, therefore E ⊥ B0

and the transverse wave is elliptically polarised in the plane perpendicular to the magnetic field
with

Ex
Ey

= i
ε1
ε2

(5.1.31)

and is called the extraordinary (X) mode.

A wave resonance occurs if N =⇒ ∞, i.e. where the phase velocity, eq(5.1.12), vanishes. A
resonance leads to the absorption of the wave by the plasma. This is the case if A = 0, eq.(5.1.24),
therefore the resonance depends on the angle of propagation θ. For propagation perpendicular to
the magnetic field the extraordinary wave enters resonance at ω = ωLH or ω = ωUH.
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Figure 5.1.2: (a) Summary of the dispersion relation for an indefinitely extended, magnetised (B0 6= 0), cold
(T = 0) plasma for propagation perpendicular to the confining magnetic field (k ⊥ B0).
(b) Spatial dependence of the electron frequencies of a plasma with ne(0) = 2× 1019 m−3, Te(0) =
2 keV, BT = 1.43 T and Ip = 260 kA. Shown are the three first harmonics of the electron cyclotron
resonances, the upper hybrid resonance (X-mode) and the cut-off frequencies ωpe (O-mode), ωR

and ωL (both X-mode). The vertical line indicates the torus axis and the labels of the vertical axis
coincide approximately with the on-axis fundamental as well as second and third harmonic of the
electron cyclotron frequency.

The dispersion relation for ordinary and extraordinary modes are summarised in figure 5.1.2a. For
the case of a low density TCV plasma, typical values of the electron frequencies and their spatial
profiles are shown in figure 5.1.2b.
For a wave propagating in a direction oblique to the magnetic field, the solution of the dispersion
relation, eq.(5.1.22), usually gives two modes of propagation (elliptically polarised). Even though
the X-mode is only defined with θ = π/2 also oblique waves are usually called X-mode if their
polarisation is X-mode in the limit θ → π/2.

5.1.3 Wave absorption in a hot magnetised plasma

The cold plasma approximation treats the plasma particles as immobile and therefore all kinetic
effects having an impact on the wave behaviour are missing. One such feature are strong wave-
particle resonances at the harmonics of the cyclotron frequencies (shown in figure 5.1.2b), due to
the movement of gyration of the charged particles around the magnetic field lines (section 1.4).
At the layer where wave and cyclotron frequency match, the electric field in the rest frame of the
electrons is approximately constant and, if the electron density is sufficiently high, efficient transfer
of energy from the wave to the electrons occurs. To properly describe the wave behaviour in the
vicinity of the resonant absorption layer a microscopic description of the plasma, including thermal
particle motion, is required. Temperature is a statistical quantity, so the plasma is described
by a probability distribution function representing the instantaneous number of particles in a
infinitesimal volume element in the 6D phase space,

f(r,v, t) dr dv. (5.1.32)

(�) by substitution of eq.(5.1.26) into eq.(5.1.22).
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Kinetic theory leads to a correction ε̃ of the cold plasma dielectric tensor of the form

εhot = εcold(ω,B0, ne0) + ε̃(ω,k,B0, ne0, Te0), (5.1.33)

involving the wave vector and the equilibrium electron temperature. The electrons are described
by a relativistic distribution function fe(r,p, t) with p = me0γv the momentum, me0 the electron
rest mass and γ = 1/

√
1− (v/c)2. The plasma is then macroscopically described by the zeroth-

and first order moment of the distribution function,

ne(r, t) =

∫
fe(r,p, t) j(r, t) dp = −e ne

∫
p

γme0

fe(r,p, t) dp (5.1.34)

and the distribution function evolves under the influence of the active forces according to the
relativistic Vlasov equation [184],

∂fe
∂t

+
c2

√
p2c2 +m2

e0c
4
p · ∂fe

∂r
− e

(
E +

c2

p2c2 +m2
e0c

4
p ∧B

)
· ∂fe
∂p

= 0 (5.1.35)

As a first approximation, collisions may be neglected because the characteristic time of the wave-
particle interaction is considerably smaller than the characteristic particle collision time. The
determination of the dielectric tensor follows again a perturbative Ansatz, the distribution function
is split into a stationary, spatially uniform and a perturbed part,

fe(r,p, t) = fe0(p) + fe1(r,p, t) (5.1.36)

and a first order development of eq.(5.1.35) for a frame of reference streaming with the electrons,
E0 = j0 = 0, yields

dfe
dt

=
∂fe1
∂t

+
p

me

· ∂fe1
∂r

+
e

me

(p ∧B0) · ∂fe1
∂p

= −e
(

E1 +
p ∧B1

me

)
· ∂fe0
∂p

, (5.1.37)

where me is the relativistic electron mass and it was assumed that B1/B0 � 1. fe0 is conveniently
described by a relativistic Maxwell distribution [185],

fe0 =
µ

4π (me0c)
3K2(µ)

exp (−µγ) , (5.1.38)

with µ = mc2/(kBTe) and K2(z) the McDonald function. Eq.(5.1.37) is then solved for fe1 by
integration along the characteristics (unperturbed particle orbits), in Fourier space (see appendix
A). The perturbation current is then obtained from eq.(5.1.34) by integration over fe1 and the
electric tensor is expressed by [185]

εij(k, ω) = δij−
ω2

pe

ω2

µ2

2K2(µ)

∫ +∞

−∞
dp‖

∫ +∞

0

p⊥dp⊥
exp (−µγ)

γ

n=+∞∑

n=−∞

P n
ij

(
p⊥, p‖

)

γ −N‖p‖ − n (Ωce/ω)
,

(5.1.39)

where p = p/(me0 c), N‖ the refractive index for propagation parallel to B0 and P n
ij the coefficients

resulting from the expansion in Bessel functions of the integration along the non-perturbed orbits.
The matrix has 6 independent components, namely

P n
xx = p2

⊥
n2

ξ2
J2
n(ξ), P n

xy = −P n
yx = i p2

⊥
n

ξ
Jn(ξ) J ′n(ξ),

P n
yy = p2

⊥J
′
n

2
(ξ), −P n

yz = P n
zy = i p‖ p⊥Jn(ξ) J ′n(ξ), (5.1.40)

P n
zz = p2

‖J
2
n(ξ), P n

zx = P n
zy = p‖ p⊥

n

ξ
J2
n(ξ).
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As in the cold plasma approximation, the solution of the dispersion relation yields two solutions,
corresponding to an electrodynamic (the electron cyclotron wave) and an electrostatic mode (the
Bernstein wave), whose real parts describe the wave propagation and its imaginary parts the wave
absorption.
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0.6
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N
⊥

ω/Ωce

cold and hot refractive index

� (N⊥,hot)
� (N⊥,hot)
� (N⊥,cold)

Figure 5.1.3: Real and imaginary components of the refractive index (electromagnetic electron cyclotron mode)
for a plasma of density ne = 2 × 1019 m−3 around the second harmonic of Ωce. Wave absorption
only occurs in a hot plasma model.

Figure 5.1.3 compares the refractive indexes representative of a cold and a warm plasma (Te =
2 keV) for propagation perpendicular to the magnetic field.

The resonance condition is given by the diverging denominator of eq.(5.1.39), i.e.

ω = nΩce/γ + k‖v‖ = 0 (5.1.41)

5.2 EC injection system on TCV

The development of the gyrotron [186] in the seventies of last century paved the avenue to heat
a plasma by the absorption of millimetre waves at the electron cyclotron frequency [187]. The
availability of powerful and reliable gyrotrons matured the technology of electron cyclotron res-
onance heating (ECRH) that has progressed constantly over a period of forty years, particularly
as a tool in magnetic confinement fusion. ECRH technique has seen a steady increase in the so-
phistication of its applications in plasma physics, from bulk heating through profile tailoring and
finally to distribution function engineering. In comparison with other techniques, ECRH combines
the significant advantages of good coupling, localised power deposition, easy launch and precise
directionality.
As Ωce & ωpe, the wave energy is only absorbed by the electrons. Gyrotrons constitute the
only available auxiliary heating system at TCV. EC waves are electromagnetic waves, hence they
propagate in vacuum and the wave source may be placed away from the tokamak with the energy
transported through wave guides with negligible losses. On TCV the length of wave guides exceeds
30 m and the losses are smaller than 5 % [188].
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5.2.1 EC wave source (gyrotron)

TCV currently features 9 gyrotrons for the auxiliary heating of TCV plasmas [189]. The working
frequency of the gyrotrons is fixed, 6 of them (available since 1996/1999) work at f = 82.7 GHz
(wave length λ = 3.6 mm in the vacuum), matching the second harmonic electron cyclotron fre-
quency close to the torus axis for a magnetic field of BT = 1.43 T [188]. Three further gyrotrons
were purchased in 2002 [190] and work around the third harmonic (f = 118 GHz). A total of
4.2 MW nominal EC power (465 kW at the second, 480 kW at the third harmonic of Ωce per gy-
rotron) is simultaneously available. The maximum heating pulse length is limited to 2 s (thermal
constraints on the diamond window at the gyrotron output). Three gyrotrons are grouped in a
cluster with a common power supply and each gyrotron is operated independently.

Power is directed to the plasma from two upper lateral launchers (z = 46 cm) and one equatorial
launcher. Each gyrotron can be independently switched to the torus or to a calorimetric load from
shot to shot, such that power is delivered from any combination of up to six launchers for a given
shot. Wave guides connect the gyrotrons to lateral (2nd) and top (3d harmonic) launchers (figure
5.2.1).

'L

—90°

4 mirrors

all metal gate valve

stepper motors for 
toroidal and poloidal
motion

special vacuum chamber
with indentation for the 
TCV structure

0°

+90°
µL

Figure 5.2.1: Drawing of the 2nd harmonic EC wave launcher. The wave travels from right to left. The plasma
facing mirror is tiltable by θL = 55◦. Toroidal aiming is achieved by rotating the whole launcher
(φL = ±90◦). At a given θ, the beam path describes a cone as φ is swept through 360◦. The mirror
stepping motors are controllable in real time.
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X3 system 
(118 GHz)

X2 system
(82.7 GHz)

Launchers #2, 
#3, #5, #6

Launchers 
#1, #4

Figure 5.2.2: Poloidal drawing of the launcher locations and the steerability of the X2 and X3 beams. The X3
mirror is horizontally displaceable. The colour contours of the plasma represent the nested flux
surfaces. Note that the wave trajectories are representative for a vessel without plasma.

For maximum flexibility, the launchers are steerable in real time in both toroidal and poloidal
directions, such that a range of plasma configurations may be heated (the beam aiming covers
almost the entire poloidal plane of TCV). For the 2nd harmonic beam, when operated in X-mode,
whose absorption is strong, the energy deposition is very localised. The short EC wavelength and
unique localisation and directionality properties of the EC system afford an unprecedented degree
of phase space manipulation. By changing the poloidal launcher angle, θL, the deposition layer is
displaced across a plasma flux surface, whilst a non-zero toroidal launcher angle, φL, results in a
finite parallel wave number, N‖ ∝ sin(φL), causing electron cyclotron current drive (ECCD). In
the remainder of this manuscript, pure heating (φL = 0) is termed electron cyclotron resonance
heating (ECRH), although, due to the twist of the magnetic field lines, φL = 0 doesn’t imply
N‖ = 0 in general. This is particularly true for off-axis absorption, where, due to the poloidal
field, the projection of the k-vector on the total magnetic field B may have a non-negligible
component [191, 192] (the driven current is small though). For the beam to reach the plasma
centre, an angle θL ∼55◦ is typically required. Figures 5.2.2 and 5.2.3 illustrate the possibilities
to direct the EC waves poloidally respectively toroidally into the vessel.

In this thesis only the gyrotrons working at the second harmonic have been used, in the following
the description is therefore limited to this system only.
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Figure 5.2.3: Sketch of the vertical view of the launcher locations demonstrating the toroidal steerability of the
X2 EC beams. The trajectories are representative for a vessel without plasma.

5.2.2 EC wave accessibility

Heating or diagnosis of a plasma by means of electron cyclotron waves is drastically limited by
the presence of cut-offs between the plasma edge and the desired location of power deposition
or radiation emission respectively. According to section 5.1.2, the X2-mode cannot propagate
if ω 6 ωR, i.e. N = 0. ωR depends on the density (through ωpe) and therefore, if the density
increases, ωR will overlap the second harmonic (see figure 5.1.2b) such that the resonance is no
longer accessible as the wave is reflected before reaching the targeted absorption layer. Eq.(5.1.25),
for ω ≈ ωR and neglecting Ωce Ωci � Ω2

ce, ω
2
pe, translates the cut-off condition to

ω (ω − Ωce) = ω2
pe. (5.2.1)

Using the definitions eq.(5.1.20) and eq.(5.1.21), the maximum density at the resonance location
is therefore

nc = m (m− 1)
ε0B

2(r)

me

, (5.2.2)

which is plotted in figure 5.2.4a for the second (m = 2) and third (m = 3) harmonic. The core
of the vessel is therefore inaccessible for EC waves if the core electron density exceeds ne(0) =
4.1× 1019 m−3.
Wave accessibility is conveniently discussed on the Clemmow–Mullaly–Allis (CMA) diagram shown
in figure 5.2.4b. The abscissae of this plot is proportional to density, the ordinate to the magnetic
field squared. The left branch of the X-mode cut-off corresponds to ωR, the right to ωL. The
stroked lines on the left show the wave trajectory of an electron cyclotron wave with frequency
close to the second harmonic of Ωce, launched from the low field side for propagation towards the
high field side. Calculations were performed in the cold plasma approximation, so no absorption
is present at 2 Ωce. In a real plasma, the wave would be absorbed upon crossing the Ωce region.
The second stroked line corresponds to the density ne(0) = 4.1 × 1019 m−3, this is the critical
density and thus the wave trajectory touches the cut-off at the resonance. If the density is further
increased, the wave cannot come across the resonance but is reflected at the cut-off.

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL



page 132 Chapter 5: ECW, ECRH, ECCD and ECE

0.7 0.8 0.9 1 1.1
0

5

10

15

20

25

m=3, nc(0) =12.3×1019 m−3

m=2, nc(0) =4.1×1019 m−3

critical density for EC accessibility
cr

it
ic

al
de

ns
it
y

n
c

[1
01

9
m
−

3
]

major radius R [m]

(a) Critical density.

0.2 0.6 1 1.4
0

0.2

0.4

0.6

0.8

1

Clemmow–Mullaly–Allis diagram

ω = 3Ωce

ω = 2Ωce

ω = Ωce

O-mode
cut-off

X-mode
cut-offω = ωUH

(Ω
ce

/ω
)2
∝

B
2

(ωpe/ω)2 ∝ ne

1.8

(b) CMA-diagram.

Figure 5.2.4: (a) Local critical density for the second and third harmonics due to the cut-off ωR for a toroidal
magnetic field BT(0) = 1.45 T on the torus axis. The centre critical densities are given for the
second and third harmonic of the cyclotron frequency.
(b) CMA-diagram for electron cyclotron waves of perpendicular propagation in respect to the
magnetic field. Solid lines represent cut-offs, dash-dotted lines resonances. The stroked lines on the
left illustrate access to the second harmonic of the electron cyclotron resonance with low field side
launch.

5.2.3 EC wave ray tracing

When a wave propagates through an anisotropic, non-homogenous plasma, the gradients of the
main plasma parameters, such as the density ne, temperature Te, magnetic field B0, pressure
p0 etc., cause the dispersion relation to depend on the spatial position x and the plane wave
approximation breaks down. Wave raytracing treats these difficulties using the Wentzel-Kramers-
Brillouin (WKB) approximation [193–195], applicable if k is only a slowly varying function in space
(i.e. the variations occur over scales that are much longer than the wavelength), λ0 � w0 � L,
where λ0 is the wave length in vacuum, w0 the size of the wave beam and L = N/|∇N | the
characteristic length of non-homogeneity of the plasma. In the WKB-approximation, the plane
wave description of the wave field E1 ∝ exp

(
i (k · x− ωt)

)
is replaced by

E1 = <
(

Ẽ1(x) exp

(
i
(∫ x

0

k(x′) · dx′ − ωt
)))

≡ <
(

Ẽ1(x) exp

(
i
(2π

λ0

φ(x)− ωt
)))

.

(5.2.3)

This means that the wave propagation is considered as a single ray propagating according to the
laws of geometrical optics. Ignoring the wave nature of the wave beam implies that absorption
does not occur. Since absorption occurs mainly at the EC resonance (section 5.1.3), being very
small elsewhere, propagation is safely calculated up to the resonance layer.
The phase φ(x) in eq.(5.2.3) is solution of the Maxwell equations [196],

(∇φ)2 = N2(r) (5.2.4)

and N is determined locally by solving the Appleton-Hartree dispersion relation, eq.(5.1.23). With
the choice k = 2π∇φ/λ0 the wave propagation is described by a succession of localised plain waves.
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The dispersion relation, 5.1.13, has now a spatial dependence,

Λ(k, r, ω) = k2 −
(ω
c

)2

N2(r) = 0 (5.2.5)

and the hamiltonian ray-tracing system




dr

dt
= −∂Λ/∂k

∂Λ/∂ω
≡ vg,

dk

dt
= − ∂Λ/∂r

∂Λ/∂ω
,

(5.2.6)

describes the propagation speed of the ray, defined by the group velocity vg (first equation), and
the direction of propagation (second equation).

On TCV, the electron cyclotron wave beam has a width w0 ' L, that is divergent along the beam
path. The wave propagation inside the plasma is then correctly described by a set of rays filling
the beam volume and calculated independently according to the ray-tracing equations.

5.2.3.1 EC heating (ECRH)

The plasma heating by EC waves is described by the absorption coefficient α. A rigourous deriva-
tion of α is available in [184].
The dispersion relation obtained for a hot plasma,

Λ = <Λ + i=Λ, (5.2.7)

has a complex solution

k = <k + i=k, (5.2.8)

where =k describes the absorption of the wave by the plasma. If the absorption is weak, i.e. =k�
<k, a Taylor development of the dispersion relation yields, to first order,

=k · <∂Λ

∂k
= −=Λ(<k, ω), (5.2.9)

whose projection on the group velocity defines the absorption coefficient,

α = −2=k · ∂<Λ/∂<k

| ∂<Λ/∂<k | = −2=k · vg
vg
. (5.2.10)

For a plasma described by the electron distribution function fe, with the wave propagation at an
angle θ with respect to the magnetic field, the absorption coefficient may be written [45]

α(θ, t) = −8π3 c2

N2
r ω

2

∫ ∞

0

∫ ∞

−∞
ηω(p‖, p⊥, θ)×

[
E

c2

∂f

∂p⊥
−N(θ) cos θ

(
p‖
c

∂f

∂p⊥
− p⊥

c

∂f

∂p‖

)]
2π p⊥ dp⊥ dp‖, (5.2.11)

with E = (pc)2 + (mec
2)

2
and Nr the refractive index along the ray,

Nr = <N

√√√√
∣∣∣∣∣

sin θ

cos β ∂
∂θ

[cos(θ − β)]

∣∣∣∣∣, (5.2.12)
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where

tan β =
1

<k
∂<k
∂θ

(5.2.13)

and with ηω given by the Schott-Trubnikov formula,

ηω(v, θ) =
e2 ω2

8π2 ε0 c

∞∑

m=1



(

cos θ − v‖
c

sin θ

)2

J2
m(ξ) +

(v⊥
c

)2 dJ2
m(ξ)

dξ


 ×

δ

(
mΩ0 − ω

(
1− v‖

c
cos θ

))
, (5.2.14)

where

ξ =
ω

Ω0

β⊥ sin θ. (5.2.15)

The dirac of eq.(5.2.14) contains the condition of the cyclotron resonance,

ω − k‖v‖ −
mΩce

γ
= 0, (5.2.16)

where k‖v‖ is due to the Doppler shift and the factor γ, correcting the electron mass, results
in a relativistic frequency upshift of the resonance. In velocity space, u = γv/c, the resonance
condition is represented as half-ellipses,

(
u‖ − u‖0

)2

α2
‖

+
u2
⊥
α2
⊥

= 1, (5.2.17)

where

u‖0 =
N‖ (mΩce/ω)

1−N2
‖

, (5.2.18)

α‖ =

√
N2
‖ + (mΩce/ω)2 − 1

1−N2
‖

, (5.2.19)

α⊥ =

√
N2
‖ + (mΩce/ω)2 − 1
√

1−N2
‖

. (5.2.20)

Figure 5.2.5a shows a resonance map for various frequency ratios mΩce/ω (m is the harmonic
number) for the case N‖ = 0 (pure ECRH). The resonance curves are circles centred at the origin
of the axes. The resonance curve collapses to a point at the origin of the velocity space if the wave
frequency is a multiple of the electron cyclotron frequency.
Figure 5.2.5b shows the absorption coefficient at the second harmonic (X-mode, θ = π/2) for three
different temperatures. The higher the temperature, the stronger the Doppler broadening of the
absorption layer and the stronger the relativistic downshift of the maximum of the absorption
away from the cold resonance ω = 2 Ωce/γ.

Integrating the absorption coefficient, eq.(5.2.10), along the ray trajectory, eqns.(5.2.6), the op-
tical thickness is defined as

τ = 2

∫
=k · ds = −

∫
α ds, (5.2.21)
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Figure 5.2.5: Resonance and absorption at the electron cyclotron frequency.
(a) Resonance curves at different points along a perpendicular ray in a tokamak magnetic field
geometry. The resonant curve becomes imaginary for ω > nΩce and the wave can in general
propagate but no energy exchange occurs for the nth-harmonic.
(b) Broadening and displacement of the X2 resonance layer in respect to the cold resonance location
for an electron density ne(0) = 2× 1019 m−3.

which is useful to calculate the absorbed EC power fraction

Pabs

Pinj

= 1− exp (−τ) , (5.2.22)

where Pinj is the injected power and Pabs is the power absorbed by the plasma after one single
pass of the wave beam through the resonance layer.
If the electrons are considered non-relativistic, i.e. vthe/c� 1, where vthe is the thermal speed of
the electrons, that is for electron temperatures up to say 5 keV, the optical thicknesses for θ = 0,
as a function of major radius R, are respectively [184],

O-mode:

τOm(R) =
π

2 c

m2(m−1)

2m−1(m− 1)!

[
1−

(
ωpe

mΩce

)2
]m−1/2(

ω2
pe

Ωce

)(
kB Te
me c2

)m
R, (5.2.23)

X-mode:

τXm (R) =
π

2 c

m2(m−1)

2m−1(m− 1)!

(
ω2

pe

Ωce

)(
kB Te
me c2

)m−1

R, (5.2.24)

where m > 2 is again the harmonic number. For typical tokamak parameters, the previous
equations imply τX2 > 1 and τX3 ≈ τO2 < 1. Thus the TCV 2nd harmonic electron cyclotron wave
system is operated most of the time in X-mode polarisation, as the beam absorption efficiency is
much higher than in the O-mode branch [197]. The absorption of the wave at the third harmonic
is far smaller (the absorbed power fraction is reduced by roughly a factor kBTe/mec

2).
A wave launched from the LFS towards a harmonic of the electron cyclotron frequency penetrates
the plasma until it reaches the cold resonance layer, where absorption is still weak. In a tokamak,
the cyclotron frequency scales as 1/R, see eq.(5.1.21), the wave is therefore moving from the right
to the left on figure 5.2.5b and the absorption becomes stronger.
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Figure 5.2.6: Fisch–Boozer mechanism of electron cyclotron current drive (ECCD).

If the plasma is optically thick (say τ > 3), the wave energy has been deposited completely upon
passing the resonance layer. This is generally the case for X2, so the absorption layer is spatially
narrow. The interaction is strongest with (suprathermal) electrons having an energy(�)

Eres = (γ − 1)mc2 =

(
mΩce

ω
− 1

)
me c

2. (5.2.25)

To change the radial location of absorption the magnetic field of the tokamak must change.

TCV features the EC system with currently the highest wave power density worldwide (40 MW/m3).
In 1999, using the full power of 6 gyrotrons, low density plasmas were heated to bulk electron
temperatures reaching almost 15 keV.

5.2.3.2 EC current drive (ECCD) [198]

One might think that injecting the EC waves toroidally would transfer momentum to the plasma
and drive a non-inductive current. The wave, however, carries practically no longitudinal mo-
mentum and the effect of its absorption by the plasma is roughly limited to an increase of the
transverse electron energy. Toroidal EC injection nevertheless generates a toroidal current in the
plasma, albeit through a more complex interplay between the plasma particles. The principle of
this process is illustrated in figure 5.2.6 and works as follows [199]: Consider a wave propagating
at an angle cos θ = k‖/k. Electrons with longitudinal velocity v1 (zone 2 in the figure) fulfill the
resonance condition, eq.(5.2.16), if

v1 =
ω −mΩce

k‖
, (5.2.26)

such that, after absorption (heating),

v2 '
√
v2

1 +
∆E

2me

, (5.2.27)

the electrons are in zone 3 in velocity space, where ∆E is the increase in transverse energy (the
longitudinal energy is barely augmented). Diffusion results in the density of particles removed
from zone 2 being replenished from zone 1.

(�) using the resonance condition, eq.(5.2.16).
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The particle balance equations between these two zones may be written





dn2

dt
= −Pabs

∆E
+ νµ(v1)

[
n2 − n2

]
,

dn3

dt
= −Pabs

∆E
+ νµ(v2)

[
n3 − n3

]
,

(5.2.28)

where n and n are the equilibrium and perturbation densities respectively and νµ(v) is the an-
gular electron diffusion frequency due to electron–electron collisions, equal to the characteristic
frequency for energy loss, eq.(4.9.1), and thus proportional to v−3. This dependence is the origin
of the current generated with ECCD, which, for stationary conditions, is

jECCD = −e v1 (n1 − n1 + n2 − n2) =
e v1 Pabs

∆E νµ(v2)

(
1− νµ(v2)

νµ(v1)

)
. (5.2.29)

Hence jECCD is due to the faster particles being more slowly scattered in pitch-angle, resulting
in an anisotropy of the electron distribution function. If the injected EC power equals Pinj, the
ECCD efficiency is [200],

ηECCD =
jECCD

Pinj

=
3 e v2

1

5 ν0me v2
the Zeff

, (5.2.30)

where ν0 is given by eq.(4.9.1), evaluated at v = vthe.

The toroidal geometry of the tokamak leads to particle trapping. The magnetic moment µm =
1
2
mev

2
⊥/B is an adiabatic invariant(§). The helical particle orbits imply that ∇B 6= 0 along a

magnetic field line, but if the total kinetic energy W = W‖ +W⊥ is constant, the conservation of
the magnetic moment requires v‖ to decrease when v⊥ increases. For some particles, as they follow
the field lines, v‖ may become zero, i.e. the particle changes direction and is thus trapped by the
magnetic field. The projection of the particle orbit on a poloidal cross section has the rough shape
of a banana. A particle is trapped if v‖ 6

√
ζv⊥, where ζ = a/R is the aspect ratio. The wave

energy absorbed by resonant particles only contributes to the noninductive current if their orbits
are not trapped. Worse, if passing particles become trapped (see figure 5.2.6), the depletion of
the electron energy distribution function gives rise to a return current, opposite to the EC driven
current, reducing the overall efficiency of the ECCD [201]. The calculation of the total EC driven
current needs these toroidal effects to be taken into account.

Figure 5.2.7 illustrates the resonance curves in velocity space in the ECCD case (k‖ 6= 0). Due
to the Doppler shift, the resonance curves become ellipses which are asymmetric in v‖. The wave
may be either absorbed at the low (ω/nΩce < 1, shown in figure 5.2.7a) or high field side of the
cold resonance (ω/nΩce > 1, shown in figure 5.2.7b). Low field side absorption exhibits a reduced
ECCD efficiency because the wave is interacting with a higher proportion of trapped particles.
In the second case the overlapping of resonance curve and passing/trapped particle boundary is
avoidable.
TCV was the first tokamak to achieve steady-state fully non-inductively EC driven discharges in
1999 [202] (albeit at relatively low plasma currents and with a high bootstrap component, see
below). Such discharges have since then been routinely achieved.

(§) A quantity that remains approximately constant when the magnetic field changes (in time or space).
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Figure 5.2.7: Asymmetric ECCD resonance maps for TCV with the wave absorption occurring at (a) the high field
side and (b) on the low field side of the cold resonance. In the first case the wave is always interacting
with the trapped particle population, whereas with a frequency ω/nΩce > 1 and sufficiently small
k‖ the resonance involves only passing particles. Particles having velocity components lying inside
the upside down cone are trapped, those outside are passing (see discussion in section 5.2.3.2).

5.2.4 Bootstrap current

Strong ECCD is often accompanied by strong radial plasma pressure gradients (section 5.4.1),
which are the origin of the so called bootstrap current [203, 204]. Trapped particles, oscillating
toroidally back and forth on their banana orbits, experience the magnetic field gradient ∇B pro-
voking a radial drift force, eq.(1.4.5), which points inwards (outwards) for electrons moving in the
same (opposite) direction to the toroidal magnetic field. The turning points of the orbits on the
high field side are therefore located closer to the main torus axis for electrons with v‖ > 0 than
those with v‖ < 0. In the presence of density and temperature profiles falling off towards the edge,
the number of electrons of positive velocity, on a given flux surface, will therefore be larger than
those moving opposite, hence there is a net trapped electron banana current causing the trapped
distribution function to become asymmetric in v‖. The stronger the density gradient, the stronger
this asymmetry and thus the flowing current. Although this current is fairly small, the collisional
diffusion (mainly through pitch-angle scattering) across the trapped-untrapped boundary in the
velocity space extends this asymmetry to the untrapped-electron region with the result of a net
parallel plasma current, dubbed the ‘bootstrap current’.

The total plasma current density jp is therefore the sum of the components

jp = jOH + jECCD + jBS, (5.2.31)

where the bootstrap current jBS amounts approximately to

jBS = −
√
ε

Bθ

Te
dne
dr

. (5.2.32)

Note that the bootstrap current is driven by the plasma itself, it is even envisaged to replace
the inductive current component by jBS and thus render continuous tokamak operation possible.
The bootstrap current production was studied on TCV [205], and steady-state discharges fully
sustained by jBS were achieved recently [206].
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5.2.4.1 EC penetration calculations with Toray-GA

The calculation of the EC wave propagation and absorption on TCV is routinely performed with
the linear ray-tracing code Toray-GA [207–210]. Toray-GA helps in the pre-shot model design of
a TCV discharge (mandatory check to prevent wave reflections or wrongly configured launcher
angles) and provides the post-shot calculation of the absorbed power and current drive efficiency
based on the experimental data (LIUQE equilibrium and radial profiles for electron density and
temperature fitted to Thomson scattering data).
Toray-GA models the wave propagation (trajectory, refractive indices) in real tokamak geometry
using typically 12 rays, each carrying a fraction of the total injected power, representative of
a gaussian radial beam power profile. The propagation is calculated using the cold dispersion
relation, eq.(5.1.23), whereas the absorption is calculated locally using the hot dispersion relation
but with a weakly relativistic approximation. The ECCD current drive efficiency is calculated
considering particle trapping by the magnetic field, using the equations published in [207]. Toray-
GA calculations were extensively benchmarked against TCV experiments and good agreement was
found [211]. The data analysed in the following is taken from a few discharges which were part
of the TCV fast ion mission executed in 2005. The information obtained about the parameters of
the electrons presented in the remainder of this chapter will be required later in chapters 6 and 7
to characterise the properties of suprathermal ions.

B
T
>0, I

P
>0 

top launch
off-axis

on-axis
equatorial

CO-ECCD

CNTR-
ECCD

ECRH

Figure 5.2.8: Top (left) and poloidal (right) view of the wave trajectories in plasma discharges #31175 and
#31176, t = 1 s. The upper launchers #2 and #6 heat the plasma off-axis without current
drive, the equatorial launchers #1 and #4 are configured for co- (#31176) or counter-current drive
(#31175). Note that in reality the launchers are not located in the same toroidal sector (refer to
figure 5.2.3). The lighter segments along the beam path indicate the region where 99 % of the wave
power is absorbed, the stars represent the locus where the absorption is maximum. The vertical
line on the right plot indicates the position of the cold X2 resonance.

Figure 5.2.8 shows ray trajectories calculated by Toray-GA. The plot compiles data from two
discharges, #31176 with non-inductive current drive aligned with the inductive plasma current
Ip, referred to as co-ECCD and #31175, where the equatorial wave launchers were turned by
∆φL = 180◦, such that the driven current was opposite (counter-ECCD).
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Although the wave is fully absorbed at the resonance layer during the first pass through the
plasma (Toray-GA calculates a fraction exceeding 99 %), the wave trajectories continue beyond the
absorption layer because the cold plasma approximation is used to calculate the wave propagation.
Figure 5.2.9 plots the evolution of some important plasma parameters for discharge #31175.
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Figure 5.2.9: Temporal traces of, from top to bottom, loop voltage (estimated from the derivative of the current
in the ohmic transformer), plasma current, EC power, line integrated central electron density (FIR),
core electron (TS) and ion temperature (CXRS) for discharge #31175 (counter-ECCD). During the
steady-state flat top the EC power reaches 1.94 MW, Vloop = −0.2 V, Ip = 140 kA and the electron
and ion temperatures peak at 7.5 keV and 220 eV respectively.
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Figure 5.2.10: Absorbed EC power (a) and resulting EC driven current density (b) calculated with Toray-GA for
the wave trajectories shown in figure 5.2.8. The profiles shown are representative for three different
discharges, namely #31176 (noninductive current aligned with the inductive current, co-ECCD),
#31175 (jECCD antiparallel to Ip, counter-ECCD) and #31346 (ECRH only, i.e. k‖ = 0).
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Figure 5.2.10 shows the corresponding power absorption and current drive densities for co- and
counter-ECCD. Both figures are normalised by the EC injected power, which was 1.93 kW in
total. The driven current is located inside a narrow region around the magnetic axis (ρ < 0.2).
The off-axis heating improves the confinement of the discharge (section 5.4.1), the absorbed power
density is much smaller off-axis due to a substantially larger absorption volume.

5.3 EC wave emission diagnosis

Charged particles in a magnetised plasma, owing to gyromotion around the magnetic field lines,
emit synchrotron radiation. The first measurement of the electron cyclotron emission (ECE) dates
back in 1964 [212] and the diagnostic techniques for its detection matured in the seventies of the
last century [213]. Today almost all tokamaks are equipped with ECE diagnostics.
ECE was first exploited to locally measure the temperature of the bulk plasma. ECE is a pas-
sive measurement technique and is advantageous over active techniques like Thomson scattering,
mainly because its high temporal resolution. More recently, ECE has been successfully employed
to study non-thermal features of the plasma particle energy distribution. The measurable signals
are much stronger than any other comparable diagnostic technique, e.g. do not suffer the poor
(and time resolution limiting) statistics of hard X-ray detectors (section 3.4.2), primarily due to
a much smaller energy of the diagnosed photons [214].

5.3.1 Plasma EC wave source

A point charge q, at position r(t) and of velocity v(t), observed from a space point x at a
distance R = x − r, may be described in terms of charge ρ = q δ

(
x − r(t)

)
and current density

j = q v δ
(
x − r(t)

)
. The electromagnetic effect of the relativistically moving charge is, according

to the Maxwell equations, eqns.(5.1.1), and the Lorenz gauge, described by the Liénard-Wiechert
potentials [215], that is the scalar φ and vector A potential fields

φ =
q

4πε0

(
1

R

)
; A =

µ0q

4π

( v
R

)
. (5.3.1)

The electric field is then

E = −∂A

∂t
−∇φ =

e

4π ε0 κ3R

[
R

R
− v

c

1−
(
v
c

)2

R
+

R

R
∧
{(

R

R
− v

c

)
∧ 1

c

∂v

∂t

}]
(5.3.2)

where κ = 1−R ·v/Rc and the first term is the close field (not interesting for ECE). The far field
(R� r), with its spectrum unfolded by a Fourier transform, becomes

E(ω) =
−i e ω

8π2 ε0 cR

∫ +∞

−∞

R

R
∧
(

R

R
∧ v

c

)
exp

(
iω

(
t′ − R · r

rc

))
dt′ =

i e ω

4π ε0 cR

+∞∑

m=−∞
δ

((
1− v‖

c
cos θ

)
ω −mΩ0

)
×

{
ex

(
−cos θ

sin θ

(
cos θ − v‖

c

))
Jm(ξ)− ey

i v⊥
c

dJm(ξ)

dξ
+ ez

(
cos θ − v‖

c

)
Jm(ξ)

}
, (5.3.3)

where ξ = (ω/Ω0) v⊥/c sin θ and a frame of reference with a uniform B0 along ez, θ = ∠(R, ez)
and R = R(sin θ, 0, cos θ) was chosen.
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The emitted radiation is therefore limited to the Doppler shifted harmonics of the cyclotron
frequency, i.e.

Ωm =
mΩ0

1− v‖ cos θ/c
; m ∈ N∗. (5.3.4)

An inverse Fourier transform yields the Schott-Trubnikov spectral density formula, eq.(5.2.14),
which gives the energy emission rate at the observation point. In a plasma, in the absence of
correlations between electron trajectories, the total emission coefficient (per unit volume, unit
frequency and unit solid angle) is obtained by integration over the velocity distribution function,

jω(θ, t) = 2π

∫ ∞

0

∫ ∞

−∞
ηω(p‖, p⊥, θ) f(p‖, p⊥, t) p⊥dp⊥dp‖. (5.3.5)

At a given location, the plasma not only emits but also absorbs radiation. If the electron distri-
bution function is Maxwellian, the ratio between emission, eq.(5.3.5), and absorption, eq.(5.2.11),
equals the intensity of the black body emission in vacuum [45],

1

N2
r

jω
αω

=
ω2

8π3 c2
kB T. (5.3.6)

5.3.2 EC radiation transport

The interplay between emission and absorption of the wave propagating along its trajectory s is
described by the transfer equation [45],

N2
r

d

ds

(
Iω
N2
r

)
= jω − αω Iω, (5.3.7)

where Iω is the radiation intensity (Watts per unit surface, unit frequency and unit solid angle).
The solution of this equation, in the absence of radiation sources outside the plasma, may be
written

Iω =

∫ τ0

0

Sω(τ) e−τ dτ =
ω2

8π3 c2
kB Trad

(
1− e−τ0

)
, (5.3.8)

where τ0 is the result of the integration of eq.(5.2.21) along the whole wave trajectory inside the
plasma. Two limits of eq.(5.3.8) need now to be discussed:

R τ0 � 1: The emitted radiation is poorly reabsorbed by the plasma, this is the optically thin
case. The whole plasma contributes to the radiation intensity

Iω =

∫
jω ds. (5.3.9)

R τ0 � 1: Most of the radiation gets reabsorbed (optically thick case), except the radiation
from a thin layer whose location depends on frequency. The radiation temperature is an
average over the emitting layer and, if the plasma is thermal, Trad = Te. That is, a linear
correspondence between Iω and Te

(
ρ(ω)

)
. An ECE based electron temperature diagnostic

needs therefore the measurement of Iω at multiple frequencies covering the plasma cross
section, see figure 5.1.2b. In practice, a plasma is considered optically thick if τ0 > 3,
corresponding to 95 % of absorption.
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Figure 5.3.1a shows profiles of τ for some typical electron temperature amplitudes representative
of TCV low density plasmas. The dotted horizontal line indicates the limit of proportionality
between radiated spectral power and local radiation temperature (τ = 3). Note that the HFS
plasma edge is always optically thin.
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Figure 5.3.1: (a) Optical thickness along the radius for a core electron density ne(0) = 2×1019 m−3 with a toroidal
magnetic field on the torus axis of BT0 = 1.43 T. Three different core electron temperatures are
represented (see legend label). Parabolic electron density and temperature profiles were assumed.
(b) View line optics for the perpendicularly viewing ECE chords since January 2006. For the HFS
and upper LFS antenna, a combination of a Gaussian feed horn and an elliptical mirror has been
used as a receiver. The Gaussian beam waists in the plasma centre have an 1/e2-folding radius of
5 cm, the midplane LFS antenna consists of a methylpentene (TPX) focusing lens and an oversized
waveguide connecting to the radiometer. The beam waist is 2.5 cm in the plasma centre.

5.3.3 ECE diagnostic principle

The principle of classic ECE spectrometry relies on the radial dependence of the electron cyclotron
frequency (through the dependence B ∼ 1/R of the main magnetic field). From eqns.(1.5.1) and
(1.4.3),

Ωce(R) ' eB0R0

meR
, (5.3.10)

with B0 the toroidal magnetic field at the axis of the torus R0. For a given emission frequency the
condition of resonance is thus met at a particular radial position whose locally emitted radiation
intensity is proportional to the electron temperature, eq.(5.3.6), provided the plasma is optically
thick. A radial temperature is then obtained by simultaneously measuring the radiation intensity
at various frequencies.
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5.3.4 Perpendicular versus oblique observation

The geometrical setup of any ECE diagnostic is of capital importance when it comes to diagnosis of
non-thermal plasmas. The presence of suprathermal electrons causes the EC emission to deviate
from the black-body ideal and the detectable deviations strongly depend on the direction of
observation. The fundamental resonant angular frequency, eq.(5.3.4), may be written as

ω = Ωce

√
1−

(v
c

)2

1− v‖ cos θ

c

, (5.3.11)

such that high perpendicular velocities v⊥ (eg. if strong ECRH is applied) cause a relativistic
frequency downshift. As a consequence, the radiation emitted by the electrons populating the
suprathermal tail of the distribution function is only detectable on the HFS [216] as the radiation
transported towards the LFS is reabsorbed at the cold resonance layer further outside (follow
the radiation path on figure 5.1.2b for example). The opposite is true for high forward electron
velocities v‖ (e.g. if strong ECCD is applied), eq.(5.2.16) implies then a Doppler upshift of the
emission frequency. For a optically thick plasma, this upshift is only observable for k‖ 6= 0, that
is with oblique ECE [217,218].

Electron cyclotron emission is therefore a very sensitive detector of suprathermal populations in
geometries that place the resonant suprathermal electrons closer to the receiving antenna than the
thermal population. The horizontal perpendicular ECE view is not able to separate the spatial
and energetic location of the emitting electrons as, for a given frequency, only the product γR is
defined. Only oblique ECE is able to resolve radial and energetic distributions of the optically thin
suprathermal EC emission independently. The reason for this is given by eq.(5.2.16): For a given
k‖ and ω, there is a maximum major radius ρmax from which radiation emission is permitted. The
spatial resolution is then achieved by the choice of the observation angle, such that the radius of
tangency ρmin of the refracted ray with the flux surface is close to ρmax.

5.3.5 ECE diagnostic setup on TCV

The radiometers analysing the ECE radiation on TCV work according to the heterodyne scheme
[219], i.e. mixing the measured signal with a fixed frequency signal provided by a Gunn local
oscillator, such that the electron cyclotron signal frequency is brought to a lower frequency (below
20 GHz), which is then analysed. The following lines of sight exist on TCV:

R two lines of horizontal perpendicular view, looking from the high field side, at z = 0 and
z = 21.2 cm respectively. This system was commissioned in 2000 [220].

R identical setup, but viewing from the low field side. This system was commissioned in
2003 [221,222].

R a steerable view, using a launcher of the type employed for the X2 gyrotron beams (figure
5.2.1), from the low field side, at the midplane, operational since 2005 [221]. An independent
7th launcher, for exclusive use as receiving antenna for the purpose of oblique ECE, was
installed in 2007 [223]. During the discharge, the receiver may be swept in the poloidal,
toroidal or any inclined plane with the launcher mechanics. Two toroidal sweeps between
φ = 7◦ and 55◦ are achievable per discharge.
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The current setup permits to use only one line of sight per field side. HFS and LFS antennas
are located in different toroidal locations. Figure 5.3.1b shows the antenna geometry of the
perpendicular ECE view lines. This geometry limits the collected radiated power to 50 µW for an
electron temperature of Te = 10 keV. Each radiometer has 24 channels, the HFS radiometer has
a frequency range of 78–114 GHz, the LFS radiometer 65–99 GHz, such that the whole plasma
cross-section is covered. Each radiometer has an IF bandwidth of 750 MHz and each frequency
channel has a video bandwidth of 100 kHz (LFS) and 40 kHz (HFS) respectively with sampling
rates ranging 10. . . 200 kHz. The spatial resolution is, for a magnetic field of B0 = 1.45 T, 4 mm at
the edge and 8.5 mm in the centre. Notch filters at the second and third harmonic of the electron
cyclotron frequency protect the radiometers from power coming directly from the gyrotrons.

5.4 EC physics on TCV

This section very briefly reviews some effects of the EC waves on the background plasma. These
include experimental evidence of improved confinement due to transport barriers (section 5.4.1),
quasi-linear modelling of the evolution of the electron velocity distribution function in phases
with strong wave-particle interactions (section 5.4.2.2) and the generation of highly suprathermal
electrons by ECCD (section 5.4.3). The discussion is restricted to features exploited in the fast
ion plasma mission.
Although merely heating electrons, ECRH has become an important tool for the localised modifi-
cation of plasma parameters, e.g. current profile tailoring [224], neoclassical tearing mode (NTM)
stabilisation or sawtooth control [225]. The selectivity in energy and space made of EC physics
a highly regarded mean of distribution function engineering. Recent developments in plasma
feedback control hardware promote these tools even available in real time [226,227].

5.4.1 Internal transport barriers

In the mid-nineties, a new improved operational regime was discovered on the Tokamak Fusion
Test Reactor TFTR [228], showing substantial enhancement in confinement. This regime exhibits
internal transport barriers (ITB), e.g. strong gradients on the density and temperature profiles.
Such advanced scenarios for better performance are interesting for future fusion reactors, ITER
currently aims at steady state operation with weak ITBs [229]. ITBs were therefore extensively
studied on various tokamaks, a recent review is available in [230]. The key ingredient for the
formation of the barrier is the provision of a central region of negative magnetic shear(¶) [231]. TCV
has produced electron internal transport barriers (eITB) in discharges with inductive current and
localised ECRH [232], but also achieved fully noninductive scenarios where the current was entirely
sustained by ECCD [205]. The improvement in energy confinement over the ohmic TCV L-mode
[175] is commonly parameterised by the Rebut-Lallia-Watkins scaling factor HRLW = τ eE/τRLW

[233], whose value ranges up to 6 on TCV. The barrier formation [234] and strength [231] strongly
depend on the current profile, such that the EC absorption must be localised. TCV has no direct
measurement of the current profile, but wave driven current distributions are routinely calculated
using self-consistent models of wave absorption, current drive and diffusion (see next section).

(¶) In a tokamak, the direction of the magnetic field changes from flux surface to flux surface, the pitch of the
helical field lines and therefore their twist is measured by the profile of the safety factor q, eq.(1.5.2). The
magnetic shear s is the radial rate of change of q,

s =
r

q

dq
dr
. (5.4.1)
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Figure 5.4.1: Temporal traces of core electron (TS, top), core ion temperature (CXRS, middle) and HRLW (bot-
tom) for the counter- and co-ECCD discharges #31175 and #31176 (〈ne〉 = 1 × 1019 m−3). The
gyrotrons are switched on at t = 0.4 s, reach full power at t = 0.8 s and are switched off at t = 2 s
(see figure 5.2.9). Except the sign of the toroidal EC injection angle the setup of both discharges is
identical. HRLW = 1 during the ohmic phase, as expected, but increases to 2–2.5 in the co- and 3–4
in counter-ECCD case. The high Te of the counter-ECCD discharge reduces the energy coupling
between electron and ions, the core Ti is thus slightly lower.

Figure 5.4.1 shows the behaviour of bulk electron and ion temperature in the two ECCD discharges
already shown in figures 5.2.8 to 5.2.10, targeted to study the formation of fast ion populations
(chapter 6) and designed to exhibit high core electron temperature and strong central ECCD
current. In discharge #31175 the ECCD beam is injected in opposite direction of the inductive
plasma current (counter-ECCD), in #31176 the two currents align (co-ECCD). As shown, the
injection of EC waves considerably increases the core electron confinement.
Figure 5.4.2a shows the corresponding electron temperature profiles prior and during the EC
heating phase, demonstrating their evolution from classic L-mode near parabolic profiles to high
gradient peaked profiles. However, in the co-ECCD discharge the strong ITB gradient does not
appear, whereas the counter-ECCD clearly exhibits a barrier, although a weak one (HRLW exceeds
only 3), resulting in a high core electron temperature. The off-axis ECRH serves to improve the
barrier in the counter-ECCD discharge and stabilises sawteeth (section 5.4.4.2). Stronger internal
barriers may be obtained with off-axis ECCD [235]. Simulations confirm [236] that the injection of
counter-ECCD on-axis provides a negative current source in the plasma centre, which increases the
depth of the reversed current density profile hollow and causes a reduction in the core transport
due to micro-turbulence. Electron confinement is therefore improved (with regard to HRLW) and
the ECCD current drive efficiency is higher. Also the ohmic current is increased in the region of
absorption because of the higher conductivity of the hotter electrons [237] which compensates the
counter-ECCD. There is a feedback loop on the time derivative of the plasma current to maintain
Ip constant and the loop voltage is decreased upon EC injection and barrier formation (figure
5.2.9).
Note that the barriers are eITBs, the ion confinement is not affected. This is demonstrated in
figure 5.4.2b.
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Figure 5.4.2: Measured profiles of electron (a, TS) and ion (b, CXRS) temperature profiles. In the two discharges
shown, the ohmic profiles (t = 0.35 s) are the same, with ECCD, the core Te of the counter-ECCD
discharge exceeds the value in the co-ECCD case by more than two (t = 1.6 s), thanks to the eITB
located somewhere between ρ = 0.3 . . . 0.4. On the other hand the ions (b) are decoupled from the
destiny of the electrons, their temperature profiles do practically not change in the high electron
confinement phase.

5.4.2 Background plasma distribution function modelling

5.4.2.1 Quasilinear (QL) theory

Wave propagation and weak absorption are well described by linear models. If absorption becomes
important, the background plasma is strongly modified and, due to the selectivity in energy of the
resonant interaction between wave and electrons, may no longer be considered as thermal. Quasi-
linear [238], i.e. lowest order nonlinear kinetic models have been extremely successful in describing
the evolution of the plasma in such circumstances.

The starting point of the quasilinear treatment is the QL ordering, i.e. the separation of the plasma
distribution function into a slowly varying part F and a part f̃ which is fluctuating with the wave
fields. The wave-particle interaction is then described as a diffusion process in velocity space,

∂F (p, t)

∂t
=

∂

∂p
·DQL ·

∂F

∂p
, (5.4.2)

with a quasilinear diffusion tensor

DQL =

(
D⊥⊥ D⊥‖
D‖⊥ D‖‖

)
, (5.4.3)
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with components
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D⊥‖ = πq2 lim
V→0

1

V

∫

k

+∞∑
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δ
(
ω − n Ω̂ce − k‖v‖

) ∣∣∣∣E + JnE‖
v‖
v⊥

∣∣∣∣
2
n Ω̂ce

ω

k‖v⊥
ω

d3k,

D‖⊥ = D⊥‖.

To improve continuity, the QL diffusion equation is derived in appendix A.

Eqns.(5.4.4) demonstrate that in the case of pure ECRH where the wave is injected perpendicular
to the magnetic field, i.e. k‖ = 0, only D⊥⊥ 6= 0, that is electrons gain only perpendicular energy.

5.4.2.2 The CQL3D Fokker-Planck code

To obtain an experimentally viable description of the plasma response to the wave absorption,
other effects influencing the particle velocity distribution require consideration, such as parallel
electric fields, electron transport and particle collisions. The mechanism of the EC current drive
relies itself on the collisional diffusion in velocity space (section 5.2.3.2), it is therefore natural
that popular quasilinear codes solve the Fokker-Planck equation [239], that is the Vlasov equation
(5.1.35) with a relativistic Fokker-Planck collision operator.

Many TCV experiments were modelled with the collisional Fokker–Planck code CQL3D [240],
solving the bounce averaged Fokker–Planck equation using finite differences (1D in real space, 2D
in velocity space). Wave ray-tracing is treated with a Toray-GA plug-in. Wave–particle interac-
tions are treated quasilinearly. Experimentally observed current drive efficiencies, systematically
underestimated by the linear Toray-GA code, were, due to quasi-linear enhancement by the im-
pressive power densities on TCV, historically strongly overestimated with CQL3D. The level of
current drive calculated with CQL3D matched to the experimental value by the inclusion of ra-
dial diffusion (D = 0.5 . . . 5 m2/s, of the order of the thermal energy diffusivities) of the hot
electrons [236, 241]. That is, current carrying electrons are pitch angle scattered within a deflec-
tion time of approximately 10 ms (E = 100 keV) such that they no longer contribute to the current.

Experimental and simulated IECCD are brought into agreement by adjusting a (flat) diffusion
coefficient, the current is monotonically decreasing with D. Typical values of the diffusion coeffi-
cient were experimentally confirmed using modulated EC injection [242], analysis of hard X-ray
emission profiles [120, 243] or high field side ECE to monitor the presence of fast electrons [244].
However, if the EC power is large enough, the energy of the suprathermal electrons is so high that
they can diffuse to the plasma edge, where they are still carrying current [245].

Although having the highest wave power density, TCV is still below the quasilinear saturation level
and absorption is not affected by the radial electron transport (so the Toray-GA model remains
valid).
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Figure 5.4.3: (a) Pitch angle dependence of the electron distribution function calculated by CQL3D based on
experimental data for discharge #31188 at t = 1.4 s. A radial suprathermal electron diffusion co-
efficient of D0 = 1 m2/s was sufficient to bring the modelled and measured current drive efficiency
into agreement. The contour lines scale with the logarithm of the distribution function fe and are
equispaced. The velocity coordinates are normalised by a relativistic electron energy of 200 keV.
The trapping/passing boundary is clearly visible.
(b) Attempts to describe the CQL3D calculated distribution by a two-dimensional set of
Maxwellians. Anisotropic longitudinal and transversal distributions with the best fit parameters
are shown.

Figure 5.4.3a shows the result of a CQL3D run for the counter-ECCD discharge #31188 (similar
to #31177 shown previously) for experimental conditions on the magnetic axis. The distortion of
the distribution function into the direction of the ECCD is clear and extends to relativistic speeds.
Although the pitch angle dependence of the distribution function is complicated, a description in
terms of a bi-Maxwellian distribution is feasible. A 2D-fit of the distribution shown in figure 5.4.3a
yields

R a thermal electron bulk denoted by f
(0)
e , isotropic and symmetric in respect to the parallel

direction. T
(0)
e = 6.5 keV (consistent with TS) and

R a shifted (along the parallel direction) suprathermal electron population f
(1)
e with a modest

drift velocity parallel to the magnetic field, compatible with the current driven by ECCD
and high perpendicular temperature due to ECRH. T

(1)
e = 15 keV (consistent with ECE),

suprathermal population strength n
(1)
e /n

(0)
e = 0.1, parallel drift velocity v

(1)
d = 0.7 vthe with

vthe the thermal electron velocity. The last two parameters are consistent with the driven
current density jECCD = e n

(1)
e v

(1)
d . 10 MA/m2.

Longitudinal and transversal distribution functions, defined respectively as

Fe‖(v‖) =

∫ 2π

0

dθ

∫ ∞

0

v⊥ fe(v) dv⊥, (5.4.5)

Fe⊥(v⊥) =

∫ 2π

0

dθ

∫ +∞

−∞
fe(v) dv‖, (5.4.6)

are, together with the analytic bi-Maxwellian expression and parameters stated above, shown in
figure 5.4.3b.
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5.4.3 Observation and simulation of non-thermal ECE emission

Relativistic electrons accompanying strong ECCD were observed from the early days of compatible
fast electron diagnostics [246], currently preferentially investigated by ECE diagnostics. During
ECRH, the lowest energy electrons are in resonance with the full power of the beam and strong
attenuation leads to less power being available to heat the higher energy electrons. During ECCD,
conversely, the higher energy electrons are primarily in resonance (see figure 5.2.7b) [247]. The
non-thermal electrons carry the non-inductively driven current. The distortion of the electron
distribution function (modelled using CQL3D) during strong current drive and the associated
suprathermal tail are clearly visible on figure 5.4.3a. The HFS and LFS ECE systems do radially
overlap and simultaneous measurements with both radiometers provide complementary quantita-
tive and qualitative information about the electron distribution function due to the asymmetry of
the ECE spectra emitted into opposite radial directions. The HFS radiometer partially covers the
third harmonic frequency range, which provides additional information on suprathermal electrons.

-1 -0.5 0 0.5 1
0

0.5

1

ECE LFS
THOMSON
ECE HFS

el
ec

tr
on

te
m

pe
ra

tu
re

T
e

[k
eV

]

normalised radius ρ

#33026, t = 0.3 s, Te(ρ)

(a) Ohmic electron temperature profiles.

-1 -0.5 0 0.5 1
102

103

104

105

ECE LFS
THOMSON
ECE HFS

el
ec

tr
on

te
m

pe
ra

tu
re

T
e

[e
V

]

normalised radius ρ

#33026 t = 1.8 s, Te(ρ)

(b) ECCD electron temperature profiles.

Figure 5.4.4: Profiles of measured electron temperature during a purely inductive phase (a) and with 1 MW
counter-ECCD on axis plus 1 MW off-axis ECRH (b). Note that the temperature scale is logarithmic
in the second plot. In the ohmic plasma the three temperature diagnostics agree. During the
phase of auxiliary heating, the LFS radiometer measures core bulk temperatures in agreement
with Thomson scattering, whereas the HFS radiometer indicates fairly suprathermal temperatures.
Negative ρ parameterise the HFS side of the plasma, the vertical Thomson scattering measurement
points were mapped to the normalised radius grid.

Figure 5.4.4 shows profiles of electron temperature measured with the LFS and HFS radiome-
ters (perpendicular view) and the Thomson scattering diagnostic. At the beginning of 2006, the
midplane LFS antenna lens was replaced to achieve better focusing properties in the near field.
The poloidal focal spot is now 1.2 cm at r/a = 0.85, compared to 6 cm before. As a result,
perpendicular LFS observation of the circulating suprathermal on-axis ECCD electrons doesn’t
show the Doppler upshifted radiation and the core LFS ECE temperature agrees with the Thom-
son scattering measurement. The HFS radiometer measures temperatures well above the thermal
level, channel #1 (f = 79.6 GHz), whose cold resonance lies close to the magnetic axis, indicates

T
(1)
e ≈ 60 keV. A suprathermal density of only 2× 1016 m−3 is sufficient to make the HFS signal

departure from the thermal intensity visible.
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Relativistically downshifted radiation from the tenuous suprathermal tail of the electron distri-
bution function is observed throughout the plasma. The behaviour of the ECE intensity at high
frequencies is due to downshifted third harmonic radiation. Radiometer channels above approx-
imately 100 GHz overlap the resonance band of the third harmonic (see figure 5.1.2b), whose
optical depth is typically too low for the associated radiation to be absorbed before reaching the
pickup antenna (figure 5.4.5a).
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Figure 5.4.5: (a) Optical thickness of the second and third harmonic X-modes during phases of purely ohmic
(t = 0.27 s) and partly non-inductive current drive (t = 1.8 s). The high electron temperature
guarantees the high optical thickness during EC injection, the plasma bulk efficiently shields the
LFS antenna from radiation emitted by suprathermal electrons. The third harmonic is optically
thin and pollutes the high frequency radiometer channels.
(b) Core electron temperature traces. The LFS measurement follows the black-body ideal is thus
close to the Thomson scattering value. The HFS measurement is strongly influenced by the presence
of suprathermal electrons and exceeds the thermal temperature by a factor of 10.

Figure 5.4.5b finally illustrates the time traces of the core electron temperatures for the same
discharge.

When ECE temperatures are compared to Thomson scattering values it should be mentioned
that the analysis of the latter assumes a monothermal electron population. The presence of non-
thermal electrons falsifies the calculated temperature, although a precise analysis of its impact
is difficult to estimate. It is currently believed that in plasmas with strong ECCD (1.35 MW
toroidally injected power), the temperature derived from the scattered laser beam may be in error
by 20 % at most [248].

In the past, the emission of suprathermal electrons was modelled using bi-Maxwellian electron
distribution functions [249] or the sum of two Maxwellians truncated at cutoff energies in the
range of 5–10 keV [222]. We can now model the ECE spectra with a more sophisticated code,
NOTEC-TCV.
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5.4.3.1 The non-thermal ECE emission code NOTEC-TCV

The three dimensional, fully relativistic NOTEC radiation balance code was developed at Stichting
voor Fundamenteel Onderzoek der Materie (FOM), The Netherlands, in the 1980ies to calculate
ECE spectra of JET tokamak plasmas, taking into account the real ECE antenna pattern, re-
fraction, the polarisation scrambling multiple vessel wall reflection coefficient, and non-thermal
electron populations described by drifting Maxwellians, temperature anisotropy and particle loss-
and anti-loss cones [250]. It was later adapted for TEXTOR [251, 252] and was implemented at
CRPP to study TCV plasmas in 2006 [253]. NOTEC is coded in Fortran 77.
The calculation of an ECE spectrum is carried out in the following way: When the antenna pattern
is known, several rays, describing the characteristics of this pattern, are launched into the plasma.
Calculating the total radiation emitted along a ray in the direction of the antenna, i.e. going
from the source to the antenna or going in the opposite direction, is equivalent. Starting the ray
tracing from the antenna gives a great numerical advantage. To calculate a ray path through a
plasma in the approximation of geometrical optics, wall reflections at frequencies for which the
plasma is optically thin after one pass through the plasma must be modelled. For the ray tracing,
the cold plasma approximation is used throughout. In the case of strong absorption, e.g. at the
second harmonic resonance, the ray tracing calculation can be stopped before the critical range(�)

is reached as a large value of τ builds up over a fraction of the resonance layer. Numerically the
ray tracing is done in the same way as in the RAYS code [254].
Simultaneously with the calculation of a ray, the equation of radiative transfer may be solved
if the absorption and emission coefficients are locally known along the ray path (defined by the
electron temperature and density profiles, magnetic field and wave vector direction). Besides the
plasma equilibrium and the parameters of the thermal plasma, non-thermal populations may be
specified.

Because non-thermal emission spectra do not uniquely correspond to one electron distribution
function, additional assumptions for interpreting the non-thermal features need to be introduced.
In practice, the diagnostician is forced to consider a limited class of distributions only and a con-
vincing interpretation also has to rely on additional information from other diagnostics.

EC frequencies whose resonance layer lie at the plasma boundary or outside the plasma are opti-
cally thin after one pass through the resonance layer. Then not only the second harmonic X-mode,
but multiple harmonics and, as a consequence of reflection of the radiation at the wall, both polar-
isations can contribute to the emission. The measured radiation now comes from several plasma
layers. Furthermore, the antenna pattern and, if the density is high enough, refraction become
particularly important.

For the requirements of TCV, the current implementation of NOTEC-TCV was modified to
interface with the experimental MDS database. A graphical user interface helps to keep control
over the large number of adjustable parameters. Instead of analytical profiles for electron density
and temperature, the code uses the profiles measured with the Thomson scattering diagnostic.
Accurate antenna patterns for all ECE antennas are correctly implemented. The description of the
magnetic equilibrium in NOTEC-TCV is currently only circular in the poloidal plane but includes
a Shafranov shift. This should not be a problem as long as only plasma configurations centred in
front of the ECE antenna are considered. The wall reflection coefficient is 97 % (graphite tiles).
All calculations are normally performed using 5 rays per antenna.

(�) that is the region where the geometrical optics approximation breaks down.
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Figure 5.4.6: (a) X2 Gyrotron power stepping. The power injected through launchers #1–#3 is gradually reduced
whereas the other three gyrotrons do the opposite. The traces measure the power extracted at the
gyrotrons.
(b) ECCD launchers #1 and #4 point into opposite toroidal directions. With the programmed
power ramps, the net driven EC current is initially in the counter direction and becomes finally
co. Although the gyrotron powers are symmetric at the beginning and at the end of the discharge,
the current drive efficiency is smaller in the co-direction, as discussed in section 5.4.1. The driven
current was calculated using Toray-GA.
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Figure 5.4.7: (a) Integral profile of absorbed power (evaluated from the magnetic axis) for the individual gyrotrons
at t = 0.7 s. The ECCD launchers deposit 90 % of the EC power inside ρ = 0.2. The ECRH launch-
ers deposit off-axis, with quite uniform power deposition in the interval ρ ∈ [0.25; 0.75].
(b) Time traces of on-axis electron temperature measured by Thomson scattering (bulk), low field
side oblique ECE (Doppler upshifted emission) and perpendicular high field side ECE (relativisti-
cally downshifted radiation).
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5.4.3.2 Simulation of oblique ECE spectra

Oblique ECE was only exploited on TCV recently. A series of experiments directly demonstrated
the asymmetry of the electron distribution function in ECCD plasmas by looking into co- and
counter directions with a steerable LFS ECE receiver [255]. One discharge (#34527) out of this
mission was analysed in great detail using NOTEC-TCV. Figure 5.4.6 shows the setup of the
gyrotrons for this experiment.
EC heating starts at t = 0.35 s and ends at t = 1.9 s. Cluster A (launcher #1 has on-axis
counter-ECCD, launchers #2 and #3 pure ECRH) starts with full power and gradually steps
down to half power (every 200 ms the power-per-gyrotron is decreased by 50 kW starting at
450 kW/gyrotron), cluster B (launcher #4 has co-ECCD, launchers #5 and #6 also ECRH)
powers an ascending staircase starting at 200 kW/gyrotron. The total delivered EC power is
nearly constant, about 2 MW. The net ECCD current is initially −25 kA and then increases into
the opposite direction in 5 steps to reach +20 kA. The total plasma current of 140 kA is held
constant by inductive feedback control. With the 7th launcher antenna oriented at a fixed angle
of +65◦ in respect to the magnetic field (co-view) during the whole discharge the distortion of
the distribution function was directly evidenced [255]. Figure 5.4.7a illustrates the location of the
power absorption of the individual launchers, ECCD is driven on-axis, the four ECRH launchers
deposit in a large volume off-axis. Figure 5.4.7b shows the electron temperature traces for the
different diagnostics. Other than in the perpendicular LFS observation (shown in figure 5.4.5b),
the oblique view captures the Doppler upshifted radiation, the LFS temperature measurement is
thus in disagreement with the Thomson scattering measurement.
Thermal profiles of the bulk plasma electron density and electron temperature are shown in figure
5.4.8. The electron density profiles become slightly hollow during the EC phase. As expected, the
temperature profile is the most peaked with the highest temperature during the counter-ECCD
phase.
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Figure 5.4.8: (a) Bulk Thomson scattering (symbols) and SVD-inverted interferometer electron density profiles
during the ohmic phase (t = 0.3 s), shortly after the switch on of the gyrotrons (t = 0.37 s),
towards the end of the counter-ECCD injection, jECCD = −25 kA period (t = 0.7 s) and during
the co-ECCD phase, jECCD = +20 kA interval (t = 1.8 s).
(b) Bulk Thomson scattering electron temperature profiles including profile fits.
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Figure 5.4.9 shows the results of extensive modelling of the ECE spectra using NOTEC-TCV,
based on knowledge of the parameters of the background plasma and the calculation of the EC
properties with Toray-GA.
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Figure 5.4.9: NOTEC-TCV simulation of the measured HFS and LFS ECE spectra shortly after the start of
the EC injection (a, t = 0.37 s) and later when the fast electrons were radially redistributed (b,
t = 0.7 s). The parameters to fit the experimental data are given at the bottom of this page.

The radiometer measurements were labouriously reproduced in copious runs of the code. This
approach corresponds to reverse engineering the suprathermal populations present in the plasma.
The difficulty lies in the large number of parameters which can be changed. Modifications of the
properties of the electron populations drive the modeler inexorably to despair as the parameters
change not only the emission properties but also the transport of radiation across the population.
The result of small changes of the parameters is often an improvement in the agreement with the
radiometer on one field side but large discrepancies with the other side. Put simply: the plots
of figure 5.4.9 are the result of long and patient scan and provide the following electron parameters:

F t = 0.37 s, early after gyrotron switch-on:

• bulk: n
(0)
e (0) = 2.3× 1019 m−3 (TS, FIR), T

(0)
e (0) = 3.2 keV (TS, SXR)

• on-axis electron beam: n
(1)
e = 80 %, T

(1)
e,‖ = 5 keV, T

(1)
e,⊥ = 15 keV, ρ(1) ∈ [0; 0.05], β(1) = 0.15

• extended on-axis beam: n
(2)
e = 50 %, T

(2)
e,‖ = 5 keV, T

(2)
e,⊥ = 15 keV, ρ(2) ∈ [0.1; 0.2], β(2) = 0.1

• off-axis hot electrons: n
(3)
e = 2 %, T

(3)
e,‖ = 4 keV, T

(3)
e,⊥ = 35 keV, ρ(3) ∈ [0.2; 0.5], β(3) = 0

F t = 0.70 s, at steady-state:

• bulk: n
(0)
e (0) = 1.7× 1019 m−3 (TS, FIR), T

(0)
e (0) = 4.8 keV (TS, SXR)

• on-axis electron beam: n
(1)
e = 9 %, T

(1)
e,‖ = 5 keV, T

(1)
e,⊥ = 25 keV, ρ(1) ∈ [0; 0.1], β(1) = 0.4

• off-axis hot electrons: n
(2)
e = 2 %, T

(2)
e,‖ = 4 keV, T

(2)
e,⊥ = 80 keV, ρ(2) ∈ [0.2; 0.5], β(2) = 0
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The bulk profiles are input to the code as shown in figure 5.4.8. The density of each population
is given as a fraction of the total density. For the sake of simplicity, the suprathermal population
profile is simply scaled from the bulk profile and its spatial extent is parameterisable in normalised
radius ρ and poloidal angle θ. The suprathermal temperature profiles are flat across the plasma.

The first simulation (t = 0.37 s) models the conditions 20 ms after the start of EC injection.
The majority of the electrons in the volume where the ECCD power is absorbed are taken to the
suprathermal tail of the distribution function. The hollowness of the bulk electron density profile
shortly after EC injection may be ascribed to this transfer (the analysis of the TS signal doesn’t
really take the suprathermal electrons into account). Initially, the driven current is still small
(β = v‖/c = 0.1 . . . 0.15, in agreement with figure 5.4.6b). The perpendicular temperature of the
off-axis electrons has already risen to 35 keV. The strong ECE intensity on the high frequency end
of the HFS spectrum is again due to relativistically downshifted third harmonic radiation. Note
that agreement on the low frequency end is not very good, which is ascribed to the low intensity
in the ohmic phase, when the radiometer was calibrated (see next paragraph). Only radiometer
channels with physically meaningful signals are shown.

A second simulation reproduces conditions after redistribution of the fast electrons (t = 0.7 s). The
perpendicular temperature of the off-axis population has reached a maximum value of 80 keV.
The parallel temperatures of the suprathermals have not evolved and have values close to the
thermal temperature of the electron bulk. The other properties (relative density, radial extent) of
the off-axis population have not changed (neither have the EC heating properties). The on-axis
population carrying the non-inductive current has now reached the maximum drive efficiency. The
drift velocity of this population has more than tripled (β = 0.4), but its strength has strongly
reduced, i.e. less than 10 % of the electrons in the core are sustaining this current. These pa-
rameters agree with the Toray-GA calculation of the ECCD current profile in this region. The
electrons which were redistributed further outwards are not visible (the CQL3D simulation looks
similar to the pitch angle map shown in figure 5.4.3a and matches the experimentally observed
current with a quite small radial diffusion coefficient D0 = 0.2 m2/s). The reproduction of the
increased radiation registered in the high frequency HFS channels required the consideration of
up to 5 wall reflections per traced ray. A higher number of reflections didn’t enhance the signal
further. Note that oblique ECE measures a radiation temperature that is a weighted average of
Te‖ and Te⊥, the perpendicular HFS ECE view fixes Te⊥ and the oblique ECE LFS view provides
a constraint for the Te⊥/Te‖ ratio.

5.4.3.3 ECE radiometry calibration

A final word on the subject of ECE radiometer calibration: An absolute calibration would usu-
ally be performed by means of a microwave noise source. The amplifiers in the RF stage of the
radiometer do unfortunately not have a feedback control of the gain, and are thus sensitive to
temperature fluctuations of the surrounding air. Radiometer calibration on TCV is therefore per-
formed in the post-shot analysis, historically against calibrated Thomson scattering temperature
profiles. For the HFS radiometer, this calibration only uses the ohmic plasma phase such that no
non-thermal electrons are present(**). The oblique LFS ECE receiver may also be calibrated in a
pure ECRH phase (but not with ECCD, see discussion in section 5.3.4).

(**) This may be verified by looking at the ECE emission at a frequency that corresponds to a radial location
outside the plasma.
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Sawtoothing plasmas (see next section) are often not suitable for this calibration [256], as the
electron temperature may locally change by more than 10 % during a sawtooth cycle and the
ECE shows a strong component from electrons accelerated by the sawtooth crash. Further, the
poloidal symmetry assumed when vertical Thomson scattering data and horizontal ECE data are
mapped to the common grid of normalised radius breaks down during the sawtooth crash [257].
Optically grey or thin plasma regions have, of course, to be excluded as the radiation from such
regions is not proportional to the radiation temperature. For the data shown in this chapter,
a more suitable calibration procedure was adopted: The ECE emission spectra of the ohmic
phase of the plasmas were modelled with NOTEC-TCV and the radiometer signals were scaled
accordingly. This greatly improved the calibration of the edge channels, which are sometimes
optically too thin to represent the local electron temperature. Figure 5.4.4a shows the agreement
of the temperature diagnostics for the ohmic phase of discharge #33026. The calibration was
calculated with NOTEC-TCV by averaging over three Thomson scattering profiles (∆t ' 50 ms).

5.4.4 Internal disruptions (sawteeth instability)

The sawtooth instability was first observed in the early 1970ies on the ST tokamak in Prince-
ton [258] and on T-4 in Moscow [259]. The observation of the soft X-ray emission in these devices
revealed repetitive internal disruptions, that is a slow increase (over a couple of milliseconds) in
emissivity, terminated by a rapid crash (∼100 µs) in the plasma core – the time history is thus
shaped like a sawtooth. The behaviour reverses in plasma regions outside the so-called inversion
radius (rapid increase and slow decay). Sawteeth are observed in density and temperature and at
each relaxation event, particles and energy are expelled from the core region.

A first explanation for the sawtooth instability (especially its fast collapse) was given with the
Kadomtsev full reconnection model [260,261], which is a solution of resistive MHD. According to
this theory an instability with poloidal/toroidal mode numbers m/n = 1/1 becomes unstable at
the q = 1 magnetic surface due to a pressure driven instability that is excited by an increase in the
plasma current in the core region (such that the central value of the safety factor q0 drops below
1). The pressure driven instability reconnects the magnetic field [262,263], and as a consequence
the influx of cooler plasma from outside the inversion radius into the core region results in the
formation of a cold island. The island grows in time and eventually pushes the hot region of the
plasma (i.e. the region with q < 1) out of the core.

Extensive sawtooth studies on various fusion devices and new developments in diagnostics enabling
investigation with higher spatial and temporal resolution have shown various inconsistencies with
the Kadomtsev model. These include the predicted scaling of the collapse time with machine size,
which is not observed. The behaviour of the q-profile in the plasma core, first investigated on
TEXTOR [264], showed that, in some situations, q stays below 1 in the core during the whole
sawtooth cycle. This finding was not in line with the full reconnection model that was based on
the hypothesis that the sawtooth becomes unstable as soon as q0 < 1 in the plasma centre and
leads to a restoration of the current density profile such that q > 1 over the full profile.

Reviews of the progress in experimental and theoretical studies of the sawtooth instability are
available in [265] and [266]. But more than 30 years after their discovery, the physics of sawteeth
is still not satisfactorily understood.
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5.4.4.1 Sawteeth parameters on TCV

On TCV, the confinement and transport in sawteething plasmas were extensively investigated
using tomographic reconstructions of the XTOMO measurements during the complete sawtooth
period (section 2.5.3.1). The discharges investigated employed intense localised ECRH [257, 267]
and allowed for a comparison with theory and a validation of the dynamics of the m = n = 1
magnetic island associated with the resistive internal kink mode [268], as predicted by the Porcelli
model [269, 270] (a modified version of the Kadomtsev model in the presence of localised heat
sources [271,272]).

Internal kink modes may trigger the sawtooth crash. The type of mode at play and the properties
of the resulting sawteeth (period and crash amplitude) strongly depend on plasma shape. At
low triangularity and with sufficient elongation, ideal MHD significantly contributes to the trigger
whereas, at high triangularity and low elongation, the ideal mode is stable and resistive MHD
is responsible for kink dynamics [273–275]. Sufficient elongation or low triangularity plasmas
exhibit frequent small sawteeth with long and large sawteeth observed in the opposite limits. The
sawtooth period increases with particle density and heating power. At high elongation, sawteeth
disappear abruptly [276].

5.4.4.2 Sawteeth stabilisation with EC wave deposition

One method of controlling the sawtooth instability in tokamaks relies on the accurate deposition
of ECRH power in the vicinity of the q = 1 surface, resulting in large controllable variations in the
sawtooth period by local modification of the current profile [277]. The flexibility of the electron
cyclotron heating and current drive systems on TCV have been successfully used to modify the
sawtooth period in such a way by tailoring the local current profile. Localised current is injected
either by reducing the resistivity of the local plasma through heating (ECRH) or by direct current
drive (ECCD). Transport modelling indicates that sawtooth stabilisation is responsible for the
increased confinement time and the accompanying enhancement of the central temperature over
co-ECCD in counter-ECCD plasmas [278]. Sawtooth stabilisation is caused in turn by the central
safety factor q0 rising above 1 for counter-ECCD; by contrast, the simulation results show that
q0 < 1 in the sawtoothing co-ECCD and ECRH cases.

In particular, two heating locations exist at opposite sides of the q = 1 surface which allow for
most efficient sawtooth stabilisation and destabilisation [279]. By placing this current source
immediately inside/outside the q = 1 surface, the magnetic shear is enhanced/decreased, reduc-
ing/increasing the time until the shear limit is achieved and therefore shortening/lengthening the
sawtooth period. Moreover, the modelling shows that counter- and co-current drive alone, without
the presence of heating, have opposite effects on the sawtooth period at symmetrical locations as
compared with the position of the q = 1 surface. The main features of the experimental behaviour
can be explained as due to the modification of the local plasma parameters involved in the linear
resistive stability threshold of the internal kink, in particular the dynamics of the magnetic shear
at the q = 1 surface [225].

Recently TCV demonstrated the ability to exercise continuous real time feedback control of the
sawtooth period by varying the EC injection angle [227]. In the sawtooth control algorithm the
instability threshold is described by a crash triggering condition whereby the shear at the q = 1
surface has a critical value.
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Figure 5.4.10: Contour plots of the HFS (a) and LFS (b) ECE temperatures. The crash is triggered at t =
1.45068 s (the vertical line indicates the start of the crash). Negative normalised radii refer to the
high field side.

5.4.4.3 Weak suprathermal electron acceleration by sawteeth

In magnetised plasmas, electric fields accompany the phenomenon of magnetic reconnection and
any resulting acceleration produces suprathermal tails observed widely in the solar corona, in the
aurora region and in laboratory plasmas, where this phenomenon was observed for the first time
on the T-10 tokamak [280]. These events typically occur in connection with the formation of
magnetic islands such as in sawtooth and disruptive instabilities in tokamaks. The same effect
was also investigated on TCV [281, 282]. Figure 5.4.10 shows contour plots of the HFS and LFS
ECE temperatures around a sawtooth crash (t = 1.45068 s). Temperature profile time slices prior,
during and after the collapse are shown in figure 5.4.11. At the crash, the temperature profile is
immediately flattened in the core (LFS ECE). At the same time, on the HFS ECE channels, hot
electrons appear off-axis, outside the q = 1 surface (located at ρ = 0.57). Note that the radiation
in the core may also come from relativistically downshifted off-axis radiation. Note further that
these fast electrons are also observed on the DMPX (not shown), whose minimum photon detec-
tion energy was increased with filters (blocking radiation emitted by electrons with energies below
15 keV). The radiative temperature at the q = 1 location is less than 2 keV prior to the crash
but then reaches almost 4 keV with a delay of about 20 µs. These hot electrons decay on a time
typically <500 µs which is the average lifetime of electrons in the plasma with energies <30 keV.
The presence of fast electrons is also detected by the LFS ECE, indicating large electron drift
speeds. The LFS signals decay more quickly than the HFS signals, they probably disappear once
the reconnection process has completed. The slower evolution of the HFS signals may be due to
the pitch angle scattering of the electrons (recall that HFS ECE is most sensitive to perpendicular
electron energy), whose characteristic time is <100 µs for energies <30 keV. Figure 5.4.10a shows
that the maximum of the non-thermal emission doesn’t move spatially with time.
The measurements shown were taken during a phase of auxiliary heating (ECRH only, as ECCD
would itself produce runaway electrons) to maximise the sawteeth amplitudes, but the same effect
is also observed in purely inductive sawteething discharges. The departure of the ECE HFS signals
from the thermal level scales with the measured sawtooth amplitude.
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Figure 5.4.11: ECE temperature profiles measured with the HFS (a) and LFS (b) radiometers. Negative nor-
malised radii refer to the high field side. The four times shown represent conditions just before
the crash, during the crash with maximum off-axis HFS temperature, minimum core temperature
and during the ramp towards the next sawtooth crash.

The measured HFS ECE signals were modelled with a simple bi-Maxwellian distribution func-
tion [222]. The bulk temperature and density correspond to the LFS ECE and Thomson scatter-
ing measurements. The fit parameters of the suprathermal population require the fast electrons
to be situated outside the q = 1 surface. Confinement is expected to be poor up to this location
(the q-profile is very flat down to the core). The best fit is achieved with Thot = 11 keV and
nhot = 2× 1017 m−3. The energy dissipated for the acceleration of the electrons is approximately
40 % of the magnetic energy released by reconnection and represents up to 10 % of the plasma
stored energy.

The production of the fast electrons was explained by Dreicer acceleration [222]. That is, upon
reconnection, the reduction of the poloidal magnetic field flux Bθ generates, according to Faraday’s
law, first equation of eqns.(5.1.1), a toroidal electric field

∂Eφ
∂ρ

=
∂Bθ

∂t
. (5.4.7)

The rate of change of the poloidal field may be estimated from the rate of change in Bθ and
the duration of the sawtooth crash. ∆Bθ is estimated through eq.(1.5.2) using the q-profile prior
and after the sawtooth crash. Since on TCV the current profile is not measured, the q-profile was
approximated from its value at the edge, eq.(1.5.5), which doesn’t change (determined by the total
plasma current), the position of the q = 1 surface (by looking at the ECE or soft X-ray signals)
and assuming a reasonable evolution of q0 < 1. With a typical crash time of 100 µs the resulting
electric field is about 10 V/m (maximum on the magnetic axis) [222]. This electric field exceeds
the Dreicer electric field ED, eq.(3.4.4). The number of runaway electrons produced is estimated
from [283]

nhot

ne
≈ exp

(
−ED

2E

)
(5.4.8)
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A value of the electric crash field E = 1.5 V/m at the reconnection site (q = 1) would produce
a fast electron density of approximately 3 × 1017 m−3, sufficient to explain the HFS ECE signal
behaviour discussed above.

5.5 Final remark

The analysis of the electron properties of the plasmas presented in this chapter will be supple-
mented by the analysis of the ion properties in the following chapter. It will be shown that the
understanding of the ion behaviour requires precise knowledge about the electron velocity space
distribution, this information is provided by the tools used to control the EC actuators and to
analyse the ECE measurements, which were the subject of this chapter.
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Chapter 6

Neutral particle analysis of
suprathermal TCV plasmas

Suprathermal ions have been deliberately introduced into high performance fusion devices for
plasma heating (by means of radio-frequency waves, neutral beams or as fusion products) for
some decades and their investigation have paved the path towards a basic understanding of the
behaviour of burning plasmas, i.e. plasmas with strong self-heating [284] by fusion products. This
understanding is the primary scientific challenge faced by ITER and fusion research in general,
and is a necessary step towards the demonstration of fusion as a source of energy. The scientific
progress achieved in this area of research is impressive, but a lot of work is still required [285].
Apart from technological and non-scientific aspects, the controllability of fast ions, by minimising
their impact on turbulence, transport and confinement, is probably the most critical potential
stumbling block in bringing the fusion adventure to fruition.

Irrespective of the mainstream fusion track, plasma physics research was, and is, also exploring
other areas where fast ions are found. An important property of plasmas is the ability to accelerate
ions to very high energy themselves (e.g. without fusion reactions). Strongly non-thermal ions are
frequently observed in the outer space plasmas, e.g. solar flares [286], astrophysical shocks [287]
or the ion conics in the magnetosphere [288], and were also discovered in early laboratory plas-
mas [289]. The scientific literature is full of treatises of odd ion acceleration phenomena. However,
the acceleration mechanisms in numerous of the investigated plasmas are uncertain, many theo-
retical possibilities have been put forward but rarely provide a complete or persuasive picture of
the observations. Sadly, observations are often unable to distinguish between the theories.

Suprathermal ions appear on TCV and these are the subject of the remainder of this dissertation.
Anomalous ion acceleration was discovered during the initial experiments with injection of electron
cyclotron waves on TCV in 1996 [290]. Investigations with the VNPA have shown that fast ions
appear in ECCD plasmas and that their effective temperature is hotter when the ECCD current
is injected in the direction opposite to the inductive current(*). Systematic studies of the fast ion
properties were first conducted by Karpushov et al. [291] with such experiments greatly facilitated
by the procurement of the CNPA in 2004. After the CNPA X-ray shield was completed (section
3.4.3), comprehensive experimental investigations were conducted in 2005–2006 [292, 293], that
are presented in this chapter. After discussing some general phenomenological aspects in section
6.1, dedicated parameter scans are used to provide an idea of the conditions under which fast ions
appear.

(*) see TCV discharge #11155
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Sections 6.2 to 6.4 explore the parametric dependence of the fast ion population on the background
plasma conditions and the auxiliary heating properties. Section 6.5 validates the probing of
the fast ion population parameters by comparison with other diagnostics. Section 6.6 presents
introductory studies on the impact of sawtooth collapses on the fast ion energy distribution. The
described properties are then summarised in section 6.7 in order to identify a candidate mechanism
responsible for the ion energisation (section 6.8). Further experimental work, initially scheduled
for execution in 2007–2008, was unfortunately – due to force majeure – not performed before the
redaction of this manuscript, so section 6.9 gives a short overview of the pending studies. The
results of an attempt to model the experimental observations follows in chapter 7.

6.1 Phenomenology of suprathermal ions in X2 EC heated

TCV plasmas

6.1.1 Ingredients for generation and detection
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Figure 6.1.1: Left figure: Time traces of (i) loop voltage, (ii) total plasma current, (iii) total injected EC power,
(iv) average electron density and (v) core electron density.
Right figure: Charge exchange spectra prior (circles) and during (crosses) the auxiliary heating
phase. The legend label indicates the bulk (in eV) and tail (in keV) temperature of the ion
distribution function and the density ratio between the tail and bulk population (in percent).

Suprathermal ions are observed on TCV whenever a sufficiently low density plasma is subjected to
injection of electron cyclotron waves. The parameters of fast ion populations (e.g. their strength
and distribution in energy) can be studied with neutral particle analysers. Figure 6.1.1 shows an
example after an upgrade of the auxiliary X2 heating equipment to six gyrotrons in 1999. This
discharge has a diverted configuration, situated at z = 26 cm and features a total of 2.7 MW of
co-current injection, with a wide power absorption profile extending from the core to half nor-
malised radius. The noninductively driven current reaches 80 kA (approximately half of the total
plasma current). The ion energy distribution, measured with the VNPA, is shown in figure 6.1.1b.
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The VNPA acquires the neutral flux with an energy scanning configuration with a sweep period
of τ = 13 ms. The two spectra shown incorporate 8 energy scans each. During the ohmic heating
phase the spectrum is thermal, but deviates from a Maxwellian distribution when the EC power
is injected. The lower energies of the spectrum are not modified, with a slope representative of
the temperature of the majority of the ions in the plasma, i.e. the bulk. A fit of the high energy
spectrum yields an effective temperature exceeding 1 keV that is more than double that of the
bulk temperature. The strength of the tail is measured by the ratio of the population specific
contributions to the charge exchange spectrum G(E), eq.(4.3.7), at the origin of the energy axis,
namely

nsi
nbi

=
lnGs(E = 0)

lnGb(E = 0)

(
T si
T bi

)3/2

. (6.1.1)

For the spectrum shown in figure 6.1.1b, this estimation gives a fast ion fraction of 5.5 % in number
density. The energy range of the VNPA is too restricted to properly determine the parameters of
the suprathermal population, since the knee between cold and hot population is located too close
to the upper energy limit of the diagnostic.
The extended energy range of the CNPA is more suitable for the analysis of fast ions or non-
thermal ion energy distributions, but requires the discharge to be vertically centred in the vessel.
Figure 6.1.2a shows a non-thermal deuterium charge exchange spectrum measured with the CNPA.
This is the hot electron discharge with electron transport barrier already shown in figures 5.2.8
to 5.2.10 and 5.4.1. The measured spectrum was not averaged in time, but results from a single
measurement at t = 1.215 s (the CNPA counter integration time was 2.5 ms). Time averaging
was not required due to the strong high energy neutral fluxes entering the diagnostic, only the
highest energy channel lies close to the usual ‘one count’ limit.
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Figure 6.1.2: (a) Bi-Maxwellian fit of the deuterium charge exchange spectrum measured with the CNPA as-
suming the ion temperature being constant along the plasma radius. The best fit parameters are
thermal T bi = 185 eV, suprathermal T si = 2.84 keV and the ratio between suprathermal and thermal
ion densities nsi/n

b
i = 5.7 %.

(b) Simulation of the CNPA charge exchange spectrum for the measurement shown in (a) using
DOUBLE-TCV based on the parameters from the crude bi-Maxwellian fit.
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If the measured spectra are steady-state, they are well described by a sum of two Maxwellian ion
energy distributions,

fi(E) = f bi (E) + f si (E) = 2nbi

√
E

π
(
T bi
)3 exp

(
− E
T bi

)
+ 2nsi

√
E

π (T si )3 exp

(
− E
T si

)
.

(6.1.2)

The data in figure 6.1.2a was interpolated by multidimensional unconstrained nonlinear minimisa-
tion (thick line) and the agreement with the data is good. Such a description neglects temperature
profile effects, but here the curvature of the bulk charge exchange spectrum is hidden below the
suprathermal tail. The parameters of the maximum likelihood estimation of the measurement are
T bi = 185 eV, T si = 2.84 keV and nsi/n

b
i = 5.7 %. The bulk temperature T bi is not equal to the core

ion temperature, the slope for the fit of the bulk temperature must be fitted at energies far below
the usual inference rule, eq.(4.3.13), typically with the data below CNPA channel #3 or #4, de-
pending on the tail strength. For the example shown here, the obtained T bi is the ion temperature
found at ρ = 0.5 (CXRS profile, see figure 6.1.3b), the true core temperature is 230 eV.
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Figure 6.1.3: (a) Calibrated Thomson scattering data and interpolated profiles of bulk electron density and
temperature for discharge #31175, t = 1.215 s.
(b) Measured charge exchange recombination spectroscopy bulk ion temperature profile and its
interpolation. The measurements were performed with the LFS CXRS system.

A zero-dimensional bi-Maxwellian fit may appear as a crude approximation of the real ion velocity
distribution. The DOUBLE-TCV code was thus used to model the measured charge exchange
spectrum of discharge #31175 using this fit. All available experimental data was used by the code
(figure 6.1.3). The bulk ion temperature profile was measured with CXRS during the beam blip
lasting from t = 1.23 to 1.26 s. The fast ion population was described by a temperature profile of
the same shape as the bulk temperature profile, with the peak value determined from the crude
bi-Maxwellian fit. The tail density was taken to be flat, with the concentration again taken from
the bi-Maxwellian fit, but truncated at ρ = 0.8, as fast ions are poorly confined at the plasma
edge. A justification for these choices will be given later in section 6.3.
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The effective plasma charge of Zeff = 2.5 was determined from the XTe diagnotic(�). The output of
DOUBLE-TCV is shown in figure 6.1.2b. Within the statistical error bars, the modelled spectrum
agrees with the measurement. This demonstrates that the bi-Maxwellian fit gives a sufficiently
accurate measurement of the fast ion population and advanced modelling with a code such as
DOUBLE-TCV is not generally required.

6.1.2 The TCV fast ion database

A database of discharges exhibiting fast ions was compiled to characterise the general dependencies
of the fast ions on plasma, confinement and heating parameters. The entries comprise more than
3000 single CNPA measurements within 45 dedicated TCV discharges obtained between 2005 and
2007. CNPA measurements prior to the installation of the complete X-ray shield (section 3.4)
were excluded, as the presence of hard X-rays seriously hindered the determination of reliable
fast ion parameters. Older experiments with the VNPA were also not considered because of the
intrinsic inaccuracy in the determination of the tail parameters.
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Figure 6.1.4: Database of suprathermal TCV plasmas (period 2004–2008).
(a) shows the suprathermal temperature, (b) the corresponding suprathermal density. Both pa-
rameters are plotted against the bulk electron temperature.

Figure 6.1.4 shows the occupation of the fast ion parameter space. The fast ion tail strength
ranges from typically below 10 % but occasionally exceeded 20 % of the bulk density. Density
ratios below 1 % were not considered as being suprathermal, since the bi-Maxwellian fit then only
represents the hot core and the colder edge of a thermal ion temperature profile. The depen-
dence of the suprathermal ion temperature on the bulk electron temperature (measured with the
Thomson scattering diagnostic) is striking. The hotter the electrons, the higher the suprathermal
proportion. Although the points are scattered into a large part of the parameter space, the maxi-
mum ion temperature reached appears limited by the bulk electron temperature (the straight line
indicates T si = T be ). Again, the hotter the electrons, the hotter the suprathermal ions.

(�) XTe consists of a set of four silicon diodes, looking through the plasma along vertical chords at R = 0.9 m.
Each diode is equipped with a Beryllium filter screening the radiation from suprathermal electrons and the
effective charge is determined using the foil-absorption technique [294].
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The fast ion generation is a complex multivariable problem and general features other than the
electron–ion temperature correlation are not readily extracted from the whole database. Experi-
ments that aim to vary only single parameters were therefore necessary and will be discussed in
section 6.2.

6.1.3 Fast ion population dynamics
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Figure 6.1.5: Evolution of the ion energy distribution during an EC power ramp-up (figure 6.1.6a). The legend
shows the fit parameters of a bi-Maxwellian interpolation of the charge exchange spectra.

Multiple time scales govern the temporal properties of the fast ions. An example of the rather
slow evolution of the fast ion population is shown in figure 6.1.5 (discharge #30477). Relevant
plasma time traces are shown in figure 6.1.6a.
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Figure 6.1.6: (a) Time traces of (from top) the total EC power increase, measured core electron temperature
(Thomson scattering), total driven EC current (Toray-GA) and the confinement scaling factor
HRLW. (b) Build up of the suprathermal ion population during the same period of time. The
CNPA flux at suprathermal energies prior to t = 0.53 s is too small to identify a bi-Maxwellian
distribution (compare with figure 6.1.5).
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ECH power was initiated at t = 0.4 s. 2 launchers drive counter-current on-axis (absorption within
ρ = 0.2) and 2 launchers aim perpendicularly off-axis (absorption in the range ρ = 0.2 − −0.5).
The coupled gyrotron power starts at 180 kW each and reaches full power at t = 0.7 s. During
the power ramp, the electron temperature increases first rapidly, then more slowly, whereas the
driven noninductive current steadily increases. Initially there are few fast ions, or, their number
is not sufficient to be detected by the CNPA. At t = 0.5 s the signature of fast ions exceeds the
noise level, but a tail fit is only possible after t = 0.55 s. The extracted hot ion tail temperature is
high from the start, with a tail strength increasing with time. As soon as the EC power flattop is
reached, a transport barrier develops. The improved core confinement raises the electron temper-
ature by a factor of two and the current drive efficiency almost doubles. This is accompanied by a
strong increase of the fast ion temperature and density. Note that the high energy neutral fluxes
are very strong, with the intermediate CNPA channels #11 and #12 (figure 6.1.5) being satu-
rated from t = 0.8 s onwards(�) (these channels were of course excluded from the bi-Maxwellian fit).

Each CNPA measurement (sampling time ∆t = 2.5 ms) was fitted with the bi-Maxwellian model
with parameters shown in figure 6.1.6b. The bulk ion temperature does not change at first but
increases slightly with the improved confinement. The suprathermal ion temperature is roughly
constant during the EC power ramp and increases afterwards. T si seems to correlate with T be .
Fast ion density and energy increase linearly during the power ramp and considerably increase
when the barrier is formed (the figure shows the ratios between suprathermal and thermal density
respectively energy). nsi and the fast ion energy W s

i = 3
2
nsi T

s
i seem to correlate with IECCD.

The fast ion parameters increase up to t = 0.85 s and remain constant thereafter (up to the EC
power switch off at t = 1.7 s). The time scale of the evolution after t = 0.7 s is of the order
of the current redistribution time (some hundreds of milliseconds), typical for the formation of a
transport barrier.
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Figure 6.1.7: (a) Time traces of measured loop voltage, measured plasma current, EC waveform and line inte-
grated electron density.
(b) Neutral flux behaviour upon injection of 1.5 MW of EC power (only some deuterium channels
are shown).

(�) Deuterium channels #1–#6 have an opening window as large as 3 mm, channels #7–#10 of 5 mm and
channels #11–#17 of 1 cm.
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If, on the other hand, the full EC power is injected from the start, the creation of the fast ion
population exceeds the 1 ms time resolution of the CNPA, with plenty of hot ions already seen
in the first measurement, see figure 6.1.7b. Discharge #29591 features a EC beam blip of three
gyrotrons injecting counter-ECCD on axis (IECCD = 140 kA), lasting for 100 ms. Some of the
plasma parameters are shown in figure 6.1.7a. The impact of the EC power on the particle tem-
peratures is shown in figure 6.1.8, where only measurements with acceptable error bars are shown
(the bi-Maxwellian fits are often noisy at the start). Electron temperatures are normalised against
the maximum HFS ECE temperature, ion temperatures against the maximum fast deuterium tem-
perature. Here, even the hydrogen neutral fluxes are strong enough to apply a bi-Maxwellian fit
of the charge exchange spectra (the hydrogen concentration was ∼8 %).
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Figure 6.1.8: Rapid fast ion acceleration upon injection of 1.5 MW of EC power. Fast electron and ion tempera-
tures rise rapidly within 20 ms to relax within another 20 ms to finally stabilise for the rest of the
wave power pulse.

CNPA deuterium and hydrogen ion temperatures follow the same temporal evolution (also in ab-
solute values) and are strongly correlated with the high field side ECE temperature measured on
the magnetic axis. The VNPA was in scanning mode (period of 13 ms) and a fit of the data after
each completion of an energy sweep gives only mediocre results.

The behaviour of the temperature illustrates a reproducible mechanism of self-regulation of the
plasma. Although the injected EC power absorption properties are not altered, the energy distri-
bution of the fast electrons is fundamentally modified after 30 ms, probably following redistribution
of the ECCD current. This is supported by the behaviour of the loop voltage, which is steadily
decreasing, such that almost the whole plasma current is sustained by ECCD and bootstrap con-
tributions by t = 1.33 s. The drop of the ECE temperature that follows is observed in all ECE
channels. Again after 30 ms, the temperatures stabilise, with the same behaviour seen for other
EC blips in the discharge.

This quick energisation of the ions is not of a collisional nature. The coupling between ions
and electrons is very weak at these densities compatible with second harmonic EC heating (here

〈ne〉 = 1 × 1019 m−3) and the electron–ion energy equipartition time τei = 1/ν
e/i
E , eq.(4.9.2), is

long (figure 6.1.9a).
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To illustrate the weakness of collisional heating in low density plasmas, the ion energy balance
equation, eq.(4.9.5), can be written in terms of temperatures,

dTi
dt

=
Te − Ti
τei

− Ti
τi

(6.1.3)

and solved using the Euler method. At t = 0.8 s, before the first EC power blip, the plasma is in
steady state and the ion energy confinement time τi = 98 ms is determined from eq.(6.1.3) setting
dTi
dt

= 0. τi is then kept constant when advancing the solution in time, but τei is calculated at each
time step (as shown in figure 6.1.9a). The initial value of the temperature of Ti(0) = 510 eV was
determined from the CNPA.
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Figure 6.1.9: (a) Electron–ion energy equipartition time τei. The grey zones indicate three phases of EC heating.
(b) Modelled bulk ion heating due to collisional energy transfer from the electrons.

Figure 6.1.9b shows the obtained evolution of the bulk ion temperature heating (straight line).
Between the EC injection phases the core bulk ion temperature was successfully measured with
the CNPA and its relaxation agrees very well with the model. Note that this is not possible during
the EC phase as the fast ions mask the core bulk temperature. During 100 ms of auxiliary heating,
the bulk ion temperature rose by 20 % at most. This is a factor 25 below the observed fast ion
temperature, which reaches T si = 3 keV within 10 ms.

6.2 Plasma parameter scans

To assist in the understanding of the hot ion acceleration and to characterise the apparent impor-
tance of the electron parameters in the establishment of a steady state in the fast ion population,
plasmas with scans of single plasma or heating parameters were carried out, namely

R plasma density (section 6.2.1),

R toroidal EC injection angle (section 6.2.2),

R EC power deposition location (section 6.2.3) and

R plasma geometry (section 6.2.4).

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL



page 172 Chapter 6: Suprathermal plasmas

6.2.1 Electron density scan

Figure 6.2.1 shows time traces of electron and ion properties during an electron density ramp from
〈ne〉 = 1.0 to 1.5 × 1019 m−3. A part from the density increase, discharge #31338 uses the same
model as its reference discharge #31175, which was illustrated in figures 5.2.8ff. The line averaged
density was programmed to increase linearly, controlled by a gas injection density feedback loop
(measurement of the central FIR channel).
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Figure 6.2.1: Scan of the electron density.
Left figure: At t = 1 s, a linear increase of the line averaged density was programmed. The density
increases by 50 %. The lower plot shows traces of calibrated HFS and LFS ECE temperatures and
core bulk electron temperature (Thomson scattering).
Right figure: Fast ion parameter evolution during the density scan.

The electron temperature traces demonstrate that the EC power absorption remains high, as the
bulk and HFS ECE suprathermal electron temperatures do practically not change. This discharge
was run before the LFS ECE antenna was replaced for better focusing (section 5.3.5) and retains
a non-negligible oblique ECE radiation pick-up. This explains why the LFS ECE temperature
diverges from the Thomson temperature at t = 0.75 s. This difference is due to the Doppler
upshifted radiation of the electrons sustaining the ECCD current. When the density increases,
the LFS ECE temperature steadily decreases, hence the electron drift velocity decreases. This
is expected since, as explained in section 5.2.3.2, current drive relies on the collisionality of the
plasma and the drive efficiency scales therefore as [199]

ηCD ∼
Te

ne (Zeff + 5)
. (6.2.1)

However, the ECCD total current does practically not change (Toray-GA calculation), the loss
of electron velocity (drive efficiency) is compensated by the current density increase (number of
electrons contributing to the current). The fast ion temperature and density decrease, although
the electrons remain hot. This again indicates that the fast ion population correlates with the
electron drift velocity.
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6.2.2 Scan of toroidal EC injection angle

One important question is that of the mechanism for fast ion production being linked directly to
the interaction with the EC wave or if its origin is rather to be found in the behaviour of the
electrons. Figure 6.2.2 shows the charge exchange spectra for hydrogen and deuterium for three
toroidal EC injection angles(§) φL (#31175: counter-ECCD, #31176: co-ECCD and #31346:
pure ECRH) and central EC power deposition. The plasma and gyrotron configuration, except
the launcher angle φL, were identical for these three experiments, see figures 5.2.10.
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Figure 6.2.2: Hydrogen (a) and deuterium (b) charge exchange spectra for solely ohmic heating (discharge
#31177), ECRH only (discharge #31346), co-current (discharge #31176) and counter-current EC
injection (discharge #31175). The discharge parameters are otherwise identical.

The fast ion population is more prominent for the counter-ECCD case. This is not a surprise, as
the electron temperature is considerably higher due to the eITB, which is absent in the co-ECCD
case. However, the fast ion population is present also in the pure ECRH case, albeit with consid-
erably weaker strength than with ECCD.

A series of discharges was dedicated to scan the toroidal injection angle within the discharge.
This is summarised in figure 6.2.3. All plasmas were centred at z = 0. Launchers #L1 and
#L4 are toroidally aligned and perform the ECCD, all figures are plotted against φL of these
two launchers. Two discharges were scanning the co-, two others the counter-injection, starting
at φL = ±23◦. Two further discharges with perpendicular injection complete the picture of the
scan. Discharge #31190 unfortunately has no Thomson measurement, some derived quantities
could thus not be calculated. At all angles, the EC power is fully absorbed on the first pass (a).
The on-axis deposited EC power density (b, Toray-GA) is maximum for launcher angles in the
range 15 . . . 25◦, where the wave direction aligns with the toroidal direction, such that the volume
of absorption is located along the magnetic axis. For smaller angles the absorption takes place
in a radially more extended region, for larger angles the absorption becomes more off-axis and
refraction becomes important.

(§) φL is defined as the angle between the EC beam and its projection on the poloidal plane at the launcher,
and is positive for co-ECCD.
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Figure 6.2.3: Scan of the toroidal launcher angle (#L1 and #L4) and its impact on the fast electron population.
(a) Ratio between injected and first pass absorbed EC power. The coupling between wave and
electrons is pretty good. (b) Power density in the plasma core, normalised by the injected power.
Note that the power density is higher in the co-injection case. (c) Current drive efficiency on the
magnetic axis. The current drive densities are similar in co- and counter direction. (d) Bulk electron
temperature measured by the Thomson scattering system. As usual, the counter-current driven
plasmas are substantially hotter than the co-driven ones. (f) and (g) high (channel #1) and low
field side (channel #11) ECE core temperature, temperature calibration using NOTEC-TCV.
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These effects are observed in the modelled(¶) current drive density (c, again Toray-GA). The
electron temperatures measured by Thomson scattering (d), LFS (e) and HFS ECE (f) show
different behaviour, the bulk electron temperature is higher in the counter-ECCD case, because of
the transport barrier (figure 5.4.2), which is absent in the co-ECCD case. Note that the toroidal
angle of central ECCD also changes the steepness of the eITB. The HFS ECE is quite symmetric
in the launching angle, which means that the perpendicular electron energy is the same for co-
and counter-case, since the absorbed EC power is the same for both directions. The LFS ECE
emission behaves completely differently, the electron drift speeds in the counter current direction
seem to largely exceed the co-speeds, although the calculated current drive densities are similar.
The total plasma volume integrated EC driven currents peak at −150 (counter-ECCD), +100
(co-ECCD) and −7 kA (ECRH). Note the different angles of peaking of the various temperatures
in the counter-ECCD shots: The bulk electron temperature is highest at φL = −15◦, the HFS
ECE peaks beyond −20◦ (as the current drive density) and the LFS ECE temperature continues
to increase up to the largest toroidal angle explored.
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Figure 6.2.4: Scan of the toroidal launcher angle (#L1 and #L4) and its impact on the fast ion population.
(a) Bulk ion temperature as determined from the crude bi-Maxwellian interpolation.
(b) Temperature of the hot ion population, again determined with the crude fit. T si is symmetric
in φL.

Figure 6.2.4 and 6.2.5 shows the injection angle dependence of the deduced ions parameters.
The bulk ion temperature changes marginally with φL, the high electron temperature at negative
angles increases the electron–ion equipartition time, thus lowering the ion temperature. The
suprathermal ion temperature is symmetric in φ. The population develops mainly when counter-
ECCD is applied. Discharge #31352 demonstrates that already a very small negative toroidal
angle causes a well pronounced fast ion population, this is not the case for the electrons. The
maximum of beam temperature and density occur at φL = −15 . . . 20◦, as for the bulk electrons.

(¶) An experimental evaluation of the ECCD efficiency using the measured loop voltage [295] yields the same
result [296].
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Figure 6.2.5: Scan of the toroidal launcher angle (#L1 and #L4) and its impact on the fast ion population.
(a) Ratio of the suprathermal to the thermal ion population. In the co-case the suprathermal
population is barely measurable.
(b) Ion energy ratio.

6.2.3 Scan of the EC deposition location
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Figure 6.2.6: (a) Time traces of the location of maximum EC power absorption for the wave beams launched by
the four launchers. At t = 1.43 s the launchers L#1 and L#4 traverse the inversion radius.
(b) Profiles of the EC power deposition calculated with Toray-GA. At the beginning of the ab-
sorption location scan, the full power is deposited inside the volume delimited by the inversion
radius.

Most of the plasmas studied were designed to drive the noninductive current on the magnetic axis,
as the strongest fast ion population parameters were found with central EC absorption. No fast
ions were observed with peripherically located heating.
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The experiment illustrated in the following figures was conducted to study the role of the wave
power deposition location. The ECCD current deposition location (launchers #L1 and #L4),
initially configured as for discharge #31177, were moved outwards during the experiment, whereas
the absorption location of the off-axis beams (perpendicularly injected) were kept constant. The
toroidal injection angle was also kept constant during the scan, which was initiated at t = 1.3 s
and crossed the inversion radius at ρ = 0.2 at t = 1.43 s (figure 6.2.6a). The inversion radius was
calculated from the scaling law for shaped TCV plasmas [297],

ρinv =
〈j〉
j0 q0

, (6.2.2)

with j0 and q0 the axial current density and safety factor respectively and 〈j〉 the cross section
averaged toroidal current density. The corresponding radial profiles of the plasma absorbed EC
power are shown in 6.2.6b. The usual ion parameters are shown in figure 6.2.7, now plotted
against the difference between maximum EC absorption position and inversion radius. When
the EC beams are moved outwards, the fast ion properties do not change until the beam is
localised at a distance corresponding to the half of its FWHM in respect with ρinv. The fast
ion population gradually decreases and then abruptly drops when more of the absorbed power is
deposited outside. The current profile changes when the beam traverses ρinv, as the latter steps
inwards (figure 6.2.6a).
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Figure 6.2.7: Ion parameters, namely (a) thermal ion temperature, (b) suprathermal ion temperature, (c) fast
ion density and (d) energy fraction. The density and energy of the suprathermal population start
to drop as soon as a considerable part of the EC power is deposited outside the inversion radius.
As soon as more power is deposited outside, the fast ions disappear.

6.2.4 Impact of plasma geometry

In section 4.10.3 it was shown that the thermal ion confinement exhibits trends similar to the
behaviour of the thermal electron bulk, namely a strong degradation with triangularity at low
collisionality. An attempt to study the confinement properties of the fast ions using the VNPA
was first undertaken in 2002. Figure 6.2.8 shows the response of the fast ion parameters during a
discharge whose elongation was swept out from κ = 1.2 in t = 0.9 s to κ = 1.6 in t = 1.6 s and
back in to the initial value in t = 1.9 s. Two EC beams with counter-ECCD (φL = −30◦) at a
power level of 450 kW each, no other (e.g. perpendicular) EC power were injected. The power
absorption was maximum for ρ = 0.2 . . . 0.3 (figure 6.2.9a).
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Although, in general, a dependence of the ion confinement on elongation is difficult to observe [83],
in this particular shot the bulk ion temperature increases with elongation, a feature commonly
observed for the electrons [173]. The line integrated density increases when κ rises, the power
coupling between electrons and ions is therefore improved.
The behaviour of the suprathermal temperature is opposite, its value is decreasing, which may
be ascribed to the density increase (paragraph 6.2.1). Contrary to the behaviour observed in the
density scan, the suprathermal population strength is increasing, including its energy, although the
temperature eventually drops. This indicates an improved fast ion confinement and a correlation
of the fast ion proportion with the improving current drive efficiency, despite the density increase.
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Figure 6.2.8: Dependence of the fast ion population parameters on the plasma elongation. (a) shows the destiny
of the electrons, (b) of the ions.
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Figure 6.2.9: Spatial arrangement of EC power deposition and sawtooth inversion radius for (a) the κ and (b)
the δ parameter scans.
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A scan of triangularity is shown in figure 6.2.10, where a gradual reversal of the triangularity, from
δ = +0.3 in t = 0.8 s to δ = −0.3 in t = 1.5 s, was executed. The gyrotron configuration was as
in discharge #21799. Collisionality is low and a decrease of T bi with δ is expected to take place
(figure 4.10.2), but the low energy channels of the VNPA indicate no decrease (though, it should
be recalled that this is the temperature at the edge and the CXRS measurement was not available
for this discharge). Instead, the fast ion temperature increases by more than 60 %, although the
bulk electron temperature doesn’t change significantly and the electron density and driven current
both decrease. Some correlation with the shown HFS ECE channel is also seen.
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Figure 6.2.10: Dependence of the fast ion population parameters on the plasma triangularity. (a) shows the
destiny of the electrons, (b) of the ions.

In both scans, the dependence of the fast ions on the plasma geometry parameters are opposite
to the thermal ions. Note however, these experiments were carried out with a constant plasma
current (Ip = 250 kA), such that the inversion radius is shrinking during the evolution of δ and κ.
The q-profiles are however flat for these discharges, on-axis q0 ∼ 0.7 on average, edge qa = 3 . . . 4
so all the EC power is well absorbed within the inversion radius (figure 6.2.9). As shown, the
(pre-crash) q = 1 surface does not necessarily coincide with the inversion radius, especially with
a flat q-profile where ρinv may be substantially smaller (see appendix B in [298]).

A reason for the two exceptions observed – higher suprathermal temperature at low κ and high δ
– may be found in the improved stability of the internal kink, responsible for the triggering of the
sawtooth oscillations (section 6.6). Shape investigations have shown that the sawteeth periods are
longer at low κ and high δ [274]. With many parameters affecting the fast ion properties modified
in these discharges, a proper assessment of the plasma shaping role is difficult to clarify.

Last but not least it should be mentioned that fast ions are found to have a suppressive effect on
sawteeth on large machines with strong ion heating, e.g. ion cyclotron resonance heating (ICRH)
on JET [299], and the stabilising effect was ascribed to fishbone modes (toroidal precession of the
banana orbits of trapped fast ions). However, the fast ion energies on TCV are below the fishbone
instability threshold that requires T si /T

b
i � R/rinv [300].
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6.3 Fast ion localisation (vertical plasma scan)

The discharges executed in 2005–2006 shown so far were all placed at the vessel midplane to
ensure the diagnosis of the hottest part of the plasma with the CNPA. The spatial location of the
fast ion population was investigated with a sequence of plasma discharges displaced vertically on
a shot-to-shot basis. The resulting CNPA ‘pseudo chords’ are shown in figure 6.3.1a. Discharge
#33026 is a repeat of the on-axis counter-ECCD experiment #31177 (2 launchers with ECCD
on-axis, 2 launchers ECRH off-axis). The chosen toroidal EC injection angle is a compromise
between highest fast ion population and accessibility by the launcher configuration at all vertical
plasma positions (however, plasmas placed between z = 18 and z = 24 cm are inaccessible to on-
axis current drive). This equilibrium was then progressively moved upwards and the EC launcher
angles adjusted such that the EC power deposition was as similar to the midplane shot as possible
(these calculations were made before the experiment based on the model discharge). Note that
slight changes in the launcher angles may result in strongly altered driven current or transport
barrier conditions. If necessary, the angles were fine tuned by repetition of the discharge until the
bulk electron density and temperature profiles were reasonably similar to those of the reference
shot. The reproducibility of the fast ion population was verified with the VNPA (its vertical view
line ensures the diagnosing of always the same plasma region), the corresponding VNPA charge
exchange spectra are shown in figure 6.3.1b.
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Figure 6.3.1: (a) Virtual CNPA view lines mapped to the equilibrium of discharge #33026 for a set of vertically
displaced discharges. The nested surfaces indicate the normalised flux radii ρψ, with a spacing of
∆ρψ = 0.1. (b) Charge exchange spectra measured with the VNPA. Ideally the spectra should
overlap, as the discharges are designed to be identical (a part the vertical position). The legend
values following the discharge numbers indicate the fit parameters, that is the bulk ion temperature
(in eV), the suprathermal ion temperature (in keV) and the density ratio of supra-to-thermal
population (in percent).

For each discharge, the steady-state fast ion population parameters were determined by averaging
the CNPA charge exchange spectra over three measurements around t = 1 s, shown in figure
6.3.2 for hydrogen (a) and deuterium (b). The bi-Maxwellian fit parameters are again given in
the legend labels. Inferred fast ion densities, as a function of the minimum normalised radius
intercepted by the CNPA (figure 6.3.1a), are plotted in figure 6.3.3. Fast ions were found up to z
= 20 cm (ρ ≈ 0.8).
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Figure 6.3.2: Bi-Maxwellian fit of the charge exchange spectrum of (a) hydrogen and (b) deuterium. The legend
values following the discharge numbers indicate the fit parameters, namely the bulk ion temperature
(in eV), the suprathermal ion temperature (in keV) and the density ratio of supra-to-thermal
population (in percent).
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Figure 6.3.3: Definition of a radial profile of suprathermal ions for (a) hydrogen and (b) deuterium. The
suprathermal population strength is difficult to reproduce among the discharges considered, a
radially constant ratio between tail and bulk of the ion velocity distribution is a reasonable ap-
proximation. Respectively 40 % and 8 % of the hydrogen and deuterium ions populate the tail. No
fast ions are found beyond ρ = 0.8.

These plots show that the fast ion populations were not extremely reproducible. The variation
of fast ion density fraction measured by the CNPA at least follows the same trends as the ratio
measured with the VNPA. The stronger fast ion population observed in discharge #33080 is due
to stronger off-axis heating with a fifth gyrotron. Note that the injection of EC power in a L-mode
plasma generally lowers the confinement time (‘power degradation’) with respect to that for ohmic
discharges and continues to degrade with increasing auxiliary heating power [301].
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In plasmas with transport barriers however, there is no degradation of τE with power at least
in part because the barrier is strengthened. As a result, the confinement of the fast ions also
improves.
The population density ratio is, however, surprisingly constant over the radius, an average over
the discharges probing ρ < 0.8 gives nsi/n

b
i = 40 % for hydrogen and nsi/n

b
i = 8 % for deuterium.

The number of fast ions outside ρ = 0.8 decays rapidly. This is not a surprise, since the ion orbits
have a Larmor radius, eq.(1.4.2), of approximately 1 cm at the outer midplane, that is about one
third of the distance of the flux surface ρ = 0.8 to the outer wall (discharge #33026).
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Figure 6.3.4: (a) Measurement of the ion temperatures in the vertical plasma scan. For the suprathermal tem-
peratures, each symbol represents a single discharge in its class. The interrupted lines show the
profiles which were fitted to the measurements, these were then used in the DOUBLE-TCV simu-
lation shown in figure 6.3.5. The VNPA looks through the centre of the plasma in all discharges.
(b) Normalised profiles of electron and ion temperature, measured by CNPA (suprathermal ions),
CXRS (thermal ions), high field side ECE (suprathermal electrons) and Thomson scattering (ther-
mal electrons). The thermal and suprathermal profiles of particles having the same charge have
the same shape, electron profiles are strongly peaked (transport barrier), ion profiles are broadly
parabolic.

The measured fast ion temperatures were combined to give a T si profile, shown in figure 6.3.4a.
keV-ions are found up to the plasma edge. The VNPA does, of course, not measure against
the radial position, so a ‘profile’ plotted as a function of the minimum radius intercepted by the
CNPA is pretty flat, as expected. The scatter of the measured hydrogen T si is larger, due to poorer
statistics of the CNPA measurement.
Figure 6.3.4b shows normalised profiles of electrons and ions, such to compare their shapes. The
profiles of thermal and suprathermal particles of the same particle type agree, those of the electrons
(TS, ECE) are strongly peaked (due to the transport barrier) whereas the ion profiles (CNPA,
CXRS) are broad. This may indicate that fast ions are subject to the same spatial confinement
properties as bulk ions. The assembled profiles were interpolated as shown in the previous plots
and input to DOUBLE-TCV for validation. In a single run, using the background plasma profiles
and equilibrium of discharge #33026, the charge exchange spectra of all the ‘virtual CNPA view
lines’ of the set of shots was modelled. The results are shown in figure 6.3.5. Bearing in mind that
the discharges were not perfectly similar, the simulation fits well with the individual measurements.
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6.4 Steady-state fast ion populations

With ECH, after a transient phase where the fast ion population is building up – if the heating and
plasma configuration do not change is not altered – the population parameters stabilise and steady-
state is maintained throughout the duration of the auxiliary heating period. This is demonstrated
in figure 6.1.8, or more clearly on figure 6.4.1a, where the fast ion population is unaltered from t
= 1.25 s onwards. Discharge #31173 is similar to #31175 shown above. The fast variation of the
deduced fast ion density evolution is due to uncertainties in the fit of the absolute charge exchange
spectrum, with the fluctuations reflecting the error bar of the nsi retrieval process.
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Figure 6.4.1: (a) Steady-state fast ion population in discharge #31175. The plasma and heating parameters
remain constant after t = 1.25 s.
(b) Discharges #31175 and #31177 were run according to the same model, they are thus supposed
to exhibit identical fast ion populations. The charge exchange spectra were averaged over the whole
steady state phase.

Conversely, the steady-state population parameters are highly reproducible. Figure 6.4.1b shows
the deuterium charge exchange spectrum, averaged over t = [1.3; 1.9] s, for discharge #31175 and
its repeat #31177. Identical plasma and auxiliary heating configuration engender identical fast
ion population strength and temperature. This is in general not true for the initial evolution of
the hot ion parameters up to the phase of steady-state.
To unfold further general parametric features of the fast ion population, a database of steady-state
fast ion populations was constructed. Each entry was compiled from a single steady-state interval
by averaging the charge exchange spectrum over several hundred of milliseconds before applying
the bi-Maxwellian fit. Steady-state phases shorter than 100 ms were not included, together with
plasmas designed to scan a particular parameter (i.e. those shown in the preceding sections).
Early times of auxiliary heating were not considered, such to stabilise the EC driven current radial
redistribution. The dataset currently consists of 25 TCV discharges (obtained between 2004 and
2007). As with the complete database (section 6.1.2), dependence of the fast ion parameters
on plasma density, temperatures, inductive and non-inductive currents, total and local auxiliary
heating powers, energy equipartition, plasma purity, loop voltage etc. were investigated. This was
extended to include composite parameters, like collisionality or conductivity. Parameters showing
an obvious impact on the fast ions are shown in figure 6.4.2.
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Figure 6.4.2: (a), (b) and (c): Dependence of steady state fast deuterium parameters on the thermal bulk electron
temperature (closest measurement to the magnetic axis with the Thomson scattering system).
(d) Scaling of the suprathermal deuterium ion temperature with the effective plasma charge.

In steady-state, the suprathermal ion temperature scales with the bulk electron temperature,
roughly T be 1 T si > T be /2, where the first inequality is derived from the complete database (figure
6.1.4). The fast ion density and energy increase is quite linear with T be , although the scatter
of the density is more important. Below T be = ∼3.5 keV ∼= 10 × T bi (0), the fast ion density is
not measurable. The presence of impurities also raises the suprathermal ion temperature, with a
linear Zeff dependence. This dependence seems natural since on TCV the effective plasma charge
increases with heating power [34].

The difference between the parameters of hydrogen and deuterium fast ions are interesting. The
fast ion temperatures are generally close. In steady state, with long temporal averaging, the
errors are reduced and the suprathermal temperatures of the two isotopes coincide (figure 6.4.3).
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The fast ion densities, normalised by their respective bulk ion densities, are different, where, for
hydrogen, the proportion of suprathermals to thermals can reach 1:2, whereas for deuterium the
ratio doesn’t exceed 1:3. Inspection of the respective suprathermal energies, now normalised to
the total thermal ion energy, i.e. for deuterium,

W s
i,D

W b
i,H +W b

i,D

≡ wsi,D =
T si,D
T bi,D

nsi,D
nbi,H + nbi,D

, (6.4.1)

shows that the fast deuterium stored energy exceeds the fast hydrogen energy by a factor 2,
corresponding to the mass ratio of the two isotopes. This energy ratio doesn’t depend on the
plasma hydrogen content.
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Figure 6.4.3: Correlation between suprathermal temperature (a) and energy (b) of the fast hydrogen and deu-
terium ions. The straight lines indicate respectively T si,D = T si,H and wsi,D = 2wsi,H.

6.5 Validation of the fast ion detection

In section 3.4 it was seen that the CNPA measurement is not exempt from parasitic contributions
to the measured signal. As a consequence, the analysis of suprathermal ions only became reliable
after completion of the diagnostic shield.

Effective shielding is demonstrated in figure 6.5.1, where a strong neutral flux (20 hits per mil-
lisecond) at the highest diagnosed deuterium energy (E = 33 keV) is shown. The auxiliary CNPA
channels, monitoring X-ray (channel #31) and photon (channel #32) incidence on the channel-
trons, do not measure anything other than the normal random hits during this period. The
measured fluxes are therefore correctly ascribed to incoming neutrals.
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Figure 6.5.1: Monitoring of parasitic signals in the CNPA channels. Fast ions are present in the time interval
t = [0.35; 0.5] s, as the CNPA detectors #31 and #32 do not indicate any signal contribution due
to stray light or hard X-rays.

However, to dispel any doubts about the existence of the suprathermal ion component, alternative
measurements were considered that led to a series of experimental validation investigations. This
includes cross checks with the neutron detector (sections 6.5.1.2 and 6.5.3), analysis of the fast
ions resulting from the ionisation of neutral beam ions (section 6.5.1) and global considerations of
the stored particle energy (section 6.5.2).

6.5.1 DNBI deposited fast ions

6.5.1.1 Steady-state classical slowing down ion energy distribution

The description of neutral beam ions deposited in a hot and dense plasma [70] requires consid-
eration of the ionisation of the injected beam neutrals by collisions with plasma electrons and
ions, subsequent drift motion in the confining magnetic field, the scattering and slowing down of
the fast beam ions by small angle long range Coulomb collisions and charge-exchange collisions
with plasma neutrals. Further, loss mechanisms like shine-through (incomplete ionisation) or orbit
losses (particle collisions with the tokamak wall) may also not be negligible. An accurate analysis
of the relaxation of the hot ion component requires a self-consistent solution of a set of non-linear
Fokker-Planck equations for energetic ions and background plasma species [302]. Here we shall
restrict this formidable task to an approximate description of the ion energy distribution in plas-
mas with DNBI neutrals at steady-state by solving a simplified Fokker-Planck equation, based on
the following approximations: a.) the magnetic field is uniform; b.) the plasma particle energy
distributions are Maxwellian and c.) the hot beam ion density is small with respect to the cold
background plasma density. If, further, the hot ion velocity vh is such that vthi � vh � vthe, with
vthi and vthe the thermal ion and electron velocities, the relevant equation for the hot ion distri-
bution function fih, for a beam injected at an angle θ in respect to the direction of the magnetic
field and switched on at t = 0, may be written [303]

τs
∂fih
∂t

=
1

v2

∂

∂v

{(
v3
c + v3

)
f

}
+

mi

2mh

v3
c

v3

∂

∂µ

{(
1− µ2

) ∂f
∂µ

}
+ S̃ (v − v0) δ (µ− µ0) τs,

(6.5.1)
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where µ = v‖/v = cos θ, the index 0 refers to the nominal beam velocity, the index h refers to the
beam species and

vc =
3

√
3
√
πme

4mi

vthe (6.5.2)

is the critical velocity, above which, during slowing down, the hot ion preferentially transfers its
kinetic energy to the electrons instead of the plasma ions [304]. The solution of eq.(6.5.1) reaches
steady state (for a stationary beam) on the time scale of the collisional slowing down time

τs =
mimh v

3
c

4π ni Z2
h e

4 ln Λ
. (6.5.3)

For a beam source yielding S fast ions per second and unit volume, of half width velocity spread
∆v � v0, i.e. a source of the form

S̃(v − v0) =

S exp

(
−(v − v0)2

(∆v)2

)

v2∆v
√
π

(6.5.4)

and considering velocities above vc, the angular scattering term in eq.(6.5.1) may be dropped and
the solution becomes

fih(v, t, µ) =
τs
2

Sδ (µ− µ0)

v3 + v3
c

{
erfc

[
v − v0

∆v

]
− erfc

[
v∗ − v0

∆v

]}
, (6.5.5)

where

v∗ = 3

√
(
v3 + v3

c

)
exp

(
3 t

τs

)
− v3

c . (6.5.6)

The slowing down distribution function fih(E) scales therefore ∝ 1/E.

Figures 6.5.2 and 6.5.3 show the application of this simplified fast ion distribution calculation to
the parameters of discharge #33767, whose key plasma parameters are ne(0) = 5.1 × 1019 m−3,
Te(0) = 900 eV, Ti(0) = 670 eV; hydrogen DNBI beam with full energy E0 = 50.7 keV and
equivalent DNBI current I0 = 1.64 A. Beam neutral attenuation and radial profile were calculated
as explained in section 3.2.2. The ionised fractions of the four beam components, considering
electron and ion impact ionisation, are shown in figure 6.5.2a, at the magnetic axis. Although
the beam neutral density is maximum at approximately mid-radius, the fast ion production is
highest close to the magnetic axis where the electron temperature is higher. A beam velocity
spread of ∆v = 1 km/s was assumed. The slowing-down time, eq.(6.5.3), is τs = 18.8 ms and
the critical energy, eq.(6.5.2), is Ec = 13 keV. The fast ion distribution function, calculated using
eq.(6.5.5), together with the background plasma ion distribution, is shown in figure 6.5.2b. The
discontinuities coinciding with the four beam components are clearly visible.
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Figure 6.5.2: (a) Fast ion fuelling of the plasma with the beam, at the respective energies of the four beam
components. The ion source density is representative for the conditions at the magnetic axis of
discharge #33767, t = 0.81 s.
(b) Calculated fast ion slowing down distribution function due to the partial ionisation of the
hydrogen diagnostic neutral beam at steady state. The ratio of beam to background plasma ions
shown is valid at the magnetic axis.

fih was then discretised and used by DOUBLE-TCV, together with the other necessary available
experimental information and the CNPA hydrogen neutral flux calculated for the time interval
prior and during the DNBI beam blip (figure 6.5.3). The thick line represents the steady-state
total ion distribution and reasonable absolute agreement is found.
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Figure 6.5.3: DOUBLE-TCV simulation of passive and active charge exchange without beam ionisation (dash-
dotted curve) and by taking ionisation (full stroke) into account. The ion distribution function
input to the code in the latter case corresponds to the one shown in figure 6.5.2b.

The CNPA data was averaged over the whole beam blip, which lasted for 28.5 ms. This is more
than τs, such that steady-state conditions should be established.
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For the sake of completeness, it should be mentioned that the transient behaviour of the beam
deposited ions was studied with the (beam non-intersecting) VNPA by Karpushov et al. [305] by
scanning electron density and temperature. The fast ion production was modelled with a code
incorporating equations presumably similar to those presented in this section [306]. The slowing
down of the ions was found to be classical, e.g the time delay between the start of beam injection
and increase of the flux into the highest VNPA channel scales with ne and Te as τs does, that
is the time required for the beam ions to slow down from the injection energy (50 keV) to the
maximum energy diagnosed with the VNPA (6 keV).

6.5.1.2 Beam bombardment of the inner wall

The response of the neutron detector to fast ions was tested by injection of the neutral beam,
operated exceptionally with D2, in the empty torus. Without plasma, the beam is stopped at
the inner vessel wall where fusion reactions may occur with the deuterium in the graphite wall
surface. Here, the spatial distribution and energetic composition of the beam is well known at the
impact surface, that is the vacuum profile calculated from eq.(3.2.5), and the birthplace of the
neutrons produced by the D-D fusion reaction are also well localised, considerably simplifying the
evaluation of the neutron rate impinging on the neutron detector.

Modelling of the neutron flux at the location of the neutron detector is shown for the 5 DNBI
pulses of discharge #31700 in figure 6.5.4.
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Figure 6.5.4: Measured (noisy curve) and modelled neutron detector response to the vessel wall bombardment
by a deuterium neutral beam in the absence of a plasma.

The deuterium beam nominal energy was 26 keV and the total equivalent current reached 2 A.
Agreement was achieved with the assumption of a deuterium absorption layer depth of 1 µm and a
saturation of 0.4 (i.e. the number of deuterium atoms per carbon atom), values generally accepted
by edge and wall plasma physicists [307].
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6.5.2 Plasma particle energy balance

A further validation of the suprathermal ion population in the plasma was undertaken through
an accurate assessment of the kinetic energies of the various plasma particles for comparison with
the total measured energy. That is measured with a diamagnetic loop (DML) [66] (hardware
components are illustrated in figure 6.5.5a).
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Figure 6.5.5: (a) Arrangement of the loops for the diamagnetic measurement. A: vessel image current loop
(bonded onto the vessel), B: current diffusion loop, C: compensation loop, D: diamagnetic loop.
All parts are located in toroidal sector #1, the only sector without diagnostic ports.
(b) 5 cameras host an array of 8 miniaturised metal foil bolometers each which are used to measure
the power radiated by impurities (the plasma is optically thin in the VUV and soft X-ray frequency
range) and lost by neutrals. The incident power is obtained from the temperature rise of the
absorber knowing its thermal capacity. Their thermal inertia limits the time resolution of the
bolometer to approximately 10 ms.

A stable plasma configuration relies on an equilibrium between magnetic and kinetic pressure,
there is therefore a relation between the equilibrium magnetic field and plasma energy (see ap-
pendix A in [308] for a derivation). More precisely, the latter is proportional to the toroidal
diamagnetic flux, that is the difference in toroidal flux with and without plasma.
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The diamagnetic flux is measured with the D loop encircling the exterior of the vacuum vessel
and requires correction by a.) the C compensation loop to account for the flux from the toroidal
coils, b.) the current diffusion in the toroidal coil conductor (B) and c.) the A loop wound on the
vessel to assess the vessel image current. The loops B and C are multiturn such that their area
encloses the same flux as the single-turn D loop.
The assessment of the energy stored in the thermal bulk electron and ion populations is relatively
simple as the profiles of electron density and temperature and ion temperature are measured with
good spatial resolution. The measurement of the plasma effective charge (X-rays), hydrogenic
composition (CNPA) and plasma neutrality determine then the ion density profiles of the ionic
species. The energy content of the suprathermal ion and electron population are by far more
difficult to quantify because of the difficulties in deconvoluting the ECE frequency and NPA flux
spectra in space and energy. In section 5.4.3.2 the suprathermal electron populations were pre-
cisely simulated for two time instants of discharge #34527. The total suprathermal energy is then

W s
e = W s

therm +W s
trans =

K∑

k=1

∫ [
nse,k

(
1

2
T se‖,k + T se⊥,k +

1

2
me v

2
d,k

)]
dV, (6.5.7)

where the summation is taken over all K suprathermal electron populations listed on page 155.
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Figure 6.5.6: (a) Time traces of the deuterium ion parameters for discharge #34527. Notice the hot ion tempera-
ture, reaching the value of the bulk electron temperature (the electron properties for this discharge
are shown in section 5.4.3.2).
(b) Ohmic and auxiliary heating, electron–ion equipartition and radiated powers of discharge
#34527. The total radiated power is obtained from the local emissivities inside the plasma calcu-
lated by tomography treated by the minimum Fisher information method [309].

For the fast ions, we may use the result of section 6.3, i.e. take radially constant ratios between
suprathermal and thermal ion temperature and density, with the latter truncated at ρ = 0.8.
Time traces for the core fast ion parameters for discharge #34527 are shown in figure 6.5.6a.
The populations are further assumed to be isotropic and, for the carbon impurity, no fast ion
population is considered, that is

W s
i,` =

3

2

∫
nsi,` T

s
i,` dV ` ∈ [H,D]. (6.5.8)
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The heating, equipartition and radiation loss powers are shown in figure 6.5.6b. The equipartition
power is calculated using the parameters of the bulk populations only. The radiation losses include
also the power removed by neutrals leaving the plasma and was derived from the measurement
of an array of 64 golden foil bolometers [310] which are probing a poloidal cross section with 5
pinhole cameras surrounding the vessel [311], shown in figure 6.5.5b. The total radiated power is
then estimated with the fast computer tomography code FABCAT [312]. A considerable part of
the power deposited by the EC waves is conducted by the plasma and heats the wall, releasing
impurities (and other wall particles). These penetrate into the plasma where they, as shown on
the trace of Prad, strongly enhance the power losses by resonant line radiation during the auxiliary
heating period. At the same time, the ohmic heating power drops by one third, with the enhanced
plasma conductivity, the total plasma current remains approximately constant, whereas the loop
voltage is strongly reduced (figure 6.5.7a). The reduced coupling between electrons and ions,
expressed by the equipartition power, doesn’t change during the auxiliary heating phase.
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Figure 6.5.7: (a) Measured loop voltage and plasma current.
(b) Evolution of the hydrogenic composition of the plasma (calculated from the CNPA measure-
ment). The thick line is a cubic spline interpolation of the measured neutral flux ratios.

The calculated energies of the individual particle species and populations are summarised in figure
6.5.8. The left figure shows the various ion energies. The carbon energy fraction is negligibly small,
the thermal hydrogen energy is small but doubles with EC injection, because of enhanced wall
desorbed fuelling (same reasoning as for the carbon density increase). This is confirmed by the
CNPA measurement of the hydrogenic composition (figure 6.5.7b). During the phase of strong
ion acceleration, i.e. for the period of pronounced counter-ECCD, the suprathermal deuterium
content strongly exceeds its thermal counterpart. Now, the suprathermal hydrogen contains an
important fraction of the total ion stored energy. In contrast to the fast ion population, the overall
thermal ion energy is reduced during the gyrotron activity, as the energy transfer from electrons
to ions is less effective and some of the bulk ions become suprathermal.
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Figure 6.5.8: (a) Energy content of the hydrogen, deuterium and carbon ion populations in the plasma.
(b) Electron energy content and the total plasma energy measured with the diamagnetic loop
(DML). The pentagrams indicate the suprathermal electron energy calculated from the NOTEC-
TCV simulation (figure 5.4.9). The hexagrams represent the sum of total ion and electron energies.

As expected for a device with electron heating only, most of the energy is stored in the electrons
(figure 6.5.8b), with the thermal bulk sustaining by far the most abundant portion (lowest trace).
The available measurements enable us to calculate the sum of all particle energy quantities (middle
curve) in time, except for the fast electrons (pentagrams). When the latter are summed (at the two
times where NOTEC-TCV was run), excellent agreement with the DML measured total kinetic
energy is found (hexagrams and top trace).

6.5.3 Comparison with neutron detector

The steep increase of the fusion cross section with energy (figure 1.1.2b) makes the neutron detector
a highly sensitive diagnostic of plasmas contaminated with fast deuterium. The assessment of the
spatial and energetic distribution of the fast ions with the CNPA (section 6.3) offers a possibility
of predicting the neutron detector signal more accurately.
To this purpose, the profiles of thermal (figure 6.5.9a) and suprathermal deuterium temperature
(figure 6.3.4a) and density (figure 6.3.3b) determined previously were projected onto a full toroidal
grid of horizontal×vertical×toroidal = 28×65×50 grid points. A full calibration matrix describing
the individual attenuation of neutrons by the tokamak structure elements on their journey to
the neutron detector for each of these points was estimated. Assuming isotropic ion velocity
distributions, the fusion reactivity was then numerically evaluated using the one dimensional
integral over energy,

〈σv〉 =

∫
σ(E) g(E) dE, (6.5.9)

where the function g(E) for the bi-Maxwellian ion energy distribution function, eq.(6.1.2), is
defined as [313]

g(E) =

√
2

nbiD + nsiD

E√
πm

{
nbiD

(
2

T biD

)3/2

exp

(
− E

T biD

)
+ nsiD

(
2

T siD

)3/2

exp

(
− E

T siD

)}
.
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Figure 6.5.9: (a) Charge-exchange recombination spectroscopy bulk ion temperature profiles. The core ion tem-
perature drops by a factor of two upon the start of EC injection and recovers once the gyrotron
power flattop is reached.
(b) Pulse height spectrum of the neutron detector dominated by neutrons born in fusion reactions
induced by the ions populating the suprathermal tail of the distribution function.

The resulting neutron yield profile valid at t = 1 s is shown in figure 6.5.10a.
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Figure 6.5.10: (a) Numerically calculated neutron emission profile of discharge #33026 assuming the spatial
profile of the bi-Maxwellian ion distribution function determined in section 6.3.
(b) Measurement and simulation of the neutrons registered with the neutron detector during the
same discharge. Agreement within a factor of 2.

The discontinuity at ρ = 0.8 results from the truncated fast ion density profile. The measured
neutron pulse height spectrum is shown in figure 6.5.9b and the benchmark of measured and
calculated neutron detector counting rate is shown in figure 6.5.10b. Measurement and simulation,
following this long process, agree within a factor of 2 !
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6.6 Ion acceleration by sawteeth

In TCV plasmas exhibiting a fast ion population, a remarkable effect of the sawtooth crash on
the ion distribution is observed. This is shown on figure 6.6.1, where the three top traces show
DMPX soft X-ray channels at radii outside, very close to and just inside the inversion radius. The
last plot shows time traces of a selection of the deuterium CNPA channels. With each sawtooth
collapse (period ∆t ≈ 12 ms), the neutral flux is strongly enhanced (here the flux is tripled).
This behaviour is observed on all CNPA channels, independent of energy. The discharge shown
here uses the same model as for #30477 shown at the beginning of this chapter, except for a
higher current (Ip = 160 kA). An increase in current causes the core safety factor to drop below
1, eq.(1.5.4), and sawteeth appear.
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Figure 6.6.1: Traces (a) to (c) show time traces of the electron temperature of a sawteething plasma measured
with the top detector of the DMPX. (c) looks at the magnetic axis, (b) at the inversion radius
(ρ = 0.2) and (a) has a radius of tangency further outside. The characteristic sawtooth evolution is
clearly visible. (d) shows time traces of the neutral particle flux encountered in deuterium channels
#3, #6, #9, #12 and #15 of the CNPA. All CNPA channels show the same behaviour, that is a
strong increase of the neutral flux immediately after the sawtooth crash.

Another example is shown in figure 6.6.2b (discharge #35502), where the launcher mirror angle
of the co-injected ECCD was swept out and back in such a way that the current is initially
driven inside (t = 0.65 s), later outside (t = 0.8 s) and finally again inside the q = 1 surface (t
= 0.9 s). Shown are the core DMPX channel #29 and the CNPA deuterium channel #4. The
local modification of the current profile engenders a change of the sawtooth period in the range
3. . . 15 ms.
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Figure 6.6.2: Left figure: Deuterium charge exchange spectrum prior, at (t = 1.48 s) and after the sawtooth
crash. After the crash, the suprathermal population is strongly enhanced but decays within the
CNPA time resolution to the strength measured before the crash.
Right figure: Sawteeth with varying period and amplitude.
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Figure 6.6.3: Representation of the CNPA measurement as a function of time after the sawtooth crash. The
temperature of the suprathermal population is not modified, but its density transiently increases
by a factor of five.
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The evolution of the CNPA deuterium charge exchange spectrum during a complete sawtooth
cycle is shown in figure 6.6.2a. The crash is initiated at t = 1.4775 s. The CNPA measurement
at this time doesn’t show yet any effect because its neutral flux was collected in the 2.5 ms
preceding this time. The first measurement after the crash includes therefore the neutrals which
have ventured the crash. Channel #11 (ED = 10 keV) saturates. The fast ion temperature is not
substantially modified, with only the fast ion tail strength increased. This is more clearly seen on
figure 6.6.3, where the usual ion parameters, calculated for each single CNPA measurement, are
plotted against post crash time. The latter was determined from the core DMPX signal. Remind
again that each CNPA measurement is accumulated in the 2.5 ms preceding the acquisition. The
maximum ion response is seen in the spectrum measured up to 1.5 ms after the crash. The rise
of the bulk temperature is due to the strong high temperature tail, that even contributes to the
lowest energy channels. The tail temperature, whose scatter is indicated by the error bar, is not
affected by the sawtooth.
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Figure 6.6.4: (a) Simulation of a possible post sawtooth crash fast ion distribution in space. The symbols show
the CNPA measurement before and after the sawtooth crash. A displacement of the fast ions from
the core to the location just outside the inversion radius does not lead to an enhanced neutral
flux. Locations even further outside result in weaker neutral spectra because of sparser fast ion
concentration. (b) Example of a strong impact of the reconnection event on the fast ion distribution
function. The CNPA channel at E = 10 keV is again close to saturation.

One may think that the reconnection event expels fast ions from the core to the edge, where
neutral particles are far more abundant, thereby leading to a higher NPA signal. To test for this
possibility, the fast ion content of discharge #30480 was modelled with DOUBLE-TCV before the
sawtooth crash (t = 1.475 s, T si (0) = 3 keV, nsi = 4 %). During the crash, we then assume that
all the fast ions within the inversion radius (here ρinv = 0.27) are getting expelled to the location
just outside ρinv as the q-profile is constant up to this radius such that there is no confinement
within ρinv. The total number of fast ions to be displaced is obtained by integration of the fast ion
density profile over the core volume. These ions displaced outside the reconnection site, gives a
suprathermal hydrogen and deuterium fraction of 60 % and 12 % respectively, at ρ = 0.3. Inside
this radius, the suprathermal temperature and density is set to zero (only the core profiles are of
importance here). DOUBLE-TCV is then rerun with this arrangement, with the same profiles of
the background plasma as before the crash.
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This represents an upper limit in the estimation of the neutral flux since the postcrash electron
density and temperature both increase outside the inversion radius, and the expulsed neutral flux
attenuation is thus enhanced.

Figure 6.6.4a combines the simulation with the CNPA data and shows that the displacement of
all core suprathermal ions to the reconnection site has a negligibly small effect on the resulting
neutral flux spectrum. In fact, the fast ions occupy a rather small volume in the plasma core,
when they are redistributed in radius, they are simply relocated into a much larger volume. The
number of these fast ions which can reach the CNPA after neutralisation is therefore considerably
reduced. Figure 6.6.4a illustrates also a fast ion relocation to ρ = 0.5, the resulting CX spectrum
would be much weaker.

The enhancement of the high energy neutral flux requires, therefore, the acceleration of additional
ions, on a very fast timescale. Stronger sawteeth result in a clear distortion of the neutral flux
spectrum. This is not so clear with discharge #30480, but with #31344, shown in figure 6.6.4b,
the high energy end of the distribution is clearly preferentially populated.

In contrast to the low density X2 heated discharges discussed here, in ohmic plasmas, even with
large crash amplitudes, a perpendicular fast ion acceleration is not observed. For the acceleration
mechanism to be effective, the fast ions need therefore already to have been present in the plasma
before the crash.

6.7 Summary of the observations

From the previous sections it is clear that the ion acceleration observed on TCV is of anomalous,
non-collisional nature. The fast time scales of ion heating need wave–particle interactions to be at
play. The ion behaviour strongly correlates with the bulk electron temperature. The electron drift
velocity, which is not readily ascertainable experimentally, seems to play a key role, as the fast
ion parameters scale with the same parameters that describe the ECCD current drive efficiency
(e.g. electron density, electron temperature).

To summarise, the fast ions

R are accelerated on a time scale of the order of some 100 µs and

R are thus the result of a non-collisional wave–particle interaction,

R appear to owe their existence to the presence of ECCD,

R are satisfactorily described by a suprathermal Maxwellian population,

R reach a state of equilibrium when the EC heating and the plasma parameters are steady-
state,

R do only appear if the EC power is deposited inside the inversion radius,

R become more abundant upon internal magnetic reconnection events and

R their parameters depend on the plasma shape such that the fast ion confinement is improved
if the internal kink is more stable
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More specifically, the fast ion temperature

R transiently reaches, but doesn’t exceed, the bulk electron temperature,

R is somewhat lower than T be (0) when the fast ion population is in steady-state,

R is identical for the hydrogenic species,

R becomes hotter when heavier impurities are admixed (although the current drive efficiency
is expected to decrease),

R has a parabolic profile, of similar shape to the bulk profile

and the fast ion density

R increases linearly with the auxiliary heating power,

R scales with the inverse of the mass of the species considered,

R has a density fraction generally below 20 % of the bulk ion density and

R is a constant fraction of the bulk density profile, over the whole core plasma radius

6.8 Potential mechanism for anomalous ion acceleration

On the basis of the collected data the most likely process causing the ion energisation will now be
identified. The theory of potential mechanisms leading to mostly perpendicular ion acceleration
are quickly reviewed, discussed in the frame of TCV and possibly compared to studies carried out
on other devices. The discussion is limited to mechanisms obviously involving EC waves, that is
parametric decay (section 6.8.1) and current driven microinstabilities (section 6.8.2).

6.8.1 Parametric decay instabilities (PDI)

Parametric processes are nonlinear phenomena driven by large wave amplitudes, i.e. occurring in
the vicinity of a resonance layer and are frequently observed in laboratory plasmas [314]. A widely
studied example of a parametric decay instability is the three wave coupling process, where a high
frequency electromagnetic pump wave (frequency ω0, wave vector k0) of a power density exceeding
a certain threshold, parametrically excites other waves. If the interaction takes place in space and
time, the pump wave energy may be efficiently transferred to the new decay wave modes, one of
which is electrostatic (low frequency) and the other is also electromagnetic, with frequency close
to that of the pump wave. The process conserves energy and momentum, i.e.

{
ω0 = ωHF + ωLF

k0 = kHF + kLF

(6.8.1)

In the frequency range of electron cyclotron pump waves, such a process takes place at the upper
hybrid resonance layer (UHR). The electric field of an extraordinary EC wave is strongly enhanced
(i.e. becomes quasi electrostatic) when the wave approaches the UHR layer, where the wave decays
into an electrostatic lower-hybrid (LH) mode of frequency

ωLH '
ωpi√

1 +

(
ωpe

Ωce

)2
(6.8.2)

and an electromagnetic electron Bernstein mode (discovered by Ira Bernstein [315]).
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Parametric decay was theoretically [316] studied and observed (measurement of ωLF and/or ωHF)
in numerous dense, hot and magnetised plasma experiments, e.g. Versator II [317] at MIT, FT-
1 [318] at IOFFE, Wendelstein W7-A [319] in Garching and TCA [320, 321] in Lausanne. In all
these experiments, the EC wave was launched quasi-perpendicularly to the magnetic field (where
the three-wave interaction is strongest [184]), at the fundamental cyclotron frequency in X-mode,
from the high field side (except in W7-A(�)). ECR first-pass absorption in these experiments
was generally quite weak (less than 50 %) such that a considerable fraction of the injected wave
continued to propagate to the UHR, where the parametric process was identified (the electron
Bernstein branch of the hot plasma dispersion relation is connected to the X-mode branch at the
UHR). The UHR (where the pump wave frequency matches ω2

UH = ω2
pe + Ω2

ce) is located on a
curved layer close to the outer edge of the torii (see the illustration in figure 6.8.1). The Bernstein
wave travels back to the vertical ECR plane in the core, where it is efficiently absorbed by the
electrons [322] (even for perpendicular propagation, magnetic shear ensures that k‖ 6= 0, otherwise
absorption would not take place). In those experiments where the ion temperature was measured,
strong ion heating (fast ion tails) was found(**). The heating was attributed to the lower hybrid
waves, which have phase velocities in the range of the ion velocities, such that the wave-particle
interaction becomes effective and strongly damp the waves on the ions. The process depends on a
threshold for decay, so the ion heating shows a strongly non-linear dependence on the pump wave
power density [317].

ECW

LHR

UHR
ECR

major radius vessel

Figure 6.8.1: Sketch of the poloidal cross-section of the FT-1 tokamak. The electron cyclotron waves (ECW)
are injected from the high field side, the electron cyclotron (ECR), upper-hybrid (UHR) and lower-
hybrid (LHR) resonance layers are indicated by the labels.

With the EC injected with ordinary polarisation (this mode has a cut-off at half the density of
the X-mode), no ion heating was observed(��).

(�) In the stellerator the wave was launched from the low field side, in O-mode. The O-mode power was only
absorbed by half upon first pass through the ECR layer and was reflected back from a polarisation twisting
mirror mounted on the inner vessel wall.

(**) On TCA, the total ion stored energy increased by up to 60 % during ECRH. The fast ions have a tail
temperature of .500 eV whereas the bulk ion temperatures range below 200 eV. The tail strength is strongest
in low density discharges and the ratio between hot and cold ion population reaches 25 %.

(��) Except on TCA, where the O-wave was reflected at the wall and reentered the plasma in X-mode.
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In FT-1 the necessary condition for ion heating, the accessibility of the UHR to the wave, was
demonstrated by lowering the magnetic field, such that the UHR was moved outside the plasma
and ion heating was no longer observed. On TCV, to allow the X2 EC waves access to the UHR,
would require launching from the HFS since the UHR is shadowed from the LFS by the left hand
cut-off (figure 5.2.4b) and PDI cannot occur. Injecting second harmonic ordinary mode (O2, with
the wave electric field being parallel to the toroidal magnetic field) instead of X2 into a low density
plasma could be possible, the former is not in cut-off and is generally poorly absorbed on its first
pass through the plasma. One may eventually hope for a polarisation change upon reflection on
the inner chamber wall, such that the UHR is reached from the HFS. However, low density O2
plasmas, due to the poor power absorption of less than 15 % [323], are of little interest on TCV and
this polarisation was only attempted in the early days of the availability of the gyrotron sources.
During O2 injection, the VNPA did not measure any difference in the charge exchange spectrum
in respect to the ohmic phase(��). There are however legitimate doubts over a wave polarisation
change at the wall.

Recently, O2 was injected into high density TCV plasmas, such that the EC beam mode converts
to extraordinary polarisation inside the plasma behind the UHR. These discharges are shortly
reviewed in the next section.

6.8.1.1 Electron Bernstein wave heating (EBWH) and emission (EBE)

Electron Bernstein waves (EBW) [315] experience very localised damping on electrons in the
region where the wave frequency matches the Doppler broadened electron cyclotron resonance
frequency or its harmonics. Unlike the electromagnetic extraordinary and ordinary modes, the
absorption remains strong even at high harmonics of the electron cyclotron frequency Ωce. EBW
do not have any density cutoffs inside the plasma and can, therefore, access plasmas of arbitrary
density for frequencies above Ωce. These features of EBW present a possibility of efficient means
for electron cyclotron resonance heating and current drive in high beta plasmas, particularly in
spherical tokamaks, where the X- and O-mode propagation into the plasma may only be assured
at high Ωce harmonics, leading to weak damping of these modes inside the plasma. However,
EBW are electrostatic wave modes and cannot exist in vacuum, thus requiring excitation by mode
conversion from an externally launched electromagnetic mode.

In tokamaks, the first experimental demonstration of EBW heating was performed in 2001 on the
WT-3 tokamak [324], where a wave was launched perpendicular to the magnetic field from the
LFS in O-mode, which converted into X-mode by a polariser at the inner vessel wall and then re-
flected back towards the plasma. These experiments were made at low density, below the O-mode
density cut-off. Similar studies were conducted on the COMPASS-D tokamak where EBW were
used to drive noninductive currents (EBCD) [325], here the waves were injected using high field
side launch.
When HFS launch or mode conversion outside the plasma are not available, a double-mode con-
version process [326] offers a practical possibility for electron Bernstein wave heating (EBWH). At
a particular launching angle, a quasicircularly polarised ordinary-mode (O-mode) wave converts
to extraordinary (X) mode at the plasma cutoff. This mode conversion requires an O-wave oblique
launch near an optimal angle. After this first mode conversion, the wave propagates back towards
the plasma edge until it encounters the UHR layer, where a second mode conversion from X wave
into the Bernstein (B) wave occurs. This conversion occurs with near 100 % efficiency in a hot
plasma [326].

(��) Discharges #14916, #14920.
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For EBW’s there is no density limit, they can propagate towards the plasma centre, where they
are absorbed by the bulk electrons near the electron cyclotron resonance layer or, in the non-
resonant case, by collisional multiple pass damping. This so-called O-X-B heating scheme was
successfully demonstrated for the first time in the stellarator W7-AS [327], in the high-density
high confinement mode as early as 1997.

The first tokamak demonstrating EBW in overdense plasmas at a density ne(0) > 1020 m−3, that
is above the O2 cutoff at about ne(0) = 8.7 × 10−19 m−3, was the Tokyo Spherical Tokamak 2
(TST-2) using the X-B scheme from the LFS with the X mode tunnelling through the evanescent
layer with highly reduced density scale length due to a local limiter [328].

The first true tokamak double mode-conversion EBW experiment (O-X-B scheme) was performed
on TCV, in an overdense H-mode [329] tokamak plasma [29, 330]. Absorbed-power fractions ex-
ceeding 60 % were reported.

The strong EBW absorption also implies that electron Bernstein waves are emitted (EBE) by
a thermal plasma [331]. These waves can then mode convert to the X- then O-mode and be
observed externally to the plasma (B-X-O conversion). On TCV, EBE was experimentally con-
firmed [332] by diagnosing overdense plasmas around the optimum toroidal angle window for the
B-X-O conversion using the LFS ECE radiometer connected to the steerable mirror of the 7th

launcher (section 5.3.5).

The analysis of the overdense TCV plasmas with certified EBWH with the VNPA(§§) did not
however show any signature of anomalous ion heating.

6.8.2 Current driven turbulence (CDT)

The quest for plasma heating in excess of the classic Joule dissipation, driven by the wish to
progress towards ignition, has always attracted large interest in the field of plasma physics. The
actual research of turbulent plasma heating commenced with the reports about current driven, tur-
bulent heating of dense plasmas to several hundreds of eV in linear configurations by the Russian
team led by Babikin [333]. This team had achieved a very efficient coupling between their system
and the external energy source, due to an apparent increase of the plasma resistance up to a level
comparable with the impedance of the source. Very soon it was clear that the anomalous resistiv-
ity was a macroscopic manifestation of current-driven turbulence (CDT). Their results gave rise to
strong research activity exploring CDT, with numerous projects, initially especially in the former
Soviet union [334], culminating in a feasibility study to apply turbulent heating in a tokamak [335]
and its ensuing experimental demonstration on the TRIAM-1 [336] and TORTUR [337] tokamaks.

CDT experiments are sometimes equipped with giant capacitor batteries, whose charge is dissi-
pated into the plasma in microseconds. The toroidal electric fields driving the current range from
small fractions to multiple thousands of the Dreicer electric field.
CDT is different to the beam-plasma interactions intensely studied at this time as it is the re-
sponse of virtually all plasma particles to a large applied electric field. The anomalous plasma
conductivity of CDT plasmas scales as σ ∼ 1/

√
E where E is the applied toroidal electric field.

(§§) owing to lack of viable plasma targets positioned at the vessel midplane, most of the discharges were placed
at z = 20 cm, such that the CNPA is of no use.
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The enhancement of the resistivity over the classical Spitzer-Härm value, eq.(1.6.2), was found to
be independent of the machine (including tokamaks, e.g. TFR and Alcator), and scales [338] with
the ratio of the applied electric field to the Dreicer field(¶¶), eq.(3.4.4),

σSpitzer

σexp

' 10
E

EDreicer

. (6.8.3)

Although such a scaling suggests that an universal mechanism is responsible for the turbulence,
almost all known nonlinear processes, from weak quasi-linear to strong turbulence, have been
identified in CDT experiments. Common to all experiments is a rapid plasma heating and colli-
sionsless dissipation, i.e. collisions do not play any role.

With time, many CDT theories have been proposed. The hydrodynamic Buneman-Budker insta-
bility [339], an ion–electron two stream instability, excited by strongly drifting electrons, leading
to the scattering of the latter such that their run away is inhibited. A possible scenario is the
following: When the external electric field is applied, the electron acceleration is initially very
large and the Buneman-Budker instability may be driven unstable. The turbulence threshold
requires vd > 8 vthe and develops independently of the ratio of electron and ion temperature. As
the turbulence develops (mode frequency ω ' ωpe/2

3
√
me/mi) the large amplitude electric fields

efficiently scatter the circulating electron trajectories and the net electron drift velocity therefore
decreases and eventually thermalises the electron drift energy. The increase of the thermal elec-
tron energy then quenches the instability. If the electric field has not decayed yet, the electrons
suffer further acceleration and the whole cycle may repeat again with the effect that the electron
thermal and drift velocities steadily increase with each cycle, but their values remain close. Note
that the anomalous resistivity becomes steady-state in some CDT experiments and the scaling,
eq.(6.8.3), implies that the mean electron drift velocity stabilises at about 0.1 vthe. This oscillatory
behaviour of the turbulence cycles have been reproduced in computer simulations [340–342]. The
effect of the turbulence is such that the electrons are decoupling from the bulk distribution at a
rate less effective than for free acceleration.

However, the Buneman instability requires giant electron drift speeds (with respect to the ions)
and is difficult to achieve in turbulent heating experiments. The kinetic ion-acoustic instabil-
ity is much less restrictive, and is a far more plausible mechanism at moderate drift velocities,
but requires the ion temperature to be smaller than the electron temperature for destabilisation
(Te > 3Ti). The properties of the ion-acoustic instability are discussed in detail in section 6.8.2.2.
In CDT experiments, the ion-acoustic turbulence (IAT) case corresponds to the so-called acceler-
ative regime, with E/EDreicer 6 0.1.

Another important turbulence phenomena observed in CDT experiments is the fan instability,
which is driven by runaway electrons and grows when an electron temperature anisotropy appears
such that T‖e � T⊥e. In CDT experiments the fan instability develops in the restricted runaway
regime, e.g. for important applied electric fields E/EDreicer > 0.1. This instability is discussed in
the next section.

The degree of magnetisation of the plasma, i.e. the ratio of electron plasma and electron cyclotron
frequency, is a very important parameter of CDT as it influences the polarisation of the excited
plasma modes.

(¶¶) The Dreicer field is the field by which an electron gains a drift velocity equal to the electron thermal speed
within the electron–ion collision time.

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL



6.8. Potential mechanism for anomalous ion acceleration page 205

6.8.2.1 Runaway beam instabilities

The formation of a runaway tail is frequently observed in tokamaks, especially at low densities.
The runaway rate continuously grows when the toroidal electric field exceeds the Dreicer field [343].
As a result, the runaway electrons gain parallel energy and their distribution function becomes
highly anisotropic, i.e. exhibits an extended tail along the direction of the magnetic field, such
that Te‖ � Te⊥. This anisotropy can be a cause of classical beam–plasma instabilities through
the resonance at

ω = k‖v‖ − nΩce, (6.8.4)

where n is an integer. The Čerenkov resonance n = 0 is stabilising as long as the distribution
function is monotonically decreasing in the parallel direction. The lowest order anomalous Doppler
resonance n = +1 is destabilising provided the anisotropy is sufficiently strong, i.e. [344]

k‖

∣∣∣∣
∂fe
∂v‖

∣∣∣∣ <
Ωce

v⊥

∣∣∣∣
∂fe
∂v⊥

∣∣∣∣ . (6.8.5)

At the n = 1 resonance, there are several weakly damped directly excited natural modes (i.e. they
do not depend on the evolution of the turbulence), including the magnetised electron plasma mode
ω = (k⊥/k)ωpe and the lower hybrid mode, ωLH, eq.(6.8.2), which propagates at highly oblique
angles with respect to the magnetic field (k⊥ � k‖).
The pioneering work of Parail and Pogutse [345, 346] has determined the linear instability mech-
anism of the so-called fan instability, which arises when runaway electrons interact with low fre-
quency modes through the anomalous Doppler resonance provided that the electron beam velocity
satisfies

vb & 3

(
Ωce

ωpe

)3/2

vthe

√
EDreicer

E
. (6.8.6)

The instability tends to isotropise the runaway beam in the velocity range v‖ ' vb ' Ωce/k‖.
At the same time, the Čerenkov range, characterised by v‖ ' ω/k‖, tends to form a plateau
through the quasi-linear wave–particle interaction. Since the damping rate due to the Čerenkov
resonance is proportional to ∂fe/∂v‖, the plateau formation makes Čerenkov damping less effective.
Consequently, even after plateau formation, the instability continues to grow until the whole
runaway beam becomes isotropised. At the same time, the isotropisation in the Doppler resonance
range v‖ ' Ωce/k‖ leads to the formation of a positive slope, ∂fe/∂v‖ > 0, through pitch angle
scattering, and a ‘fast’ Čerenkov mode with a frequency ω ' ωpe may be excited.
This interaction brakes the unimpeded acceleration of electrons by the applied electric field and
may lead to anomalous ion heating [347]. The experiments conducted on the TM-3 tokamak [348]
nicely fit into the fan instability model.

6.8.2.2 Ion-acoustic turbulence (IAT)

The current driven ion acoustic instability has been predicted at the end of the 1950ies by Jack-
son [349] and Jackson [350]. The onset of the ion-acoustic turbulence (IAT) may proceed in
a way similar to the Buneman-Budker instability described above. Note that the latter goes
continuously over into the ion-acoustic instability when the electron drift speed drops below the
Buneman-Budker instability threshold. Approximative conditions for the onset of IAT are derived
in appendix B (linear stability analysis).

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL



page 206 Chapter 6: Suprathermal plasmas

The solution of the kinetic dispersion relation yields a mode frequency, eq.(B.2.12), of approxi-
mately

ω2(k) =
(
ω2

pi λ
2
Di + 3 v2

thi

)
k2 . ωpi (6.8.7)

and, at low ion temperatures, such that the Landau wave damping on the ions is weak, a positive
growth rate of the order of

√
me/mi, eq.(B.3.4),
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√
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(
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2Ti
− 3

2

)
 (6.8.8)

and shows that the instability is operative at a modest drift speed uk, exceeding the ion sound
speed cs, eq.(B.2.14), particularly in a nonisothermal plasma having Te > Ti. However, the exci-
tation of ion modes decreases as the ion temperature becomes closer to the electron temperature,
because of stronger ion Landau damping, which strongly influences the critical drift velocity. Note
that Maxwellian distributions were assumed for electron and ion velocities, the instability thresh-
old may markedly deviate for non-Maxwellian situations.
The linear destabilisation(***) of IAT was studied extensively in theory and was experimentally
confirmed in mercury vapour [351,352], helium [353] and argon [354,355] discharges.

Since the early experiments on CDT, where the turbulence level substantially exceeds the linear
regime, the key role played by IAT in non-linear effects like the creation of anomalous resistivity
was recognised. Explanations of the experimental findings required knowledge of the turbulence
spectrum at the saturation level of the instability. Investigations were undertaken, both analyt-
ically [356] and numerically [357]. Among the various models of IAT developed since the 1960s,
the lowest order non-linear, e.g. quasi-linear formulations have proven the most successful. The
most advanced analytical theory available today was developed by Bychenkov et al [358] and the
numerical simulations of IAT most relevant for tokamak plasmas were probably (there have been
attempts of various complexity by many researchers) achieved by Ishihara et al [359].

The early theoretical contributions to the understanding of IAT considered simplistic plasmas,
e.g. in absence of a confining magnetic field, and are not applicable to tokamaks. Ions are practi-
cally unmagnetised (ωci � ω . ωpi) in tokamaks but electrons are magnetised (on TCV ωpe ' ωce),
introducing a privileged direction in the electron dynamics. Many theories considered therefore
one-dimensional models for the turbulence evolution (e.g. [360] and [361]). These simulations
suffered from a inability to explain the saturation of the turbulence. Appert et al [362] suggested
that the saturation of the instability may rely intrinsically on the multidimensional nature of
turbulence. Later, the inclusion of the induced scattering by ions (nonlinear Landau damping)
was analytically shown [358] to play an essential role for the instability to acquire a quasi-steady
state of turbulence. This was successfully confirmed employing a three-dimensional quasilinear
approach by Ishihara et al [363]. The addition of the confining magnetic field strongly affects the
evolution of the instability [359].

An important observation, practically always made in CDT experiments, is the formation of a
high-energy tail in the ion energy distribution function. The formation of the tail was categor-
ically ascribed as a manifestation of IAT, although quantitative estimations of the observed ion
populations were rarely possible.

(***) When the fluctuation energy is small enough such that the linear stability analysis remains valid.
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One common feature of the ion heating is that the ion tail temperature approaches the elec-
tron temperature after the dissipation of the heat pulse. The later numerical experiments always
strived to reproduce the experimentally observed IAT induced ion energisation. The most recent
works, which retain the ion dynamics self-consistently, give an account of the onset, growth and
subsequent saturation of IAT and provide a quite satisfactory picture of the high complexity of
ion heating. In fact, as the wave amplitude grows, bulk ions acquire a large sloshing energy, and
time reversible nonresonant diffusion(���) [364] may become significant. Cold bulk ions, which
in the numerical analysis are assumed to have low temperature compared with electrons, diffuse
towards the ion acoustic resonant region where v ' cS, thus forming a high-energy ion tail with
a temperature of order Te. Once those ions reach the resonance region, strong resonant inter-
action takes place and significantly contributes to wave damping. In linear theory, the growth
rate profile γ(k) peaks in the direction of the electron drift, that is, in the direction of θ = 0,
where θ is the angle between k and vd, the drift velocity. However, the saturated multidimen-
sional ion acoustic turbulence spectra revealed in computer simulations often have a peak off axis,
θ = 30 . . . 50◦. Resonant ions, which diffuse from the nonresonant region, preferentially damp the
modes with small θ, because this is the direction of maximum growth rate, and thus most active
diffusion takes place. Off-axis modes remain excited. Therefore, at saturation, the spectrum is
dominated by modes having large propagation angles with respect to the electron drift velocity.
This so-called anomalous k-spectrum was revealed by cross-correlation measurements [365, 366].
It should be noted that the mechanism of nonresonant diffusion is insensitive to the initial ion
temperature. In the simulation of Ishihara [359], even with extreme ratios of ion and electron
temperatures, e.g. Te = 100Ti initially, the high-energy ion tail formed at saturation has a pop-
ulation nsi = 0.1 . . . 0.2nbi , which can only be explained by the nonresonant diffusion of bulk ions
towards the resonant region.

One important aspect of IAT is its role played in creating anomalous resistivity. Being a particle–
wave–particle interaction, with a single wave having simultaneous resonance interactions with
electrons and ions, IAT is efficient for stabilising the electron drift speed thus quenching electron
runaway. The resonance condition can be derived from quantum mechanics [367], whose energy
and momentum conservation laws, for electrons and ions, are written





~ω = me ve‖ dve‖,

~k‖ = me dve‖,

~ω = mi vi · dvi,

~k = mi dvi,

such that the resonance condition, by substitution,

k · vi = ω = k‖ve‖, (6.8.9)

which is three-dimensional for the ions but one-dimensional for the electrons, implying that the
resonance of the wave with the ions is particularly broad. The oblique k-spectrum of the fluctua-
tions (k⊥ � k‖) upon the saturation of the instability indicates that longitudinal electron energy
is transferred into mostly transverse energy of the resonating ions. The conservation of the longi-
tudinal momentum, mi dvi‖+me dve‖ = 0, shows that momentum is transferred from electrons to
ions generating additional effective resistivity.

(���) Occurs only when the wave amplitude is growing with time or the fluctuations have a finite (non-infinite)
correlation time.
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6.8.3 Anomalous ion acceleration on the Alcator tokamak

After TM-3 [348], Alcator was the second tokamak from which strong CDT was reported [368,369].
The results of their investigations of anomalous ion heating are of particular interest, since all
imaginable acceleration mechanisms were assessed by Coppi et al [370].
Strongest ion heating was observed for low density operation, when an electric field not much
smaller than the Dreicer field was applied such that the distribution of circulating electrons tends to
slide away as a whole (this is the so-called ‘slide-away’ regime). Coppi elucidated IAT as a possible
mechanism but its relevance was rejected because the measured spectrum of electromagnetic
fluctuations was cut-off below the ion plasma frequency. More significance was then attributed to
oblique lower hybrid modes excited by the runaway beam excited fan instability (section 6.8.2.1),
destabilised by the measured anisotropy in the electron distribution function [371,372].

REQUIREMENTS TCV PDI FAN IAT

Turbulence drive ECCD, parametric toroidal toroidal
possibilities sawtooth decay field field, ECCD

plasma isothermicity Te > Ti - - Te > Ti
electron weakly - relativistic vd � cs

drift relativistic
EC accessibility X2 EC UHR - -

MANIFESTATIONS TCV PDI FAN IAT

fluctuation frequency ω . ωpi ω . ωpi ω & ωpi ?
electron tail anisotropy Te⊥ > Te‖ ? Te⊥ � Te‖ Te⊥ < Te‖

ion tail anisotropy ? ? oblique oblique

Table 6.1: Comparison of requirements for turbulence onset and its manifests for PDT, fan instability and IAT.
The first column represents the conditions and observations on TCV.

6.8.4 Anomalous ion acceleration on the TCV tokamak

Table 6.1 compares turbulence theory with TCV experiment. Due to the inaccessibility of the
upper hybrid layer, section 6.8.1 already described the incompatibility of parametric decay mech-
anisms on TCV. Further, the fan instability cannot develop in TCV plasmas as the suprather-
mal electron temperature anisotropy is opposite to the requirement of destabilisation of the fan
instability. Electron cyclotron heating contributes perpendicular energy to the electrons such
that Te‖ < Te⊥. IAT seems therefore the most plausible mechanism for the ion energisation on
TCV. The electron drift speeds and the remarkable non-isothermicity of EC heated TCV plasmas,
T be (0)/T bi (0) = 10 . . . 40, are compatible with conditions required for the onset of IAT. The con-
ditions for onset of IAT were verified analytically [293]. The saturation of the suprathermal ion
temperature at the value of the bulk electron temperature is further circumstantial evidence of
IAT. In appendix B it is shown that ion-acoustic waves, in the limit of long wavelength, propagate
at the ion sound speed. It is therefore expected that ions with velocity around the wave phase
speed are strongly accelerated, this is roughly the velocity where the thermal and suprathermal
NPA charge exchange spectra intersect, i.e. the knee energy,

Eknee =
3 (lnT bi − lnT si )/2 + ln

(
nsi/n

b
i

)

1/T si − 1/T bi
, (6.8.10)

and thus
√

2Eknee/mi is of order
√
Te/mi.
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Figure 6.8.2: (a) Comparison of the CNPA charge exchange knee energy, eq.(6.8.10), to the bulk electron tem-
perature divided by 2. In the absence of non-resonant diffusion, Eknee = Te/2 is expected.
(b) Neoclassical and measured plasma resistivity evolution for discharge #29591.

In figure 6.8.2a the knee energy of the steady-state fast ion database is plotted against half the
bulk electron temperature and indeed, at weak turbulence (low electron temperature), knee and
ion sound energy agree. For stronger turbulence, nonresonant diffusion is suspected to fill the
increasing gap between knee and energy of strongest interaction (the latter increases linearly with
electron temperature).
Now we should compare the turbulence saturation level (that is the tail population parameters
at steady state) to theoretical predictions. However, the available analytical and numerical con-
tributions to the scientific literature on IAT consider more extreme ratios of electron and ion
temperatures. In order to study the linear and non-linear evolution of the turbulence, a numerical
IAT code was implemented. Its description and the results of these calculations are the subject
of chapter 7. But first, some aspects of the TCV observations require further discussion in the
frame of IAT theory.

6.8.4.1 Anomalous resistivity

The anomalous resistivity observed in CDT experiments is proportional to the turbulence level
W/nT [373],

νc =
n e2

me σ
∝ W

nT
ωpe, (6.8.11)

where νc is the effective electron–ion momentum transfer collision frequency and W is the turbu-
lent energy density. A measurement of σ gives therefore an estimation of the turbulence strength.
The estimation of anomalous resistivity due to turbulence doesn’t of course make much sense on
TCV as the behaviour of the conductivity is obscured by the non-inductive current replacement
in the ECCD experiments discussed before. However, σ may be calculated neoclassically and its
value qualitatively compared to the measured conductivity. The neoclassical conductivity was cal-
culated using the formulae in [58], including corrections for collision frequency and plasma charge
and the temperature measured with the calibrated LFS ECE diagnostic.
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The experimental resistivity is calculated from the measured loop voltage and from an estimation
of the plasma current obtained with a set of poloidal magnetic field probes [65]. Time traces of
the obtained resistivities for discharge #29591 (refer to figures 6.1.7–6.1.9) are plotted in figure
6.8.2b. The measured and calculated resistivities agree before the onset of turbulence (t < 1.30 s)
and upon steady-state turbulence (t > 1.36 s). There is, however, an important discrepancy after
the onset of the turbulence, where the measured resistivity decays much more slowly than the
neoclassical estimation. The difference may be interpreted as due to anomalous resistivity.

6.8.4.2 Ion heating rate

The quasi-linear theory of ion acoustic turbulence predicts the ion heating in a hydrogen plasma
to be proportional to the electron temperature increase [374],

dTi
dTe
' cS

vd

. (6.8.12)

In discharge #29591, shown in figure 6.1.7, the temperatures rise linearly for the first 30 ms of
auxiliary heating.
The bulk electron temperature rises from initially 1.4 keV to 5 keV and the ion tail temperature
tends to 4.5 keV. When eq.(6.8.12) is solved for these values, one gets an average electron drift
speed of vd = 2 . . . 4 × 105 m/s, depending on the electron temperature used to evaluate the ion
sound speed. TORAY-GA calculates a current drive density of jECCD = 0.95 MA/m−3 peaking
at ρ = 0.2, corresponding to a drift speed of vd = jECCD/ne/e = 3 × 105 m/s. The observed ion
heating rate is therefore compatible with IAT.

6.8.4.3 Ion mass

The measurement of the fluctuation power density on Alcator decreased in intensity when impu-
rities were added. On TCV, T si increases with higher Zeff . The hydrogen population contains the
double of the energy of the deuterium population, thus the energy (or pressure) increases as mi,
nevertheless, there are no indications of suprathermal carbon (CXRS measurement).
In TCV deuterium plasmas, hydrogen is a light ion impurity. With even small hydrogen fractions,
the dispersion properties of the plasma are considerably modified [375]. But as the IAT satura-
tion mechanism depends on the linear and nonlinear interaction of different types of ions with
the wave, the fluctuation level may also be considerably changed depending upon the hydrogen
contamination. Most of the theories on IAT consider a single ion species in the plasma, some
analytical contributions investigated the modification of the IAT spectrum in presence of multiple
ion species [376, 377]. However, the approximations made in these papers are not compatible(���)

with the ion mix on TCV.

A simple one-dimensional analysis [378] shows that, as the percentage of contamination of light
ions increases, the phase velocity of the mode increases and therefore the number of heavy ions in
resonance decreases. However, experiments seems to indicate the contrary, Nakamura et al [379]
have measured the propagation of stimulated ion acoustic waves in Argon plasmas and found the
ion acoustic phase velocity to decrease when helium was added...

We shall investigate the tail strength of hydrogen and deuterium numerically in section 7.5.

(���) Equation eq.(2.4) in [377] is not satisfied for hydrogen/carbon or deuterium/carbon mixtures on TCV.
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6.8.4.4 Hydrogen isotope ion temperature

On TCV, the hydrogen and deuterium temperatures seem to thermalise on a very fast scale
(see figure 6.1.8, both T si agree from the beginning). This is not the result of collisional heat
equilibration because the hydrogen-deuterium heat exchange time,

τHD =
3 ε2

0
√
mp (3π T si )3/2

2nsD e
4 ln Λ

, (6.8.13)

gives for the parameters of discharge #29591, i.e. ne = 2.5×1019 m−3, T be = 5 keV, nsD/n
b
D = 5 %,

τHD =
nsH
nsD
τDH = 75 ms, (6.8.14)

i.e. on a time scale to reach overall steady-state (after about 70 ms, see again figure 6.1.8). This
indicates that the upper limit of the experimentally observed suprathermal temperature must be
related to the quench of IAT.

6.8.4.5 Ion acceleration by sawteeth

Ion acceleration by internal reconnection has been observed in other laboratory plasmas. On the
Madison Symmetric Torus (MST) reversed field pinch (RFP) in Wisconsin, quick bulk (200 µs)
ion heating synchronised with a global magnetic reconnection event was investigated with charge
exchange recombination spectroscopy and Rutherford scattering (RS) diagnostics [380]. The bulk
ion temperatures increased by more than a factor of three (e.g. 300 eV to 1 keV), almost every-
where in radius (though there are multiple radial reconnection sites in a RFP). The ion heating
amounts to at least 20 % of the released magnetic energy. The heating is stronger with higher
current and weaker density (both trends are beneficial for the confinement) and if charge exchange
losses are ignored, the peak temperatures reached by carbon (CXRS) and helium (RS) are the
same. The ion heating is further isotropic [381]. The acceleration mechanism is not known, though
the measured fluctuation power spectrum has shown some losses at ωci.

On the Mega-Ampere Spherical Tokamak (MAST) in Culham ion acceleration was observed (with
an NPA) following each internal reconnection event (IRE) in ohmic discharges [382]. Here the
acceleration was satisfactorily explained by ion runaway in the toroidal electric field generated by
the IRE, following the theory developed by Furth and Rutherford [383]. The same mechanism is
in fact at play in solar flares [384]. The ion runaway threshold requires the toroidal field to satisfy

E > 3

√
3me

2πmi

EDreicer. (6.8.15)

This is the case on MAST, where the measured loop voltage spike is as high as 200 V, but not on
TCV (section 5.4.4.3). In any case, this mechanism creates fast ion tails parallel to the magnetic
field. Indeed, when the tangentially looking NPA was swung around to probe the MAST plasma
perpendicularly, no ion acceleration was observed.

For TCV, an enhancement of IAT by the sawtooth crash could be envisaged. As shown in section
5.4.4.3, electrons are strongly accelerated by the crash field and one could think of these runaway
electrons giving an additional boost to the turbulence, such that the enhanced fluctuation power
accelerates more ions. The deformation of the ion distribution function at higher energies (see
figure 6.6.4b) points again towards a wave–particle interaction. This possibility will be addressed
in the numerical experiment of section 7.6.
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6.8.4.6 Ion acceleration by edge localised modes (ELM)

It has been known for many years since the first demonstration on the ASDEX tokamak [329]
that tokamak plasmas can undergo a sudden transition in the energy confinement time which is
generally accompanied by a reduction in the deuterium visible light emission Dα (generated by
the recombination of deuterium at the plasma edge) and is referred to as the H-mode [385]. The
H-mode is frequently accompanied by bursts in magnetohydrodynamic (MHD) activity and in
the Dα emission, known as edge localised modes (ELM), and this type of H-mode is referred to
as the ELMy H-mode [386]. If ELMs do not appear, then the density often rises uncontrollably,
sometimes leading to a major plasma current disruption. ELMs are easily detected as spikes in
the Dα signal, corresponding to a sudden increase in the line-of-sight integral of the ionisation
rate in the plasma edge, which is concurrent with the abrupt, momentary breach of the H-mode
transport barrier.
Recently, the neutral particle spectra emitted from high density ELMy H-mode TCV plasmas,
heated with intense EC waves at the third harmonic, were analysed and an anomalous time
ordering of the ELM provoked neutral flux response on different NPA energy channels was found
[387]. Other than in the X2 heated low density discharges, the high densities of the ELMy H-mode
(> 5×1019 m−3, Te ≈ 2 keV) bring about intense neutral fluxes into all channels of the VNPA(§§§).
Good neutral counting statistics of several MHz allow diagnostic operation at sampling times as
low as 50 µs (fixed energy setup). As shown in figure 6.8.3a, the VNPA flux traces steadily
increase prior to the ELM (improved ion heating at high density accompanied by an improvement
of the ion confinement) and when the ELM is triggered, a strong flux spike is seen in all channels.
The latter was explained by a transient neutralisation target increase (neutral influx) due to
enhanced plasma–wall interaction. The ion temperature (about Ti ≈ 800 eV for the discharge
shown) might be inferred with the VNPA from an energy interval below the energies required for
the retrieval of the core ion temperature, eq.(4.3.13) and shows ion heating obviously resulting
from the ELM/sawtooth crash (figure 6.8.3d). However, neither the post-crash increase in Ti nor
the risen high energy fluxes (figure 6.8.3c) may be explained in terms of modified neutralisation
probabilities (due to changes in the plasma profiles [388] or collisional electron–ion coupling).
Oddly the flux starts to increase on the high energy channels first (figure 6.8.3b). If this were due
to the enhanced neutral influx from the plasma edge, we would expect the low energy channel
signals to grow first, as these ions are neutralised at a radial position closer to the edge than the
high energy ions (section 4.5.1). Considering the VNPA integration time of 50 µs, the maximum
impact of the ELM crash on the ions occurs in a time 40 6 t < 90 µs. The data shown in
figure 6.8.3b and 6.8.3d was extracted from a total of 19 sawteeth crashes in the time interval
t = 0.5 . . . 0.7 s (the VNPA acquisition interval is restricted as the acquisition memory has a
capacity for 4096 samples only).
It is important to highlight that, in this type of operation, ELMs occur simultaneously with
sawteeth (period about 20 ms). Coupling of ELMs and sawteeth are a common feature [389]. The
sawteeth then enhance the energy lost per ELM by a factor 4 (with respect to ohmic H-mode
ELMs without sawteeth). The time ordering of the VNPA channel response points again towards
a wave–particle mechanism, as if initially the interaction takes place resonantly at high energy and
the heated ions then slow down. Although the electron temperature is smaller (Te(0) = 1.1 keV
for the data of figure 6.8.3) than in the X2 heated discharges, there is still a chance that the
sawtooth crash causes IAT, although the electron drift speeds must then be higher than in the low
density discharges (figure B.3.1). An investigation of the electron dynamics in these discharges
is difficult if not impossible, as the ECE diagnostics may not be used as the electron density is
above the X2 cutoff.

(§§§) Note that such count rates push the CNPA inevitably into saturation.
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Figure 6.8.3: (a) ELM spikes seen by the Dα photodiode and on some VNPA channels operated such as to receive
neutrals at fixed energy. The ELM period is about 20 ms.
(b) Increase of the neutral flux at the ELM event. The data shown is a compilation from 19 ELMs
in discharge #34187, e.g. the neutral pulses accumulated in the full VNPA acquisition time interval
(0.5. . . 0.7 s). The VNPA measurements are coherently rearranged in respect to the ELM using the
Dα spikes as conditional signal. The thick lines are cubic spline interpolations.
(c) The time to reach the maximum of the neutral flux response after the occurrence of the ELM
is a decreasing function of energy.
(d) The flux trace fits shown in (b) were used to calculate temperatures from the slope of the charge
exchange spectrum at various radial locations, which, due to the restricted VNPA energy range,
correspond all to positions outside half radius.
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6.9 Future experiments

Experiments presented and discussed hitherto were all conducted in 2005/2006. During the long
TCV shutdown in 2007 substantial upgrades were made to the set of diagnostics relevant for the
studies reported here. These aimed at making more relevant experiments to better track down
the mechanism at play in the anomalous ion acceleration, e.g.

R The assessment of a potential temperature anisotropy (parallel versus perpendicular direc-
tion to the magnetic field) of the fast ion population,

R the measurement of the plasma electromagnetic emission spectrum for the identification of
the relevant wave being destabilised,

R further improved measurements of oblique ECE emission, especially during sawtooth activity
and

R the acquisition of a staggered NPA flux measurement synchronised with modulated ECRH,
ECCD or sawteeth

Unfortunate circumstances(¶¶¶) have hindered the execution of any of these prepared experiments.
As the thesis was overdue, it was decided to finish this work at the academic level with the material
collected so far. Regarding the investments in time and fonds we may hope that these experiments
may be carried out later in 2009. At the time of writing the tokamak operations are about to
resume...
The new experimental possibilities and a non-exhaustive shopping list of the further envisagable
studies are briefly outlined in the following subsections.

6.9.1 Toroidal orientation of the CNPA viewline

Anisotropic ion acceleration is a frequent process in nature, for example, the ion conics (suprather-
mal ions with peaked off-perpendicular pitch-angles) have largely been investigated in the mag-
netosphere from satellites in the northern dayside polar cusp [288] (at an altitude of 7600 km).
These ions are believed to be produced in the upper ionosphere by an acceleration mechanism
acting perpendicularly to the geomagnetic field [390]. Although ion acceleration was studied in
laboratory plasmas for a long time, the potential anisotropy of ion pitch angle distribution was not
addressed for many decades, diagnostics were mostly installed with a line of sight perpendicular
to the main magnetic field. For the case of IAT, progress in theory permitted the calculation
of the IAT spectra analytically [391, 392] and numerically [363] in two dimensions, revealing the
anomalous k-spectrum with the highly oblique mode at the saturation of the turbulence which is
manifested by an anisotropic suprathermal ion temperature Ti⊥ 6= Ti‖ (section 7.2). Even after
this discovery, the pitch angle distribution of IAT has yet to be investigated in the laboratory.

(¶¶¶) Gyrotron operator availability and ITER project priority lead to the decision to modify the scientific program
of TCV in early 2008 (machine restart in March). Experiments requiring electron cyclotron auxiliary heated
plasmas were then postponed to summer. Operational difficulties after the summer break (troubles with
plasma breakdown due to the fresh vessel first wall installed in 2007) required extended commissioning of
the machine until into autumn. A first experimental session was finally scheduled for mid September, but
shortly before being carried out, an accidentally destroyed vessel window (due to unwanted refraction of the
EC beam) provoked an air leak and the dispersion of metal inside the tokamak. After repair and first wall
cleaning the machine was restarted at the beginning of November. Our ultimate session was scheduled for
November 15, but a high voltage transformer explosion on November 12 required again the suspension of
TCV operation. A transformer replacement was completed in March 2009.
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Dedicated experiments to investigate a universal mechanism of perpendicular ion acceleration
were conducted on the Continuous Current Tokamak (CCT) at the University of California [393].
There, the neutral spectrometer has scanned the toroidal viewing angle and a strong anisotropy
of the high energy flux was discovered (E⊥/E‖ ∼ 100). This was observed in various types of
plasmas, produced by ECRH, radiofrequency (RF) or ohmic (using a breakdown oscillator). But
the ratio Te/Ti was low, 5 . . . 7 and the electron drift speeds did not exceed the ion sound speed
by much, so the destabilisation of ion-acoustic waves is questionable.

On TCV the modified CNPA setup (section 3.3.3.1) is now awaiting Ti anisotropy studies to
be carried out. We would like to investigate turbulent plasmas in directions perpendicular, co-
aligned (view at 60◦ with respect to the magnetic field) and counter-aligned with the ECCD
driven electron drift direction. For the last two measurements, a reversal of the toroidal magnetic
field and plasma current direction would be desirable, such to investigate counter-ECCD plasmas
in both cases. In order to work with comparable vessel conditions, the CNPA view line could
be switched over a weekend break (two days are required for the air venting, displacement and
subsequent depressurisation of the CNPA interior).

6.9.2 Low frequency wave receiver (LHPI antenna)

On Alcator, the low frequency fluctuation spectrum was measured with a spectrum analyser con-
nected to an insulated piece of the limiter or a small molybdenum tipped probe positioned in the
limiter shadow [368]. The low frequency spectrum was peaked at the ion plasma frequency with
a small continuum extending up to 5 . . . 10× ωpi. The fluctuation intensity at ωpi increases with
the drift parameter vd/vthe. The appearance of the frequency peak correlates with the heating of
the ions. The measured emission cut off below ωpi was taken as proof that the turbulence is not
IAT. Note that for the Alcator plasmas ωpe � Ωce, such that ωLH ≈ ωpi and lower hybrid modes
excited by the fan instability propagate for ω > ωpi.

The measurement of the fluctuation emissions spectrum on TCV would help to confirm (or con-
found) the development of IAT. Mainly driven by the Bernstein wave heating experiments (section
6.8.1.1), a new Lower Hybrid Parametric Instability (LHPI) antenna to measure the lower hybrid
decay wave branch of the X-B conversion (which is a potential loss channel for the electron Bern-
stein wave heating) was designed and installed in 2008. The detection of the LH wave should
support electron Bernstein heating experiments, help in the optimisation of the EBW heating
scheme (e.g the EC injection angle) and confirm the threshold nature of the parametric decay.

The antenna consists of a rectangular single loop-antenna (lateral width and length 5 cm and 6 cm
respectively) of low self inductance connected to a coaxial conductor balanced by a sleeve (figure
6.9.1). The sleeve ensures the matching of the characteristic impedance of the antenna to the
coaxial transmission line. Similar designs have previously been used on Wendelstein 7-AS [394]
and MAST [395]. The system is optimised for the range of the expected LH frequencies, 100 MHz
to 3 GHz. As on TCV ωpe ≈ Ωce, thus ωLH = ωpi/

√
2, the antenna is well suited to analyse the

vicinity of the IAT frequency range. The antenna was installed on a upper lateral port and radially
positioned to approach the plasma as much as possible whilst remaining behind the excursion of
the magnetic field ripple (∼1 cm) into the port (safety measure as the loop is made of stainless
steel). The proximity to the plasma is of vital importance, as the electrostatic ion acoustic waves
are evanescent in vacuum. For any attempt to measure the IAT spectrum, the plasma must be
placed at z = 21 cm and moved as close as possible to the outer wall.
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Figure 6.9.1: New low frequency wave probe (LHPI) and its coaxial feed on the TCV tokamak.

The coaxial conductor is fed through the vacuum, protected by a galvanic cell and connected
to a spectrum analyser. Its video signals are acquired at 200 kHz and the device is configured
remotely through the GPIB bus. The maximum sampling rate of one single frequency (no spectrum
scanning) is ∼200 µs. Appendix C provides further details of the control and acquisition of
the frequency power spectrum. Some preliminary spectrum acquisitions in ohmic plasmas were
successfully achieved in 2008.

6.9.3 Oblique ECE antenna

A new radially displaceable mirror and a new receiver horn were procured in 2008. These will be
installed behind the 7th launcher in summer 2009. Both are expected to improve the matching of
the ECE to the waveguide. Oblique ECE measurements of a sawteething plasma would eventually
help to determine the sawtooth induced electron drift to give a direct estimation of the toroidal
crash field.

6.9.4 Digital controller of the CNPA acquisition trigger

The real time algorithm used to control the launcher mirror angle and thus the sawtooth pe-
riod [227] may also come to use for the triggering of diagnostics. The output signal of this
controller was rerouted to the CAMAC acquisition module of the CNPA, such to stop the acquisi-
tion as early as possible after the crash. The controller may then modify the sawteeth parameters
(frequency and thus crash amplitude) to characterise the ion acceleration as a function of released
magnetic energy. For discharges with short sawtooth periods, the CNPA flux measurement may
then be averaged coherently to improve the particle counting statistics.

A more elaborate experimental session could then aim at progressively changing the vertical
position of the plasma in a way to spatially scan the surroundings of the q = 1 surface with
the oblique ECE and oblique CNPA view lines (as the electron acceleration is supposed to occur
outside the inversion radius, in contrast to the ECCD electrons driving the IAT).
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Chapter 7

Modelling of anomalous ion heating in
ECCD current driven ion-acoustic
turbulence on the TCV tokamak

This chapter describes the numerical experiments undertaken to understand the anomalous ion
energisation on TCV described in the preceding chapter in terms of ion acoustic turbulence. A
numerical approach was chosen because of doubts that an analytical model would be more ade-
quate to study the quench of the instability [358].

First the equations describing the evolution of the electron and ion distribution functions in a
plasma with IAT are described (section 7.1). These are then implemented in a numerical model
based on finite difference equations (section 7.2). For parameters relevant for the plasma core of
TCV, the onset, linear growth (section 7.1.2) and quasi-linear saturation (section 7.3) of IAT are
then modelled for the case of a constant toroidal current. Section 7.4 investigates the saturation
of IAT when the electron distribution function is replaced by fe modelled with CQL3D, giving a
more satisfactorily description of the electron populations on TCV. The energy sharing between
hot hydrogen and deuterium is discussed in section 7.5 and the chapter concludes with the inves-
tigation of IAT driven by the sawtooth instability (section 7.6).

Early results of the numerical experiments were presented at the 49th Annual Meeting of the
Division of Plasma Physics of the American Physical Society [396].

7.1 Ion acoustic turbulence in a magnetic field

Any study of turbulence relies on knowledge of the turbulent spectrum of the fluctuations of the
electric field or potential, in space and time. In the case of IAT, the fluctuation spectrum governs
the diffusion coefficients in the velocity space and thus determines the ion heating rates. From an
experimental point of view, if measured, the k-spectrum of the fluctuations will provide the most
relevant information on the nature of the instability. The large Čerenkov angle ion waves excited
by a current will have a large angular spread, the problem is thus, necessarily, multidimensional.
Due to the interplay of ion-acoustic waves with electrons and ions, a full description of the macro-
scopic manifests of IAT needs to follow both electron and ion velocity distribution functions in
time, from the onset until the eventual quench of the turbulence. This usually requires numerical
analysis because of complicated coupling among the diffusion equation and the growth or damping
rate of each Fourier mode.
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Quasi-linear theory has proven to correctly describe the physics of IAT experiments where the tur-
bulence was driven by intense toroidal electric fields and higher order non-linearities were generally
not required to explain the experimental observations [360,362]. In the quasi-linear analysis of the
ion-acoustic instability, it has been found that saturation is mainly caused by the high-energy ion
tail [363]. The formation of the high-energy ions is, in turn, largely due to nonresonant diffusion
which transfers ions from the nonresonant to the resonant region [397,398].
The first solution of the quasilinear diffusion equation for a plasma immersed into an external
magnetic field, was obtained by Fried and Ossakow [399], but their equations did not permit the
ions to diffuse in velocity space. Rudakov [400] considered the wave–particle interaction at the
electron cyclotron resonance (anomalous Doppler effect) which leads to cross-field heating of the
electrons. The ECCD plasmas on TCV exhibit a strong perpendicular electron energisation (di-
agnosed with the perpendicularly viewing ECE diagnostics), which exceeds the direct EC energy
transfer to the electrons in pure ECRH experiments (chapter 5). Dum [360], Appert [401] and
Ishihara [361] performed one dimensional numerical studies which did not reproduce the quasi-
steady saturation of the turbulence. Turbulence is three-dimensional by nature [402] and thus
only three-dimensional considerations could successfully order the relevant saturation mechanism.
Ishihara and Hirose [403] have so far realised the most complete (in terms of included physics)
numerical simulation. The code presented in section 7.2 follows their approach. Although the tur-
bulence mechanism at play in TCV plasmas may be assumed to develop similarly to the findings
in the papers cited above, most of these simulations have either considered unrealistic mass ratios
of ions and electrons or electron to ion temperature ratios (e.g. Te/Ti = 100 in [403]) that are too
far from the TCV situation. The simulations presented herein use an experimentally determined
set of parameters.
As will be clearer in a moment, the evolution of current driven turbulence from onset towards
saturation is quite complex and therefore any model need to be simplistic, i.e. the inclusion of all
experimental features is generally impossible. Non-uniformities, e.g. gradients in density, tempera-
ture, drift velocity or energy and particle losses are neglected in the following. Often, the gradient
along the magnetic field and therefore k‖ are taken as constant, irrespective of the shear of the
magnetic field in toroidal devices. However, the collective modes of CDT are mostly of sufficient
high-frequency convective nature such that the parameter gradients are sufficiently constant over
the short wavelength. Specifically, the ion-acoustic mode has a frequency spectrum in the range
ωci � ω . ωpi and thus the ions are essentially unmagnetised and the magnetic field plays a minor
role in the ion dynamics resulting from the ion-acoustic turbulence.

7.1.1 Quasi-linear formulation

The following simplifications are made: The plasma is assumed to be spatially uniform and placed
into a uniform magnetic field. This is a first approximation of the conditions on the magnetic
axis in TCV, where the ECCD current is strongest and restricted to a narrow current channel
at the gyrotron switch on (see section 5.4.3.2). The particle velocity distributions are initially
approximated as Maxwellians. The hydrogenic ion populations are isotropic and cold, the electrons
are drifting with a drift speed vde being a fraction of the thermal electron speed, i.e.

fe(v‖, v⊥, t = 0) = ne

(
me

2π Te(t = 0)

)3/2

exp

(
me

2Te(t = 0)

(
v2
⊥ +

(
v‖ − vde

)2
))

(7.1.1)

The current aligns with the main magnetic field. The drift speed exceeds the critical velocity for
the excitation of IAT. The electrons are described as being magnetised, (ωce ≈ ωpe for all TCV
plasmas studied), whereas for the ions the cyclotron frequencies are not important.
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The time evolution of the velocity distribution functions fα(v, t) are characterised by the quasi-
linear diffusion equations [404], eq.(A.2.22), α ∈ e, i

∂fα
∂t

+
qα
mα

E0(t) · ∂fα
∂v

=
∂

∂v
·DQL

α ·
∂fα
∂v

(7.1.2)

where E0 is an externally applied toroidal electric field. Toroidal symmetry leads to the parametri-
sation of the velocity and wave vector space in cylindrical geometry, with variables (v⊥, φv, v‖) and

(k⊥, φk, k‖) respectively. Averaging over the angle ϕ = φv−φk (that is, integrating over
∫ 2π

0
dϕ/2π)

and choosing a reference frame in which ions are freely accelerated, eqns.(7.1.2) become

∂fi(v⊥, v‖, t)

∂t
=

(
1

v⊥

∂

∂v⊥
v⊥,

∂

∂v‖

)(
D⊥⊥ D⊥‖
D‖⊥ D‖‖

)

i

(
∂/∂v⊥
∂/∂v‖

)
fi(v⊥, v‖, t) (7.1.3)

for the ions and

∂fe(v⊥, v‖, t)

∂t
=

(
1

v⊥

∂

∂v⊥
v⊥,

∂

∂v‖

)(
D⊥⊥ D⊥‖
D‖⊥ D‖‖

)

e

(
∂/∂v⊥
∂/∂v‖

)
fe(v⊥, v‖, t)+

+
e (me +mi)

me +mi

E0(t)
∂fe(v⊥, v‖, t)

∂v‖
(7.1.4)

for the electrons. The quasilinear diffusion tensor for singly charged, unmagnetised ions is written

Di =
8π e2

m2
i

∑

k

kk

k2
Ek(t)

(
γk

(ωk − k · v)2

︸ ︷︷ ︸
DNR

+ π δ (ωk − k · v)

︸ ︷︷ ︸
DR

)
(7.1.5)

and includes contributions of resonant (DR) and nonresonant (DNR) interactions, where

Ek(t) =
|Ek(t)|2

8π
(7.1.6)

is the spectral wave electric field energy density associated with the mode characterised by k. The
scalar product of wave and velocity vector is k · v = k⊥v⊥ cosϕ+ k‖v‖ and the integration over ϕ
was derived in [405] and becomes
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(7.1.7)

where the first term represents the resonant and the second the nonresonant parts.
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According to quasilinear theory [404,406], the wave energy evolves as

∂Ek(t)

∂t
= 2 γk Ek(t) (7.1.8)

Eq.(7.1.2) and eq.(7.1.8) constitute the set of quasilinear equations to be solved. The magnetised
electron diffusion tensor is [238]




D⊥⊥

D⊥‖

D‖‖



e
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8π2 e2

m2
e k

2
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(
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v⊥
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v⊥
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(7.1.9)

and includes multiple cyclotron resonances, namely the Čerenkov resonance (n = 0), as well as
normal (n > 0) and anomalous (n < 0) Doppler effects. Contributions to De rapidly decrease
with |n|, the calculation includes resonances within n ± 4. The oscillation frequency ωk and
quasilinear growth rate γk are determined from the real and imaginary parts of the dielectric
response function, respectively





εr(k, ωk) = 0

γk = −εi(k, ωk)

∂εr/∂ωk

= −ε
(e)
i (k, ωk) + ε

(i)
i (k, ωk)

∂εr/∂ωk

(7.1.10)

with εr given by eq.(D.0.12), that is

εr(k, ωk) = 1− ω2
pi

ω2
+
ω2

pe

k2

+∞∑

n=−∞
−
∫

d3v

(
nΩce

v⊥

∂fe
∂v‖

+ k‖
∂fe
∂v‖

)
J2
n(k⊥v⊥

Ωce
)

ω − nΩce − k‖v‖
(7.1.11)

where −
∫
f(v)d3v denotes the Cauchy principal value integral and the ion and electron contributions

to εi are respectively

ε
(i)
i (k, ωk) = −ω

2
pi

k2

∫
d3v

(
ωk − k‖v‖

v⊥

∂fi
∂v⊥
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∂fi
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)
1√
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(
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)2
(7.1.12)

and

ε
(e)
i (k, ωk) = −πω

2
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(7.1.13)

with

∂εr
∂ω

∣∣∣∣
ω=ωk

≈ 2ω2
pi

ωk

. (7.1.14)

The solutions of the equations presented in this section describe the time evolution of the electron
and ion distribution functions under the influence of ion acoustic turbulence in a magnetic field.
Note that only the turbulence is responsible for the coupling between the particle species (collisions
are neglected).
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7.1.2 IAT onset and linear growth

The conditions for the onset of IAT and subsequent linear growth are determined by the solution of
the dielectric response function eq.(7.1.10). Figure 7.1.1 shows the resulting mode frequency and
growth rate as a function of the wave number for a deuterium plasma of density n = 2×10−19 m−3

(ωpi ≈ 4 × 109 rad/s) with Te/Ti = 35 and a drift velocity vde/vthe = 0.3 for different angles of
propagation with respect to the direction of the toroidal magnetic field BT = 1.425 T. The density
and magnetic field are typical for low density TCV discharges compatible for X2 EC injection and
are such that ωce = ωpe ≈ 2.5× 1011 rad/s.
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Figure 7.1.1: Linear IAT frequency (a) and growth rate (b) for some angles of propagation with respect to the
external magnetic field. The curves represent a deuterium plasma with degree of magnetisation
ωce/ωpe = 1, electron drift strength vde/vthe = 0.3 and anisothermicity Te/Ti = 35.
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Figure 7.1.2: Linear IAT frequency (a) and growth rate (b) for parallel propagation at various levels of anisother-
micity. vde/vthe = 0.3.
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As expected, the maximum growth occurs for Fourier modes propagating along the main magnetic
field. The oscillation frequency is almost insensitive to the direction of propagation and the
maximum frequency is below the ion plasma frequency. Figure 7.1.2 illustrates the impact of the
electron to ion temperature ratio, to which the mode frequency is insensitive, on the excitation
of the turbulence. The figures represent mode propagation along the magnetic field and the drift
velocity is again vde/vthe = 0.3. The total growth rate is less than zero everywhere if Te/Ti < 2.
Its linear value doesn’t exceed γk/ωpi = 0.14, even for still higher temperature ratios than those
shown (i.e. typical for TCV low density X2 heated plasmas).
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Figure 7.1.3: Linear IAT frequency (a) and growth rate (b) for parallel propagation for various electron drift
speeds. Te/Ti = 35.

Figure 7.1.3 finally shows how IAT is destabilised when the electron drift speed (shifted Maxwellian)
is raised. All curves represent plasmas with Te/Ti = 35 and modes with θ = 0. With increasing
vde, the most unstable mode has a decreasing wave number and the growth rate becomes strongly
enhanced. vde also has an impact on the wave frequency.

The TCV plasmas discussed in the previous chapter are thus obviously unstable for ion acoustic
turbulence. The initial growth of the turbulence is strongest for modes aligned with the confining
magnetic field, is strongly enhanced the higher the electron drift speed and involves increasingly
longer wave number when the ratio between electron and ion temperature increases.

7.2 Numerical implementation of an finite differences al-

ternating direction implicit scheme for ion acoustic

turbulence

To follow the evolution of fe and fi, the set of equations, eq.(7.1.3) to eq.(7.1.14), are now solved
numerically using finite differences (FD). Similar to reference [359], the implementation uses the
alternating-direction implicit (ADI) approach [407–409] promising better numerical stability and
thus allowing for larger time steps. An explicit formulation of the technique is given in appendix E.
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Figure 7.2.1: Iteration of the IAT code to solve the particle velocity distribution functions.

The solution of the real part of the exact dispersion relation, eq.(7.1.11), is a time consuming task.
The mode frequency mostly depends on the anisotropy of the electron distribution function, that
is, the exact solution is reasonably approximated by [410]

εr(k, ωk) = 1− ω2
pi

ω2
+
k2

De‖
k2

(
1− 2 v2

de

vthe‖(t)
exp (−λ) I0(λ)

)
+

+
k2

De⊥
k2

(
1− Te⊥(t)

Te‖(t)

)(
1 − exp (−λ) I0(λ)

)
(7.2.1)

where kDe‖ and kDe⊥ are the electron Debye wave numbers evaluated respectively with the electron
temperature parallel and perpendicular to the magnetic field respectively and where

λ = 2

(
k⊥ve⊥
2ωce

)2

(7.2.2)

and I0(λ) is the zeroth order modified Bessel function of argument λ. The time dependent tem-
peratures appearing in eq.(7.2.1) are evaluated from





Te‖(t) =
me

ne

∫
d3v

(
v‖ − vde

)2
fe(v, t)

Te⊥(t) =
me

2ne

∫
d3v v2

⊥ fe(v, t)
(7.2.3)

The code proceeds as illustrated in figure 7.2.1: With fe and fi known at time t, the instantaneous
electron temperatures are obtained from eqns.(7.2.3), in order to solve the dispersion relation,
eq.(7.2.1) and eq.(7.1.12) to eq.(7.1.14). The fluctuation energy is then updated through eq.(7.1.8)
and the diffusion tensors, eq.(7.1.7) and eq.(7.1.9) calculated. fe(t + ∆t) and fi(t + ∆t) are
finally determined by solving the quasilinear diffusion equations, eq.(7.1.3) and eq.(7.1.4) with
the ADI method. In the calculation of the electron diffusion tensor, the singular delta function is
approximated by a Lorentzian

δ
(
ωk − k‖v‖ − nΩce

)
≈ 1

π

η
(
ωk − k‖v‖ − nΩce

)2
+ η2

(7.2.4)

where the peak width was chosen η = k‖∆v‖ with ∆v‖ equal to the mesh size along v‖ of the
velocity grid.
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Further, the separation of the ion diffusion tensor into resonant and nonresonant contributions
leads to a divergence of Di at the boundary of the two regions. The correct value at |ωk− k‖v‖| ≈
|k⊥v⊥| was worked out in reference [363] and is limited by




D⊥⊥

D⊥‖

D‖‖



i

∣∣∣∣∣∣∣∣∣∣∣∣|ωk−k‖v‖|
≈|k⊥v⊥|

.
8π e2

m2
i

∑

k

Ek

γk k2

1

γ2
k + 4

(
ωk − k‖v‖

)2




k2
⊥

((
ωk − k‖v‖

)2
+ γ2

k/2
)

k⊥k‖
(
ωk − k‖v‖

)2

k2
‖

(
2
(
ωk − k‖v‖

)2
+ γ2

k

)




(7.2.5)

Damped modes prohibit nonresonant ions to diffuse [411, 412] and this is taken into account by
replacing γk in eq.(7.1.7) by zero for all damped modes, as already used by Field and Fried [357]
in 1964.

7.2.1 Parameter setup and grid configuration

Numerical simulations of ion waves in the frame of IAT are complicated by the fact that the time
step has to be sufficiently small to follow the dynamics of the electrons, but the total simulation
time must be long enough (t � 1/ωpi) to reveal the asymptotic nonlinear behaviour of the in-
stabilities. The ADI formulation improves the numerical stability such that time steps of 0.1/ωpi

give satisfactory results.

The velocity space is parameterised with a uniform mesh size of ∆ve = 0.1 vthe0 for the electrons
and ∆vi = 0.1 cs0 for the ions. The velocity grids extend to several multiples of the thermal elec-
tron velocity and ion sound velocity respectively. A typical simulation considers some hundred
Fourier modes, covering the k-vector space confining the inverse volume where most of the waves
are emitted. The code is currently implemented in Fortran and Matlab, quantities are described
by four-dimensional matrices (describing the v and k spaces), such that the velocity space in-
tegrals and wave number space summations are facilitated by operations running along certain
matrix dimensions.

The computer running the IAT code incorporates an Intel Core i7 (four physical CPU cores),
featuring 12 GB of RAM. The abundant quantity of RAM permitted runs with larger numbers of
Fourier modes and finer velocity space gridding. Such code runs did not exhibit a different evolu-
tion of the turbulence, the numerical stability of the reduced grid was thus considered sufficient
and numerical divergence does not appear to occur.

The distribution functions are initially Maxwellians (isotropic for the ions, drifting for the elec-
trons). The perpendicular derivatives of f at v⊥ = 0 are set to zero (cylindrical symmetry about
v‖) and the distribution itself is set to zero at the infinite velocity boundaries.
The fluctuation energy is initialised uniformly to a level that is a sufficiently small fraction of
the thermal noise, such that the evolution at later times is independent of the initially chosen
value (verified by comparison of the asymptotic turbulence behaviour at later times of simulations
launched with different initial fluctuation levels). In the simulations shown in the following, this
value was Ek(t = 0) = 1× 10−6 ne0 Te0.
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7.3 Quasilinear turbulence growth and saturation studies

The initial evolution of IAT is characterised by the linear growth and frequency (section 7.1.2).
When the wave amplitude grows, linear ω and γ are modified and the linear analysis is invalidated
[357]. As already pointed out, an accurate description of IAT has to follow the evolution of the
electron and ion distribution functions simultaneously. An exact description of fe on the IAT
timescale (1/ωpi) during the start of injection of EC waves is however hopeless. A work around
could be an approximation of the electron picture by the drifting Maxwellian, eq.(7.1.1), at least
as an initial condition. As time advances, it may then be required that the current represented
by the circulating electrons,

j(t) = ne e

∫
fe(v, t) v‖ d3v (7.3.1)

remains constant. To achieve this, the external electric field E0 in eq.(7.1.2) must grow in time.
After each update of fe, this field is found from ∂j/∂t = 0, that is, using eq.(7.3.1) and eq.(7.1.2),

E0(t) = − me

ne e

∫
d3v v‖

∂

∂v
·De(v, t) ·

∂fe(v, t)

∂v
(7.3.2)

This procedure was applied to model discharge #31188 presented in the following section. E0(t)
is updated such to regulate a constant j, equal to the driven ECCD current. Section 7.4 will later
demonstrate that this approach is not determinative on the long-term behaviour of the turbulence.

7.3.1 Discharge #31188

The IAT simulation results presented in the following were produced for the parameters of dis-
charge #31188, whose electron distribution function was modelled using CQL3D (section 5.4.2.2)
and reasonably approximated with a bi-Maxwellian (figure 5.4.3). The IAT code was therefore

initialised with the following settings: Bulk f
(0)
e : n

(0)
e = 2× 10−19 m−3, T

(0)
e = 6.5 keV (both from

the Thomson scattering diagnostic), v
(0)
de = 0; Tail f

(1)
e , derived from the bi-Maxwellian CQL3D fe

fit: n
(1)
e /n

(0)
e = 10 %, T

(1)
e = 15 keV and v

(1)
de = 0.7 vthe. The tail temperature is in agreement with

the HFS ECE measurement. The deuterium ion population temperature is T
(0)
i = 200 eV (CXRS

measurement), so Te/Ti ' 33. Note that the drift speed of the tail population is v
(1)
de ' 30 cs0,

thus destabilising IAW or equivalently v
(1)
de & 0.1 c, where the latter value is consistent with the

NOTEC-TCV simulation (page 155). The simulation uses the time step of ∆t = 0.1/ωpi and
runs at least until the saturation of the turbulence is reached. Here the simulation was stopped
after 6000 iterations, corresponding to 600 turbulence cycles, thus covering a time period of about
0.1 µs.
Figure 7.3.1 shows a compilation of plots illustrating the modelled evolution of the quantities in
k-space, that is, from top to down, the mode frequency ωk, IAW growth respectively damping
rates (i.e. γe, γi and γtot = γe+γi) and the resulting fluctuation spectrum Ek. With the appearance
of the fast ions, the ion damping increases strongly, such that the total growth rate is completely
governed by the ions. The absolute decrease of the electron growth rate is due to the increasing
electron heating, that is the slope of the electron distribution function flattens and thus γe becomes
weaker. The number of growing modes decreases during the turbulence growth and some time
after the quench of the instability, there are only damped modes remaining and the turbulence
energy starts to vanish. The velocity space diffusion tensors for the electrons and ions are shown
in figures 7.3.4 and 7.3.5 respectively.
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Figure 7.3.1: IAT simulation for TCV discharge #31188, t = 1.4 s. From top to down: mode frequency ωk,
electron IAW emission rate γek, ion IAW damping rate γik, total IAW growth rate γk and IAW
energy density Ek. The time evolution of the turbulence is shown from left to right, that is at ωpi · t
= 0 (initial conditions) and 25. See the next figure for the continuation.
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Figure 7.3.2: IAT simulation for TCV discharge #31188, t = 1.4 s. From top to down: mode frequency ωk,
electron IAW emission rate γek, ion IAW damping rate γik, total IAW growth rate γk and IAW
energy density Ek. The time evolution of the turbulence is shown from left to right, that is at
ωpi · t = 50 and 100. See the previous figure for the initial evolution and the next figure for the
continuation.
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Figure 7.3.3: IAT simulation for TCV discharge #31188, t = 1.4 s. From top to down: mode frequency ωk,
electron IAW emission rate γek, ion IAW damping rate γik, total IAW growth rate γk and IAW
energy density Ek. The time evolution of the turbulence is shown from left to right, that is at ωpi · t
= 300 and 600. See the previous figure for earlier times.
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Figure 7.3.4: IAT simulation for TCV discharge #31188, t = 1.4 s. From top to down: electron diffusion tensor
components De‖‖, De‖⊥ and De⊥⊥. The left column represents the diffusion at IAT onset (ωpi · t
= 0), the right column at quasilinear saturation (ωpi · t = 300).
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Figure 7.3.5: IAT simulation for TCV discharge #31188, t = 1.4 s. From top to down: ion diffusion tensor
components Di‖‖, Di‖⊥ and Di⊥⊥. The left column represents the diffusion at IAT onset (ωpi · t =
0), the right column at quasilinear saturation (ωpi · t = 300).
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Figure 7.3.6: IAT simulation for TCV discharge #31188, t = 1.4 s. Time traces of (a) artificial toroidal electric
field E0(t), (b) distribution function averaged electron drift velocity vde(t), (c) number of particles
involved in the IAT simulation and (d) total fluctuation energy density W (t).

Figure 7.3.6 shows then time traces of the artificially applied external electric field (to maintain a
constant toroidal current), average electron drift velocity, the particle conservation measuring the
accuracy of the simulation and the total electric field energy density W (t). The latter is obtained
by summation of all Fourier modes: The number of modes with wave vector k in a large volume
V is V d3k/(2π)3, thus

W (t) =
∑

k

Ek(t) = lim
V→∞

V

(2π)3

∫
2π k⊥ dk⊥

∫
dk‖ Ek(t) =

lim
∆k⊥→0
∆k‖→0

π

(∆k⊥)2∆k‖

∑

k‖

∑

k⊥

2π k⊥∆k⊥∆k‖ Ek(t) (7.3.3)

W (t) characterises the different stages of the turbulence, namely the onset (ωpi · t = 0) and linear
growth (here up to approximately ωpi · t = 25), where the most unstable mode aligns with the
direction of the current, k‖ ≈ 0.7 kDe.
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Figure 7.3.7: IAT simulation for TCV discharge #31188, t = 1.4 s.
(a) k-space coordinates of the most unstable mode, i.e. the norm of the wave vector (i) and its
angle with respect to the toroidal magnetic field (ii).
(b) Electron heating, measured with the parallel and perpendicular electron temperatures, evaluated
from the modelled electron distribution function.

Later the evolution is quasi-linear where the electrons would emit IAW at large wave numbers,
but these are heavily damped by the ions (ωpi · t = 50 . . . 100) and then the quasi-linear quench,
where W (t) saturates at a level of ≈ 1 × 10−3 ne0 Te0 (around ωpi · t = 300 . . . 400) and finally
decays. At the saturation stage, the mode with highest growth γk is located at strongly oblique
angles with respect to the direction of the current. The coordinates of the mode with maximum
growth rate is shown in figure 7.3.7a, as a function of time.

Velocity space representations of the particle distribution functions are shown in figure 7.3.8
(during the growth of IAT) and 7.3.9 (at saturation). The electron distribution function becomes
strongly distorted in the parallel direction (mainly due to the artificially applied electric field,
continuously pushing more electrons into the runaway regime). The electron heating, measured
with the virtual diagnostics by means of eqns.(7.2.3), are shown in figure 7.3.7b. The temperatures
saturate only when the fluctuation energy is already decaying (after ωpi · t = 400). The parallel
temperature triples, the perpendicular doubles. Note that the increase in Te shown here is not
due to the absorption of the EC waves (which are not part of the model) but due to anomalous
resistivity generated by the turbulence (parallel direction) and the cross-field scattering of the
electrons due to the cyclotron resonance (perpendicular direction).
The ion distribution function spreads at the very early stage by nonresonant diffusion and resonant
interactions tend to flatten the distribution function around the resonance region located around
vi/cs0 ≈ 1 where the tail is formed. The tail develops mostly in the parallel direction during
the linear phase, later the distortion extends also into the perpendicular direction. Note that the
counter-current distribution is mostly unaffected by the turbulence. The illustrations below the
contour plots in figures 7.3.8 and 7.3.9 indicate the parallel and perpendicular integrals of the
ion distribution function, eqns.(5.4.6), nicely highlighting the buildup of the suprathermal tail
distribution.
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It is convenient to express the velocity space diffusion coefficients in terms of a tensor describing
the characteristic time of diffusion τ k,

Di(v, t) =
8π e2

m2
i

∑

k

Ek(t) τ k(v, t) (7.3.4)

as the dynamics of the ions in the velocity space is more instructively illustrated by τk associated
with the most unstable mode.
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Figure 7.3.10: IAT simulation for TCV discharge #31188, t = 1.4 s. Characteristic time of ion diffusion in the
velocity space of the most unstable IAW mode, whose coordinates and growth rate are indicated
on each subfigure. (a) – (d) show the time instants ωpi · t = 10, 50, 200 and 400 respectively.
The resonant domain of diffusion locates between the two peaks in (a) and to the right of the
characteristic time peaks in the other subfigures.

Figure 7.3.10 shows the characteristic ion diffusion time evaluated at velocities vi‖ = vi⊥, as a

function of v =
√
v2
i‖ + v2

i⊥. The resonant and nonresonant parts of the diffusion coefficients join

smoothly together at the resonance boundaries. As shown, from the beginning, and throughout
the quasilinear growth, the diffusion in the parallel direction dominates.
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Figure 7.3.11: Comparison of the measured (#31188, CNPA) fast ion properties (a) to the simulation (b) of the
fast ion production using the IAT code. The simulation is representative for the experimental
time t = 1.4 s, when the electron distribution function was modelled with CQL3D.

This is clearly seen in the distribution function, the suprathermal tail first extends into the par-
allel direction. Diffusion into the perpendicular direction finally dominates at the quench of the
turbulence and fi starts to deform into the perpendicular velocities as well.

The ion distribution function is approximately described by a superposition of the thermal bulk
with an anisotropic suprathermal tail. At each time step, fi was fitted by two-dimensional uncon-
strained nonlinear minimisation with the function (isotropic bulk and anisotropic tail)

fi(v⊥, v‖, t) = nbi

(
mi

2π T bi

)3/2

exp

(
− mi

2

(
v2
i⊥ + v2

i‖
T bi

))
+

2nsi

(mi

2π

)3/2 1

T si⊥
√
T si‖

exp

(
− mi

2

(
v2
i⊥
T si⊥

+
v2
i‖
T si‖

))
(7.3.5)

The resulting fast ion parameters are shown in figure 7.3.11 (right) where they are compared to
the fast ion time traces measured with the CNPA (left). The bulk ion temperature barely changes,
as in the experiment.

Note that the simulation is intended to model the turbulence for the electron properties at t = 1.4 s,
although the onset of IAT already occurs at t = 0.4 s. The modelled hot perpendicular ion tem-
perature steadily increases and upon saturation (ωpi · t = 300), exceeds 2 keV (ten times the
bulk temperature). At the same time, the fast ion density is about 6 % of the total ion density.
Both, T si and nsi/n

b
i are close the experimentally observed values (3 keV and 5 % respectively).

At later times, the simulation shows a cooling and strengthening of the tail population, but this
will probably not be observed in the experiment where turbulence is driven continuously by ECCD.
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7.3.2 Discharge #34527

The NOTEC-TCV simulation of the ECE spectra immediately after switch-on of the gyrotrons
in discharge #34527 has revealed a weakly relativistic current channel in the core of the plasma
(page 155). To model this shot, instead of a bi-Maxwellian electron distribution function used
for #31188 (previous figures), a single Maxwellian was chosen as initial condition. Otherwise the
parameters are as stated on page 155, for t = 0.37 s.
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Figure 7.3.14: IAT simulation for TCV discharge #34527, t = 0.37 s. Time traces of (a) the auxiliary toroidal
electric field, (b) fluctuation energy density W (t), (c) electron temperatures parallel and perpen-
dicular to the magnetic field and (d) the modelled fast ion parameters.

The characteristics of the development of the turbulence are fairly similar to #31188, figures 7.3.12
and 7.3.13 show again the evolution of the particle distribution functions and figure 7.3.14 the
fluctuation energy and electron temperature traces. The ion tail properties are shown in figure
7.3.14d, which must be compared to figure 6.5.6a.

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL



page 240 Chapter 7: Simulation of Ion-acoustic turbulence (IAT)

Note that this simulation tries to model the transient phase (t = 0.37 s) after gyrotron switch on
(t = 0.35 s). The measurement of the fast ion temperature reveals a quickly growing very hot value
(> 5 keV at t = 0.37 s) which the simulation is not able to reproduce. The simulation, however, is
initialised with an electron bulk temperature of 3.2 keV only (Thomson scattering measurement)
and the IAT is not expected to yield a temperature T si > T be . The discrepancy is thus rather due
to a wrong setup of the code than due to an inadequate model for the turbulence. Note that
an important drift velocity (here β = 0.4) causes an initially rather strong level of turbulence
(corresponds to the curves vde/vthe ' 1.5 on figure 7.1.3) and the validity of quasilinear theory
γk � ωk may be violated. Modelling of the later, IAT saturated time instant t = 0.75 s (next
section) is more successful.

7.4 IAT saturation level with static CQL3D electron de-

scription

The artificially applied electric field to maintain a constant current in the simulated plasma exceeds
the real field (due to Vloop) by some multiples and the applicability of this trick to TCV experiments
may rise some doubts. Instead of iterating the electron distribution function in the course of
the turbulence excitation, the (steady-state) fe modelled with CQL3D may be simply used as
a static representation of the electrons. The CQL3D pitch angle map represents somehow the
conditions at the saturation state of the turbulence, some features of the quasilinear dynamics of
IAT may therefore not appear in such a simulation. Again for discharge #34527, but this time
for the saturated turbulence case (t = 0.7 s), the CQL3D simulation is shown in figure 7.4.1.
The simulation discussed in the following was then fed with this distribution, whereas the ion
configuration was configured as previously.
With fe,CQL3D used in the IAT code, IAW are still destabilised. Figure 7.4.2 illustrates the impact
of IAT on the ion velocity distribution. From the start, only strongly oblique modes can grow
(this represents the saturation state of the simulation when fe evolves under the influence of the
turbulence, see figure 7.3.1, and this is in some sense natural as we have plugged a saturated state
electron distribution into the code). As there are no growing field aligned modes, the parallel
energisation of the ions during quasilinear growth does not occur.
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Figure 7.4.1: CQL3D modelled electron distribution function for discharge #34527, t = 0.75 s.
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Figure 7.4.2: Evolution of the ion distribution function when the electron distribution function is taken from the
CQL3D simulation without subsequent updates during the evolution of the turbulence.

The perpendicular ion distribution function Fi⊥ and its one-dimensional fit with a bi-Maxwellian
are shown in figure 7.4.3. The fast ion temperature is now hot but the suprathermal population
density is weak, however, these values are close to the experimental observation, see figure 6.5.6a,
i.e. much closer than the simulation for t = 0.37 s where fe is updated as presented in the previous
section.
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Figure 7.4.3: (a) Parallel integral of the distribution function showing the heating and population of the perpen-
dicular fast ion tail of the ion distribution function.
(b) 1D fit of the Fi⊥ shown in (a) with a bi-Maxwellian distribution. The scenario corresponds to
discharge #34527, t = 0.75 s, the experimental fast ion parameters were shown in figure 6.5.6a.

7.5 Energy distribution among the ion species

Experiments on TCV indicate a suprathermal energy content of hydrogen at the half of the value
of deuterium (section 6.4). This was numerically explored by replicating the set of equations
treating deuterium also for hydrogen in the IAT code, such to advance fH

i and fD
i independently

in time. The temperature setup of the ionic population is initialised with the same values for both
isotopes and the bulk density ratio is that obtained with the CNPA (section 4.9.6.1), typically
10 %. Figure 7.5.1 shows the simulated ratio of suprathermal hydrogen to deuterium energy for
the scenario of discharge #34527 (same setup as in the run shown in paragraph 7.3.2).
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Figure 7.5.1: Ratio of modelled fast hydrogen to fast deuterium energy for the experimental parameters of dis-
charge #34527. The hydrogen stored suprathermal energy is roughly half the deuterium stored
energy. The total isotopic composition of this discharge is nH

i /n
D
i = 11 % (CNPA measurement).
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The suprathermal deuterium energy content indeed exceeds that of hydrogen by more than a
factor of 2. The energy ratio observed in the simulation is independent of the chosen isotopic
composition, as in the experiment.

7.6 Turbulence boost by sawtooth crash field

As mentioned in section 6.8.4.5, we shall now look again into the ion acceleration by sawteeth.
When the IAT code is initiated with the electron and ion configuration of discharge #30480 (illus-
trations in section 6.6), that is an ion distribution function with a tail population (taken isotropic)
of T si = 3.2 keV and nsi/n

b
i = 5 %, IAT is not destabilised as long as vde < 0.2 vthe. This can be

considered as the saturated state of the turbulence.

The effect of the sawtooth crash field is studied as follows: At the first time step, the electric field
required to sustain the toroidal current is determined and, before the ADI equations are iterated,
an additional electric field of 1. . . 10 V/m is imposed. This additional field is kept constant, as the
sawtooth crash phase is supposed to last for 100 µs (section 5.4.4.3), which is 1000× longer than
the IAT simulation time window. With this additional field, IAT is indeed destabilised, although
only weakly.
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Figure 7.6.1: (a) Re-destabilisation of IAT by the sawtooth crash field in discharge #30480 with initially saturated
IAT.
(b) Additional electron heating (with respect to the pre crash temperatures).

Excitation of IAT is shown in figure 7.6.1 and the fast ion tail feeding in figure 7.6.2 and are
to be compared to figure 6.6.3. Experimentally, the cooling indicated in the simulation is not
observed, but the strong enhancement of the number of fast ions is of clear evidence and agrees
even quantitatively.
The electrons are also strongly heated, IAT may thus play the key role in the perpendicular
energisation of the electrons, the enhancement of Te⊥ by a factor of three (figure 7.6.1) corresponds
to the increase of the HFS ECE temperature (figure 5.4.11) outside the inversion radius...
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from the CXRS and CNPA measurements at t = 1.4 s.

7.7 Comment on the spatial location of IAT

The vertical plasma displacement experiment reported in section 6.3 revealed a large profile of
fast ions in TCV. The spatial dimension was not addressed in the IAT code discussed in this
chapter, as this would be a very difficult task. Instead, the following argument is proposed: IAW
are preferentially damped by hot ions (this quenches the IAT), the IAW are thus rather absorbed
at their birthplace or deeper plasma regions, the bulk and suprathermal ion temperature profiles
decrease towards the edge and thus waves propagating outwards are damped more weakly with
increasing minor radius. This has two consequences: First, the experimentally observed large
suprathermal ion temperature profile is rather due to local IAW emission, that is, IAT is driven
over a large fraction of the plasma radius. This is a plausible assumption as the suprathermal
circulating fast ECCD electrons are found to diffuse strongly with radius (section 5.4.2.2). Second,
the presence of IAW at the plasma edge may be detectable with the LHPI antenna (section 6.9.2)
and ultimately prove the presence of IAT in TCV low density X2 EC heated plasmas.

7.8 Conclusion

Although rather simplistic, the IAT simulations are qualitatively in good agreement with the ex-
perimental observations on TCV. IAT is thus a good candidate to explain the fast ion acceleration
in low density TCV plasmas with X2 electron cyclotron wave injection. In many situations, the
perpendicular properties of the modelled suprathermal ion population agree also quantitatively
with the CNPA measurements (ion density and temperature). Plasmas hosting very hot fast ions
(the hottest fast ion temperatures observed range > 5 keV) require important electron drift speeds,
such that the weak turbulence approach exploited here gets close to the limit of applicability.
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Chapter 8

Summary and conclusions

This thesis primarily deals with some elements of the physics of plasma ions observed on the TCV
tokamak. The properties of mostly hydrogenic ions were experimentally studied using two neutral
particle analysers. The NPA were absolutely calibrated using active charge exchange measure-
ments (injection of energetic neutrals with the diagnostic beam). The flexibility of the compact
NPA diagnostic, collecting neutral particles along a horizontal view line, was enhanced by the
addition of a viewing chord oriented obliquely with respect to the toroidal direction. The CNPA
was equipped with a hard X-ray shield and commissioned for scientific measurement in scenarios
where the diagnostic is exposed to plasmas potentially producing strong parasitic signals. With
these upgrades, the diagnostic is currently available for reliable operation in all scenarios exploited
thus far on TCV.

The quality of neutral particle emission spectrometry and the reliability of the NPA measured ion
temperature was validated in plasmas with thermalised ions against the other ion diagnostics avail-
able on TCV, that is the neutral beam stimulated charge-exchange recombination spectroscopy
diagnostic and a neutron survey monitor. The fuel and impurity ion species intrinsically con-
tained in inductively heated thermal TCV plasmas are efficiently thermalised amongst each other,
and the various ion temperature assessments were shown to agree within their error bars. The
behaviour of the ions is found to follow the classical equipartition as long as the ion heating is
dominated by collisional processes. In an original diagnostic exercise the spatial ion temperature
profile was reconstructed using the single chord CNPA either by plasma displacement across the
diagnostic line of sight or by extensive modelling of the NPA measured neutral flux by means
of different neutralisation and neutral transport codes. Absolute neutral density profiles and the
isotopic plasma ion composition are welcome products of these simulations. The consistent inter-
pretation of the various NPA measurements made in TCV ohmic plasmas (chapter 4) show that
the underlying ion physics in these discharges is well understood.

The phenomenon of clearly anomalous ion acceleration in TCV low density plasmas, when second
harmonic electron cyclotron waves are injected, was studied in a series of dedicated plasmas. The
observations show that the fast ion’s properties are intimately linked to the parameters of the fast
electrons, whose temperature, density and drift velocity (and the resulting ion acceleration) are
strongest in plasmas with a non-inductively driven ECCD current.

As a consequence, it was necessary to correctly assess the fast electron properties. This was
performed by both modelling the absorption of the electron cyclotron waves with the CQL3D code
and by reverse-engineering of the parameters governing the emission of non-thermal EC radiation
measured with the various ECE antennas on TCV using the raytracing code NOTEC-TCV.
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The second approach demonstrated the importance of electrons circulating in the torus at weakly
relativistic speeds, whose density may dominate the plasma core.

Upon the launch of the EC beam, the ion dynamics in the velocity space occur on time scales
faster than 100 µs and must therefore be the product of wave–particle interactions. The properties
of the suprathermal ions (T si , nsi ) reach steady-state conditions after a typical period of current
redistribution if the ECRH and ECCD parameters are kept constant with time. The time resolu-
tion of the NPA is however (although by far better than any other ion diagnostic on TCV) two
orders of magnitude too slow to study the details of the turbulence onset. The experimental in-
vestigations have therefore concentrated on the state of quasi-saturation of the fast ion population.

The NPA measurements are satisfactorily described adopting a bi-maxwellian ion velocity distri-
bution function. The observed suprathermal population may comprise up to 30 % (deuterium) or
the majority (hydrogen) of the ions of the respective isotope and behaves such that the deuterium
stored suprathermal energy is twice that of hydrogen. The suprathermal temperatures of the
hydrogenic species are equal and inferior (but close) to the temperature of the bulk electrons and
thus exceed the thermal ion temperatures by a factor up to 35. The suprathermal ion profiles were
experimentally probed by vertical plasma displacement. The density fraction of suprathermal to
thermal ions is constant up to a normalised radius of ρ = 0.8 (confinement is lost beyond). The
shape of the T si (ρ) profile is congruent to the thermal profile.

To understand the experimental data, the mechanisms potentially able to accelerate ions to
suprathermal velocities reported in the scientific literature were reviewed. The ion energisation by
the ion acoustic turbulence process, excited by the circulating electrons, was found to be compat-
ible with the parameters of the TCV plasmas. To study IAT, the quasi-linear diffusion equation
was numerically coded according to an alternating-direction implicit finite difference formulation.
These advanced numerical simulations incorporate all experimentally known information and cal-
culate the evolution of the ion velocity distribution function in plasmas with developed IAT. It
was found that the simulations agree qualitatively and sometimes quantitatively with experiment.
Virtual numerical and real experiment exhibit many properties inherent to IAT, namely

R the creation of the fast ion population with temperatures and densities of the same order as
measured with the CNPA,

R the quench of the turbulence due to the fast ions and the achievement of a quasi steady-state
and

R the acceleration of the ions into the direction perpendicular to the magnetic field during the
quasilinear evolution of the IAT

These results suggest that IAT is a plausible candidate to explain the observed ion energisation.
However, the most relevant experiments have yet to confirm this hypothesis, that is the measure-
ment of the modelled anisotropy in pitch angle of the ion velocity distribution (CNPA biviewline
setup) as well as the assessment of the turbulence fluctuation spectrum (LHPI antenna). It is
currently hoped that these may be carried out during summer 2009.
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Preliminary measurements of the effect of sawtooth crashes on the fast ions were performed and
ion acceleration was observed. The IAT code has shown that the toroidal sawtooth crash electric
field may enhance the saturation level of the turbulence and thus put more ions into the tail of
the velocity distribution function. Future localised oblique ECE measurements may be able to
provide a better estimation of the runaway electron current at the reconnection location and thus
improve the modelling of the IAT stimulation by sawteeth.

To summarise, the physics involved in the acceleration of the ions is of puzzling complexity. The
richness of observed phenomenons affecting the ions is rather spectacular (and passionate for the
author) for a machine strongly emphasising on the physics of electrons (heating, confinement and
diagnosis). Limited port access (complicating toroidally oblique particle measurements addressing
the asymmetries in fi) and the difficulty to probe the plasma SOL (variable plasma shape and po-
sition preventing the installation of an IAW antenna) make TCV an awkward machine on which
to explore IAT. It may however be difficult (if not impossible) to drive IAT unstable on other
present-day tokamaks, as strong auxiliary electron heating, settling Te � Ti, is an indispensable
ingredient. This remark includes ITER, whose presently anticipated operational scenarios target
Ti > Te (thanks to fusion α’s and NBI) without exception [413]. IAT is thus not, at least at
present, thought to be ITER relevant.

To conclude, concerning the physics of ions in TCV, let us take the plunge and look ahead. Electron
heating in the present relatively low density TCV plasmas doesn’t allow for fusion reactor relevant
ion heating by equipartition. Heating at higher plasma densities, together with the implementation
of direct ion heating would considerably enlarge the attainable range of Ti/Te. TCV is currently
considering possible major upgrades [414] aiming at making the physics of fast ions (and related
MHD) a major part of the scientific TCV programme:

R Deuterium heating beams providing a NBI power of about 3 MW (injection energy∼35 keV),
in conjunction with an increase of the X3 gyrotron power to 4.5 MW, would allow Ti/Te = 2.
For instance, this configuration would enable to directly test the ITER sawtooth stabili-
sation scheme [415, 416], that is the stabilising effect of fast ions can be controlled with
ECRH/ECCD [417].

R Another upgrade includes the installation of active MHD antennas (∼50 kW) designed to
drive a range of Alfvén wave-particle resonances, thus producing large fast ion populations.
The main goal of this project is to study the still underexplored question of the transport
of fusion α-particles induced by resonant wave–particle interactions.

The upgrades of the actuators would certainly also require upgrades of TCV’s ion diagnostic set
and setup.
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Appendix A

The relativistic quasilinear diffusion
equation

The quasilinear description of the wave-particle interaction assumes that two different time scales
are at play, that is the distribution function f(r,p, t) is separable in two parts, a volume averaged,
slowly evolving [238,418]

F (p, t) = 〈f〉 = lim
V→∞

1

V

∫

V

f(r,p, t)d3r (A.0.1)

and a rapidly varying part

f̃(r,p, t) = f(r,p, t)− F (p, t) (A.0.2)

where the latter is due to the interaction of the wave (perturbation fields Ẽ, B̃) with the particles.
For the cyclotron the resonance interaction, the fast timescale is of the order of Ω−1

c . This sepa-

ration implies
〈
f̃
〉

=
〈
B̃
〉

=
〈
Ẽ
〉

= 0. In what follows, E = 0 and a homogenous background

magnetic field B0 is assumed, though this doesn’t make the applicability of the model impossible
to situations with weak spatial gradients of F and B0, as long as they may be considered as being
constant over a Larmor radius (this is generally true for tokamaks).

As in a linear model, the evolution of f is governed by the Vlasov equation

∂f(r,p, t)

∂t
+ v · ∂f

∂r
+ q (E + v ∧B) · ∂f

∂p
= 0 (A.0.3)

whose volume averaging removes the linear terms of the fluctuating quantities

∂F (p, t)

∂t
+ q (v ∧B0) · ∂F (p, t)

∂p
= −q

〈(
Ẽ + v ∧ B̃

)
· ∂f̃(r,p, t)

∂p

〉
(A.0.4)

Collisions are ignored because the wave, when propagating, interacts with many electrons simul-
taneously such that collective effects largely dominate. When it comes to absorption, collisional
removal of electrons away from the resonance layer is negligible due to the low collision frequency
in tokamaks.
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A.1 Distribution function fluctuations f̃

First we want to find the solution for the distribution function fluctuations f̃ , that is the rapidly
evolving part of f . Subtracting the last two equations yields

∂f̃(r,p, t)

∂t
+ v · ∂f̃(r,p, t)

∂r
+ q (v ∧B0) · ∂f̃(r,p, t)

∂p
= −q

(
Ẽ + v ∧ B̃

)
· ∂F (p, t)

∂p

− q
[(

Ẽ + v ∧ B̃
)
· ∂f̃(r,p, t)

∂p
−
〈(

Ẽ + v ∧ B̃
)
· ∂f̃(r,p, t)

∂p

〉]
(A.1.1)

The two last terms are second order perturbations and describe the reaction of the wave on f̃
and are thus representing the nonlinear mode-mode coupling of the waves which are neglected in
the framework of quasilinear theory. Without these terms, eq.(A.1.1) becomes linear in f̃ . Using
the argument to separate fast and slow parts of f again, F may be considered as being static in
respect to f̃ .
As long as the fraction of particles trapped by the wave is small, eq.(A.1.1) is solved assuming
that the particle orbits are not affected by the fluctuating fields of the wave, that is an integration
along the unperturbed particle orbits. The formal solution writes, assuming f̃ = 0 at t→ −∞,

f̃(r,p, t) =

∫ t

−∞
−q
(
Ẽ(r′, t′) + v′ ∧ B̃(r′, t′)

)
· ∂F (v′, t′)

∂p′
dt′ (A.1.2)

with r′ and v′ parameterised by the unperturbed equations of motion




dr′

dt
=

p′

mγ′
dp′

dt
= q

(
p

mγ′
∧B0

) (A.1.3)

The EC wave is then assumed to be representable by a monochromatic plane wave, the fluctuating
terms therefore read

Ẽ(r, t) = Ẽ(k, ω) exp
(
i (k · r− ωt)

)
(A.1.4)

B̃(r, t) =

(
k

ω
∧ Ẽ(k, ω

)
exp

(
i (k · r− ωt)

)
(A.1.5)

f̃(r,p, t) = f̃(k,p, ω) exp
(
i (k · r− ωt)

)
(A.1.6)

where the Faraday’s law of induction, the first equation of the eqns.(5.1.1), was used to express the
magnetic in terms of the electric field. The linearised solution of the relativistic Vlasov equation,
eq.(A.1.2), then becomes

f̃(k,p, ω) = −q
∫ t

−∞
exp

(
i
(
k · (r′ − r)− ω(t′ − t)

))
×

[
Ẽ(k, ω) +

v′

ω
∧
(
k ∧ Ẽ(k, ω)

)]
· ∂F (v′, t′)

∂p′
dt′ (A.1.7)

The coordinates of the unperturbed trajectories, r′ and v′ are obtained by solving eq.(A.1.3) in
cylindrical geometry, writing the cartesian coordinates

vx = v⊥ cosφ (A.1.8)

vy = v⊥ sinφ (A.1.9)

vz = v‖ (A.1.10)
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with φ the gyroangle and v‖ and v⊥ the components respectively parallel and perpendicular to the
background field B0. The solution of eq.(A.1.3) writes, employing the change of variable t′ → t−t′

p′x = p⊥ cos
(

Ω̃ce(t− t′) + φ
)

(A.1.11)

p′y = p⊥ sin
(

Ω̃ce(t− t′) + φ
)

(A.1.12)

p′z = p‖ (A.1.13)

with Ω̃ce the relativistic gyrofrequency

Ω̃ce =
Ωce

γ
(A.1.14)

Integration yields

x′ − x =
v⊥

Ω̃ce

(
sinφ− sin

(
Ω̃ce(t− t′) + φ

))
(A.1.15)

y′ − y =
v⊥

Ω̃ce

(
cosφ− cos

(
Ω̃ce(t− t′) + φ

))
(A.1.16)

z′ − z = −v‖(t− t′) (A.1.17)

such that the exponential in eq.(A.1.7), using the Stix frame for the wave vector (figure 5.1.1), is
then written as

exp
(

i
(
k · (r′ − r)− ω(t′ − t)

))
=

exp

(
i

{
k⊥

v⊥

Ω̃ce

[
sinφ− sin

(
φ+ Ω̃ce(t− t′)

)]
+ (ω − k‖v‖)(t− t′)

})
(A.1.18)

Using the generating function of the Bessel function [419]

exp (iξ sinφ) =
+∞∑

n=−∞
Jn(ξ) exp (inφ) (A.1.19)

eq.(A.1.7) reads now

f̃(k,p, ω) = −q
+∞∑

n′=−∞
J ′n(ξ) exp (in′φ)

∫ t

−∞
dt′ exp

(
i
(
(ω − k‖v‖)(t− t′)

))
×

+∞∑

n=−∞
Jn(ξ) exp

(
−in

(
Ω̂ce(t− t′) + φ

))
{[

cos
(
Ω̂ce(t−t′)+φ

)
Ẽx+sin

(
Ω̂ce(t−t′)+φ

)
Ẽy

]
×

(
∂F

∂p⊥
+

k‖
γωm

ΞF

)
+

(
∂F

∂p‖
− cos

(
Ω̂ce(t− t′) + φ

) k⊥
γωm

ΞF

)
Ẽz

}
(A.1.20)

where ξ = k⊥v⊥/Ω̂cethe differential operator Ξ is defined as

Ξ = p⊥
∂

∂p‖
− p‖

∂

∂p⊥
(A.1.21)
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By using convenient recurrence relations of Bessel functions, namely

Jn+1(ξ) + Jn−1(ξ) =
2n

ξ
Jn (A.1.22)

Jn+1(ξ)− Jn−1(ξ) = −2 J ′n (A.1.23)

and the exponential forms of the trigonometric functions, eq.(A.1.20) becomes

f̃(k,p, ω) = −iq
+∞∑

n′=−∞

+∞∑

n=−∞

1

ω − nΩ̂ce − k‖v‖
J ′n(ξ) exp

(
i(n′ − n)φ

)
×

{[
nΩ̂ce

k⊥v⊥
Jn(ξ)Ẽx + J ′n(ξ)Ẽy

](
∂F

∂p⊥
+

k‖
γωm

ΞF

)
+ Jn(ξ)Ẽz

(
∂F

∂p‖
− nΩ̂ce

γωmv⊥
ΞF

)}

(A.1.24)

where the polarisation of the electric field is, in the case of TCV, calculated using Toray-GA. f̃
depends on the gyro-phase through the exponential term. Generally the phase of angular velocity
and wave vector are different such that, instead of the Stix frame, the true three-dimensional form
of the wave vector has to be used. Writing the electric field components as

EL = eL exp (−iφ) , ER = eR exp (+iφ) , E‖ = Ẽz (A.1.25)

where eL = Ẽx + iẼy and eR = Ẽx − iẼy. Replacing the phase factor by the phase difference of
the two vectors φ→ φ− ϕ, where ϕ is the angle between the xy-plane and k, the desired form of
the solution for f̃ , eq.(A.1.24), as a function of F , results in

f̃(k,p, ω) = −iq
+∞∑

n′=−∞

+∞∑

n=−∞

1

ω − nΩ̂ce − k‖v‖
J ′n(ξ) exp

(
i(n′ − n)(φ− ϕ)

)
×

{[
E
(

1− k‖v‖
ω

)
+ JnE‖

nΩ̂ce

ω

v‖
v⊥

]
∂F

∂p⊥
+

[
E k‖v⊥

ω
+ JnE‖

(
1− nΩ̂ce

ω

)]
∂F

∂p‖

}

(A.1.26)

where E = 1/2 (Jn+ER + Jn−1EL).

A.2 Modification of the plasma background distribution

function F

Now lets determine the evolution of the background distribution function F , that is the slowly
evolving part of f . The rapidly evolving part of the distribution function, eq.(A.1.26), needs to
be inserted into the equation describing the slowly evolving part F , eq.(A.0.4). F doesn’t change
during one gyro-turn, such that the right term of eq.(A.0.4) is conveniently gyro-averaged, i.e.

〈
f̃
〉
φ

=
1

2π

∫ 2π

0

f̃ dφ (A.2.1)

and from the self-correlation of the Fourier transform, applied to the average of two real quantities

〈
A(r)B(r)

〉
= lim

V→0

1

V

∫

k

A∗(k)B(k) d3k (A.2.2)

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL



A.2. Evolution of the background distribution function F page 253

follows

∂F (p, t)

∂t
= −q lim

V→0

1

V

∫

k

1

2π

∫ 2π

0

[
Ẽk +

v

ωk
∧
(
k ∧ B̃k

)]∗
· ∂f̃k(k,p, t)

∂p
dφ d3k (A.2.3)

The next step is the calculation of the velocity space gradient of f̃ , which, as f̃ depends on the
gyro-phase, has a component in φ. In cylindrical coordinates, i.e.

p = p⊥ cosφ ex + p⊥ sinφ ey + p‖ez = p⊥e⊥ + p‖e‖ (A.2.4)

k = k⊥ cos(φ− ϕ)e⊥ − k⊥ sin(φ− ϕ)eφ + k‖e‖ (A.2.5)

Ẽ =
(
Ẽx cosφ+ Ẽy sinφ

)
e⊥ +

(
−Ẽx sinφ+ Ẽy cosφ

)
eφ =

= E⊥e⊥ + Eφeφ + E‖e‖ (A.2.6)

∇p = e⊥
∂

∂p⊥
+ eφ

1

p⊥

∂

∂φ
+ e‖

∂

∂p‖
(A.2.7)

the derivation results in

∂F (p, t)

∂t
= −q lim

V→0

1

V

∫

k

1

2π

∫ 2π

0

{[
E∗⊥

(
1− v‖k‖

ω

)∗
+ E‖

v‖k⊥
ω

cosψ

]
∂f̃

∂p⊥
+

[(
−E⊥

v⊥k⊥
ω
− E‖

v‖k⊥
ω

)
sinψ + Eφ

(
1− v‖k‖

ω
− v⊥k⊥

ω
cosψ

)]∗
1

p⊥

∂f̃

∂φ︸ ︷︷ ︸
U∗

+

[
E‖

(
1− v⊥k⊥

ω
cosψ

)
+ E⊥

v⊥k‖
ω

]∗
∂f̃

∂p‖

}
dφ d3k (A.2.8)

where ψ = φ− ϕ. With the definition of the differential operators

S =

(
1− v‖k‖

ω

)
∂

∂p⊥
+
v⊥k‖
ω

∂

∂p‖
(A.2.9)

T =
k⊥
ω

(
v⊥

∂

∂p‖
− v‖

∂

∂p⊥

)
(A.2.10)

and

E⊥ =

(
EL exp(−iφ) + ER exp(iφ)

)

2
(A.2.11)

the quasilinear equation may be written in compact form

∂F (p, t)

∂t
= −q lim

V→0

1

V

∫

k

1

2π

∫ 2π

0

{(
EL exp(−iφ) + ER exp(iφ)

)∗

2
S∗f̃+

E∗‖
∂f̃

∂p‖
− cosψE∗‖T

∗f̃ + U∗
1

p⊥

∂f̃

∂φ

}
dφ d3k (A.2.12)

The term containing U is simplified using the fact that f̃ is periodic

∫ 2π

0

U∗
1

p⊥

∂f̃

∂φ
dφ = −

∫ 2π

0

∂U∗

∂φ

1

p⊥
f̃dφ (A.2.13)
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and with

∂E⊥
∂φ

= Eφ,
∂Eφ
∂φ

= −E⊥ (A.2.14)

to

−∂U
∂φ

=
(EL exp (−iφ) + ER exp (iφ))

2

(
1− k‖v‖

ω

)
+ cos(φ− ϕ)E‖

k⊥v‖
ω

(A.2.15)

such that the quasilinear equation becomes

∂F (p, t)

∂t
= −q lim

V→0

1

V

∫

k

1

2π

∫ 2π

0

{(
EL exp(−iφ) + ER exp(iφ)

)∗

2
×

[(
1− k‖v‖

ω

)
1

p⊥

∂

∂p⊥

(
p⊥f̃

)
+
k‖v⊥
ω

∂f̃

∂p‖

]
+

E∗‖

[(
1− k⊥v⊥

ω
cos(φ− ϕ)

)
∂f̃

∂p‖
+
k⊥v‖
ω

cos(φ− ϕ)
1

p⊥

∂

∂p⊥

(
p⊥f̃

)]}
dφ d3k (A.2.16)

The φ-integrals are of the form

+∞∑

n′=−∞

+∞∑

n=−∞
Jn′(ξ)

1

2π

∫ 2π

0

exp
(
i(n′ − n)(φ− ϕ)

)
dφ =

+∞∑

n=−∞
Jn (A.2.17)

such that

∂F (p, t)

∂t
= q lim

V→0

1

V

∫

k

{
1

p⊥

∂

∂p⊥
p⊥

[(
1− k‖v‖

ω

)
E∗ +

nΩ̂ce

ω

v‖
v⊥
E∗‖Jn

]

+
∂

∂p‖

[
k‖v⊥
ω
E∗ +

(
1− nΩ̂ce

ω

)
E∗‖Jn

]}
f̃d3k (A.2.18)

Inserting the solution of f̃ , eq.(A.1.26), the integral faces the problem of the pole in the denomi-
nator coming from the dielectric tensor. The pole is treated as a Cauchy principal value integral

∫ ∞

x

1

x− x0

dx = P.V.

∫

x6=x0

1

x− x0

dx+ iπδ(x− x0) (A.2.19)

The second term, the residue, represents the resonant interaction between EC wave and electrons
in the dielectric tensor. Neglecting the generally small non-resonant absorption represented by the
principal value integral, i.e. going to the limit of resonant interaction, the pole in the k‖ integration
of eq.(A.2.18) is then replaced by

−i
1

ω − nΩ̂ce − k‖v‖
−→ πδ(ω − nΩ̂ce − k‖v‖) (A.2.20)
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such that

∂F (p, t)

∂t
= q2π lim

V→0

1

V

∫

k

+∞∑

n=−∞

[
1

p⊥

∂

∂p⊥
p⊥

(
E∗ +

v‖
v⊥
E∗‖Jn

)
nΩ̂ce

ω
δ(ω − nΩ̂ce − k‖v‖)+

∂

∂p‖

(
E∗ +

v‖
v⊥
E∗‖Jn

)
k‖v⊥
ω

δ(ω − nΩ̂ce − k‖v‖)
]
×

[(
E +

v‖
v⊥
E‖Jn

)
nΩ̂ce

ω

∂F

∂p⊥
+

(
E +

v‖
v⊥
E‖Jn

)
k‖v⊥
ω

∂F

∂p‖

]
d3k (A.2.21)

This equation may be interpreted as a diffusion equation in velocity space

∂F (p, t)

∂t
=

∂

∂p
·DQL ·

∂F

∂p
(A.2.22)

with DQL the quasilinear diffusion tensor

DQL =

(
D⊥⊥ D⊥‖
D‖⊥ D‖‖

)
(A.2.23)

whose components are

D⊥⊥ = πq2 lim
V→0

1

V

∫

k

+∞∑

n=−∞
δ
(
ω − nΩ̂ce − k‖v‖

) ∣∣∣∣E + JnE‖
v‖
v⊥

∣∣∣∣
2
(
nΩ̂ce

ω

)2

d3k (A.2.24)

D‖‖ = πq2 lim
V→0

1

V

∫

k

+∞∑

n=−∞
δ
(
ω − nΩ̂ce − k‖v‖

) ∣∣∣∣E + JnE‖
v‖
v⊥

∣∣∣∣
2(k‖v⊥

ω

)2

d3k (A.2.25)

D⊥‖ = πq2 lim
V→0

1

V

∫

k

+∞∑

n=−∞
δ
(
ω − nΩ̂ce − k‖v‖

) ∣∣∣∣E + JnE‖
v‖
v⊥

∣∣∣∣
2
nΩ̂ce

ω

k‖v⊥
ω

d3k (A.2.26)

D‖⊥ = D⊥‖ (A.2.27)
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Appendix B

The ion-acoustic instability and the
ion-acoustic wave

Waves able to efficiently interact with plasma ions need phase velocities in the range of the ion
velocities, i.e. ω/k → vions. That is, electromagnetic waves are too fast, only electrostatic waves
have phase velocities sufficiently small to cause strong interactions with the ions. The ion-acoustic
wave is such an example and its dispersion relation shall be approximately solved in this appendix.

B.1 Kinetic dispersion relation

Starting point is, as always, the Maxwell equations. However, the magnetic field of an electrostatic
wave is zero, only the Poisson equation is needed. In contrast to the fluid approach used in section
5.1, a kinetic description involving the Vlasov equation, accounting for particle effects, is adopted
here. The self-consistent Vlasov-Maxwell system to solve (unknowns E and f) is





∇ · E =
ρ

ε0
∂fα
∂t

+ v · ∂fα
∂x

+
qα
mα

(E + v ×B) · ∂fα
∂v

= 0

ρ =
∑

α

qα

∫
fα d3v

j =
∑

α

qα

∫
vfα d3v

(B.1.1)

where α ∈ [e, i] and for simplicity, the background plasma is considered as unmagnetised (B0 = 0),
external electric field free (E0 = 0) and spatially uniform, fα0 = fα0(v). The perturbation due to
the electrostatic wave (E1,B1 = 0) is of the form

fα1(x,v, t) = fα1(v)ei(k·x−ωt) (B.1.2)

Linearisation of the system yields





∂fα1

∂t
+ v · ∂fα1

∂x
+

qα
mα

E1 ·
∂fα0

∂v
= 0

∇ · E1 =
1

ε0

∑

α

qα

∫
fα1 d3v

(B.1.3)
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which is then Fourier transformed, i.e.





−i(ω − k · v)fα1 +
qα
mα

E1 ·
∂fα0

∂v
= 0

ik · E1 =
1

ε0

∑

α

qα

∫
fα1 d3v

(B.1.4)

It is convenient to use the electrostatic potential: E1 = −∇φ, i.e. in Fourier space E1 = −ikφ in
the first formula of eq.(B.1.4). Solve for

fα1 = −φ qα
mα

k · ∂fα0

∂v

ω − k · v (B.1.5)

and inject it in the second equation of eq.(B.1.4):

k2φ = − 1

ε0

∑

α

q2
αφ

mα

∫
k · ∂fα0

∂v

ω − k · v d3v (B.1.6)

The resonance for ω = k·v, i.e. vparticles = ω/k = vph (phase velocity) is visible in the denominator.
Eq.(B.1.6) may be rewritten as

1 +
∑

α

q2
α

ε0mα

1

k2

∫
k · ∂fα0

∂v

ω − k · v d3v

︸ ︷︷ ︸
=: D(ω,k)

= 0 (B.1.7)

where D(ω,k) = det ε(ω,k) = 0 is the dispersion function. Choosing a geometry k = kez (no loss
of generality)

0 = D(ω,k) ≡ ε(ω,k) = εr(ω,k) + iεi(ω,k) = 1 +
∑

α

q2
α

mαε0k2

∫

L

k ∂fα0

∂u

ω − kud3v

︸ ︷︷ ︸
Landau integral

(B.1.8)

B.2 Low frequency wave mode

Without having to deal with the question on the integration path around the pole in the Landau
integral [420] in eq.(B.1.8) the dispersion relation may be solved using the approximation (to be
verified a posteriori)

vthi � ω/k � vthe (B.2.1)

that is, the singular denominator is approximated by the asymptotic expression

1

ω − ku =
1

ω

[
1 +

ku

ω
+

(
ku

ω

)2

+

(
ku

ω

)3

. . .

]
(B.2.2)

for the ions and by the convergent series

1

ω − ku ≈ −
1

ku
(B.2.3)
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for the electrons. A neutral hydrogen plasma is considered in the following (ne = ni = n0, Z = 1).
An isotropic Maxwellian ion velocity distribution is assumed. The ion Landau integral evaluates
to

∫ ∞

−∞

df0i

du

1

ω − ku du ≈
∫ ∞

−∞

df0i

du

[
1

ω
+
ku

ω2
+

(ku)2

ω3
+

(ku)3

ω4

]
du = −kni

ω2
− 3

k3ni
ω4

v2
thi

(B.2.4)

where the first and third terms of the expansion are zero (f is an odd function). The second and
forth term were integrated by parts and for the latter the second order moment of f ,

v2
thi =

∫ ∞

−∞
u2f0i du (B.2.5)

was used.

For the electrons, a displaced Maxwellian, describing a net electron drift of velocity vd with respect
to the ions, is adopted

fe0(v) =
1

(2π)3/2v3
the

exp

(
−1

2

(v − vd)2

v2
the

)
(B.2.6)

such that, for uk = k · vd/k � vthe,

df0e

du
= −u− uk

v2
the

f0e ≈ −
u

v2
the

f0e (B.2.7)

and thus the electron Landau integral becomes

∫ ∞

−∞

df0i

du

1

ω − ku du ≈ 1

kv2
the

∫ ∞

−∞
u f0e

du

u
=

ne
kv2

the

(B.2.8)

The dispersion relation may therefore be written

D(ω, k) ≈ 1− e2 ni
mi ε0

1

ω2

(
1 + 3

k2v2
thi

ω2

)
+
e2 ne
me ε0

1

k2v2
the

=

1− ω2
pi

ω2

(
1 + 3

k2v2
thi

ω2

)
+

ω2
pe

k2v2
the

= 0 (B.2.9)

The solution ω = ω(k) of the fourth order equation, using the Taylor approximation

√
1 + x = 1 +

1

2
x (B.2.10)

becomes

ω2(k) =
ω2

pi

1 + 1/(λ2
Dek

2)

[
1 + 3

(
k2λ2

Di +
λ2

Di

λ2
De

)]
(B.2.11)

where λDα are the particle Debye length, eq.(1.3.2). In the limit of large wave length λ ∼ 1/k,
i.e. much larger than λD,

ω2(k) =
(
ω2

piλ
2
De + 3v2

thi

)
k2 (B.2.12)
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The second term (corresponding to the higher order term in the development of the denominator
of the ion Landau integral) is much smaller and therefore, at lowest order,

ω2(k) = c2
Sk

2 (B.2.13)

where

ω2
pi

ω2
pe

v2
the ≡

me

mi

Te
me

≡ Te
mi

= c2
S (B.2.14)

is the ion sound speed.

B.3 Instability growth/damping rate

To lowest order

∂εr(ωr, k)

∂ωr
= 2

ω2
pi

ω3
r

(B.3.1)

and the imaginary part of ε,

εi(ω, k) = −π
∑

α

e2

mαε0k2

dF0,α

du

∣∣∣∣
u=ω/k

=

√
2

π

e2n0ωr
ε0k3




exp
(
− ω2

r

2 k2v2
the

)

mev3
the

+
exp

(
− ω2

r

2 k2v2
thi

)

miv3
thi


 =

√
2

π

e2n0

ε0k2



(ωr
k
− uk

) exp
(
− ω2

r

2 k2v2
the

)

mev3
the

+
ωr
k

exp
(
− ω2

r

2 k2v2
thi

)

miv3
thi


 (B.3.2)

As ωr/k = cS � vthe, the exponential of the electron contribution is of order one. The damping
rate is then found in the limit of resonant approximation,

γk ≡ −
εi(ωr, k)

∂εr(ωr, k)/∂ωr
=

−
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which reduces, in the limit of long wave length ωr = kcS, to

γk = −
√
π

8

√
me

mi

kcS


1− uk

cS
+

√
mi

me

(
Te
Ti

)3

exp

(
− Te

2Ti
− 3

2

)
 (B.3.4)

where the last term is due to the ions, the others to the electrons. The first and last terms are
stabilising, these represent the Landau damping on electrons and ions respectively. Eq.(B.3.4)
demonstrates that if the magnetic field aligned electron drift speed is sufficiently important, γk

may become positive and the wave then grows spontaneously. This is the current driven ion-
acoustic instability. The growth rate γk/ωk is proportional to ∼

√
me/mi.
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Figure B.3.1: Conditions for the ion-acoustic instability to occur in a hydrogen plasma at long wavelengths.

Figure B.3.1 shows the stability diagram for a hydrogen plasma as a function of the plasma non-
isothermicity. Without streaming electrons (uk = 0), the damping on ions and electrons is equally
important for a temperature ratio of Te/Ti ∼ 16. If the ion damping is negligible (at low ion tem-
perature) then the instability develops as soon as the electron drift speed exceeds the ion sound
speed (uk > cS).

The initial assumption, eq.(B.2.1), must now be verified. Because of cS/vthe =
√
me/mi � 1, the

ion sound speed is smaller than the thermal electron speed, the second inequality ω/k = cS � vthe

is therefore always fulfilled. This also implies, as the slope of the electron distribution function at
the wave phase velocity is small, that the Landau damping on the electrons is weak. If, on the other
hand, the ions are hot, Ti0 ∼ Te0, then ω/k ∼ cS → vthi and strong Landau damping of the wave on
the ions is expected, such that the usual condition |γk| � |ωk| for the applicability of the resonant
approximation is verified. A requirement for the wave to exist is therefore

√
Te/Ti = cS/vthi � 1

as expressed by the first inequality in eq.(B.2.1).
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Appendix C

Acquisition of the IAT fluctuation
power spectrum

C.1 The spectrum analyser system

The device is a thirty years old Hewlett-Packard 71000 series analogue spectrum analyser system,
routinely employed in the millimetre wave lab to test the equipment surrounding the gyrotrons.
The analyser has a superheterodyne receiver where the local oscillator is swept through a range
of frequencies. It contains little memory where traces and variables can be stored. The following
modules are available:

Preselector HP70600A: The LHPI antenna signal is connected to the input of this module. It
provides tracking preselection from 2.7 to 22 GHz. Low pass filtering is used below 2.9 GHz.
The module contains a tunable filter that rejects all out-of-band frequencies from mixing
with the local oscillator and creating unwanted responses at the IF frequencies. For the
moderate frequency signals captured with the LHPI antenna this module mainly serves to
protect the RF section (see below), as the latter doesn’t have an RF input attenuator.

Local oscillator HP70900A: The local oscillator (LO) provides a swept LO signal in the range
of 3–6.6 GHz. This module is the master controller of the spectrum analyser system. It
contains the system firmware to control and coordinate measurements and is responsible for
the output data delivery. This module has a GPIB bus interface.

Radiofrequency section HP70905B: The RF section converts the incoming RF signal from
the preselector to a 21.4 MHz IF signal (by mixing with the LO signal). The supported RF
frequency range is 50 kHz to 22 GHz.

External Mixer interface HP70907A: Provides the interface between external mixers and
the spectrum analyser system. The module contains an LO amplifier, bias supply and
downconversion circuitry to convert the 321.4 MHz input IF to a 21.4 MHz IF signal. The
supported frequency range is 2.7 to 325 GHz. This module is not used for the LHPI signal
analysis.

IF section HP70903: The intermediate frequency (IF) module processes the 21.4 MHz IF signal
received from the RF section (or the external mixer interface). It contains resolution band-
width filters, log amplifiers, detection circuitry and video filters. The resolution bandwidth
is 100 kHz to 3 MHz.
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Graphics display unit HP70206A: This independent full width module is the display and
control interface to the spectrum analyser system. It contains a 9 inch CRT and has a GPIB
bus controller.

The frequency resolution of the system is dependent on the resolution bandwidth setting ∆fRBW

of the bandpass filter. Resolution comes into play because the IF filters are band-limited circuits
that require finite times to charge and discharge. If the mixing products are swept through them
too quickly, there will be a loss of signal amplitude. If one thinks about how long a mixing product
stays in the passband of the IF filter (∆tPB), that time is directly proportional to bandwidth and
inversely proportional to the sweep in Hz per unit time ∆f/tST,

∆tPB = ∆fRBW
tST

∆f
(C.1.1)

On the other hand, the rise time of a filter is inversely proportional to its bandwidth, ∆tPB ∝
1/∆fRBW, thus

∆fRBW ∝
√

∆f/tST (C.1.2)

If the filter bandwidth (in Hz) is smaller than the square root of the LO sweep speed (in Hz/s),
then the spectrum analyser will not produce meaningful results. Choosing a wider bandpass filter
improves the signal-to-noise ratio at the expense of a decreased frequency resolution.
For example, the analysis of the frequency range 500 MHz to 2 GHz into 800 frequency bins
requires the sweep period to be as long as 50 ms. The system may be used to measure one single
frequency, the minimum sampling time is about 200 µs. For use with very weak signals, a pre-
amplifier can be used, although harmonic and intermodulation distortion may lead to the creation
of new frequency components that weren’t present in the original signal.

C.2 Device remote setup and control

This system features an 8 bit GPIB (IEEE 488.1) interface with a bandwidth of 1 MByte/s for
remote control and/or acquisition and is connected to a standard PC through a high-speed GPIB-
USB-HS adapter (USB 2.0) from National Instruments.
A MATLAB GUI was developed to setup the device remotely using the Instrument Control
Toolbox from Mathworks. All relevant parameters can be adjusted and all settings may be read
back from the device for verification. A standard webcam captures still images of the display unit
(to have a visual feedback of the signal trace displayed on screen and to read the occasional error
messages printed there).

C.3 Spectrum acquisition over GPIB or DTACQ

The acquired frequency spectrum is getting digitised in the display unit of the spectrum analyser.
The memory array is readable through the GPIB bus [421] and the MATLAB GUI may be used
for this purpose (using the Data acquisition toolbox). The best data transfer speed is achieved
when the data is read asynchronously in binary mode, making use of the end-of-sweep bit of the
Service Request Enable Register. The data is stored as 16 bit integers which have to be transferred
over the 8 bit GPIB bus in portions of 2 bytes each. However, the data transmission monopolises
the spectrum analyser such that the next frequency sweep cannot start unless the data transfer
has completed.
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Figure C.3.1: 19 inch rack containing the GHz spectrum analyser mainframe HP70001A (middle) connected to
the LHPI antenna. The PC (bottom) ensures the remote control of the analyser through the GPIB
bus. The analog X- and Y-signals of the display unit (top) are digitised and acquired.

The sampling of the frequency range 500 MHz to 2 GHz with 800 points is thus prolonged from
50 ms to 180 ms or from 25 ms to 100 ms with 10 frequency points. In the single frequency
acquisition mode, the sampling resolution decreases from 187 µs to only 50 ms.

The acquisition through the GPIB bus is thus too slow for the turbulence studies. Instead, the
analogue X-Y video signal outputs of the local oscillator unit are acquired at 200 kHz using a
DTACQ card (together with the calibrated time vector) and the frequency signal is reconstructed
afterwards. Note that the system may be triggered externally but we currently use it in the free
running mode such to achieve the best temporal resolution available.
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Appendix D

Dielectric tensor of a magnetised plasma

The calculation of the dielectric tensor for a magnetised plasma follows the same lines as in section
5.1 and thus requires the calculation of the current using the perturbed distribution function. The
perturbation of f was calculated in appendix A by integration of the Vlasov equation along the
unperturbed orbits. The result, eq.(A.1.24), writes

f̃e(k,v, ω) =
e

meω

+∞∑

n′=−∞

+∞∑

n=−∞
J ′n(ξ)

exp
(
i(n′ − n)φ

)

ω − nΩce − k‖v‖
Ã · Ẽ (D.0.1)

with the components of vector Ã,

Ãx =

((
ω − k‖v‖

) ∂Fe
∂v⊥

+ k‖v⊥
∂Fe
∂v‖

)
n

iξ
Jn(ξ), (D.0.2)

Ãy =

((
ω − k‖v‖

) ∂Fe
∂v⊥

+ k‖v⊥
∂Fe
∂v‖

)
J ′n(ξ), (D.0.3)

Ãz = −i

(
v‖
v⊥
nΩce

∂Fe
∂v⊥

+ (ω − nΩce)
∂Fe
∂v‖

)
Jn(ξ) (D.0.4)

Comparing the Ohm law, j̃ = σ · Ẽ to eq.(D.0.1), the electron contribution to the conductivity
tensor is therefore

σ =
ε0ω

2
pe

ω

∫
d3v v

(
+∞∑

n′=−∞

+∞∑

n=−∞
J ′n(ξ)

exp
(
i(n′ − n)φ

)

ω − nΩce − k‖v‖

)
Ã (D.0.5)

where the components of the velocity vector are defined in eq.(A.1.10). The trigonometric func-
tions are then again produced through eq.(A.1.19) and gyroaveraging, eq.(A.2.1), using the prop-
erty eq.(A.2.17), eq.(D.0.5) finally yields

σ = −i
ε0ω

2
pe

ω

∫
d3v

+∞∑

n=−∞

1

ω − nΩce − k‖v‖
V : Ã (D.0.6)

with

V =




i
nΩce

k⊥
Jn(ξ)

v⊥J
′
n(ξ)

iv‖Jn(ξ)


 (D.0.7)
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Using the properties eq.(A.1.22), eq.(A.1.23) and further

∞∑

n=−∞
J2
n(ξ) = 1 (D.0.8)

∞∑

n=−∞

(
nJn(ξ)

)2

=
ξ2

2
(D.0.9)

in the conductivity tensor, the dielectric tensor, eq.(5.1.9), then becomes

ε(k, ω) =

(
1− ω2

pi

ω2

)
1+

− ω2
pe

ω

+∞∑

n=−∞

∫
d3v

(
nΩce

v⊥

∂Fe
∂v‖

+ k‖
∂Fe
∂v‖

)
V : V†

ω − nΩce − k‖v‖
(D.0.10)

where V† denotes the complex conjugate and transpose of V. Here we are interested in electrostatic
waves with small wavelength such that the hypothesis of a purely longitudinal electric field is not
plain wrong. That is, the electrostatic approximation, through projection of the dielectric tensor
on the vector k,

ε(k, ω) ≡ k · ε(k, ω) · k
k2

= 0 (D.0.11)

yields the dielectric function

ε(k, ω) =

(
1− ω2

pi

ω2

)
+

− ω2
pe

k2

+∞∑

n=−∞

∫
d3v

(
nΩce

v⊥

∂Fe
∂v‖

+ k‖
∂Fe
∂v‖

)
J2
n(ξ)

ω − nΩce − k‖v‖
(D.0.12)

where the relation

+∞∑

n=−∞
nJ2

n = 0 (D.0.13)

was used.

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL



Appendix E

Alternating-direction implicit difference
equation method applied to IAT

The projection of the distribution function onto a grid in v-space, such that indexes j and k refer
to mesh points (v⊥, v‖) of a grid of size ∆v⊥ and ∆v‖ respectively, is represented by

fnj.k = f(j∆v⊥, k∆v‖, n∆t) (E.0.1)

and the ADI scheme for the quasilinear diffusion equation, eq.(7.1.3), for the case of the ions, is
then

f
n+1/2
i − fni

∆t/2
=

Dn
i‖‖
∂2f

n+1/2
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∂v2
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and

fn+1
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= Dn
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(E.0.3)

with
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‖ =

(
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∂v‖

+
Dn
i⊥‖
v⊥

+
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and

Cn
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(
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∂v‖

+
Dn
i⊥⊥
v⊥

+
∂Dn

i⊥⊥
∂v⊥

)
(E.0.5)

For the first half time step, eq.(E.0.2), the derivation is implicit into the parallel and explicit into
the perpendicular direction, whereas the situation is opposite for the second time step, eq.(E.0.3).
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The derivatives are calculated as usual




∂f

∂v‖
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and the mixed derivative, due to the mixture of implicit and explicit derivation into the two
directions, requires to combine the two time instants fn and fn+1/2 such that [422]

∂2(f
n+1/2
i + fni )
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and
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Eq.(E.0.2) may then be rewritten as

−
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where
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or equivalently in matrix form

Gnf
n+1/2
i = ϕn (E.0.11)
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with G being tridiagonal and the algebraic system is solved through the LU decomposition of
matrix G(*). The solution for the second time step proceeds analogously. A single time step
∆t of the computation does thus comprise the alternating solution of the successive time steps
eq.(E.0.2) and eq.(E.0.3) on a time interval ∆t/2 each. The equations for the advancing of the
distribution function of the electrons is then straightforward, with the only difference of additional
terms involving the external electric field E0.

(*) In fact, although the matrix ϕ contains terms at the advanced time t = (n+1/2)∆t, the boundary condition
∂f/∂v⊥(v⊥ = 0) permits to start the calculation at v⊥ = 0. As the calculation advances in v⊥, the value of
f at the advanced time is already known at the preceding v⊥ and ϕ is therefore known.
Noting A, B and C the matrix describing the lower off-, upper off- and diagonal part of G, the recurrence
relations for fn+1/2 write





E(j, k) =
A(j, k)

B(j, k)− C(j, k)E(j, k)

F (j, k) =
ϕ(j, k) + C(j, k)F (j, k − 1)
B(j, k)− C(j, k)E(j, k − 1)

fn+1/2(j, k) = E(j, k)fn+1/2(j, k + 1) + F (j, k)

(E.0.12)

That is, as the calculation advances in the perpendicular direction, the parallel index k is swept out (calcu-
lation of F ) and back in (calculation of f).
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Appendix F

Neutral particle analysis on the Joint
European Torus (JET)

F.1 Introduction

At the beginning of his thesis, the author was seconded a couple of times to the Joint European
Torus (JET), located in Culham, close to Oxford (Great Britain) which is currently the largest
operational tokamak in the world. These visits aimed at learning the physics of neutral particle
analysis and later helping the responsible officer in addressing issues preventing the diagnostic
unleashing its full potential [423]. Lost bits of the neutralisation code (section F.4) were reim-
plemented and used to assess the accuracy of the fast ion temperature calculation (section F.5).
The acquired skills were then capitalised on the NPA data analysis of a couple of JET exper-
iments, namely the proton-triton (pT) fusion [424] and the tornado mode [425] sessions. Note
that initial plans intended to devote a considerable part of this thesis to topics of the fast ion
physics at JET. JET suffered repeated delays of machine restart (finally more than one year) due
to technical problems and at a certain point it was decided to abandon further participation in
JET experiments and to concentrate the research activities on TCV.

F.2 The JET tokamak

The reactor was financed and built by the members of the Euratom association and its experimen-
tal campaigns are supported by a large international network of collaborations. JET was designed
to investigate reactor relevant physics, such as advanced heating schemes (neutral beams, ICRH
and fusion α-particle production), fast ion confinement and plasma-wall interactions. Experiments
started in 1983. The most impressive achievement of JET is certainly the production of a D–T
fusion power exceeding 16 MW (Q ≈ 0.7) during more than 1 s in 1997 [426]. The main JET
parameter are stated in table F.1.
JET features three auxiliary heating technologies, namely 8 neutral beam sources injecting H or
D (energy 120 keV) [427], four ion-cyclotron resonance heating antennas (frequency range 23–
56 MHz) [428] and a lower-hybrid current drive system (operating at 3.7 GHz) [429].

F.3 High energy neutral particle analyser KF-1

JET features a low energy NPA KR-2 [169, 430] (installed at the horizontal midplane) and a
high energy NPA KF-1 [431] measuring fluxes propagating vertically (R = 3.07 m). KF-1 is
a GEMMA-2M device manufactured by IOFFE. KF-1 is a key diagnostic for the investigation
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Parameter Symbol Value

major radius R0 2.96 m
maximum minor radius a 1.25 m
internal height of vessel h 2.1 m

aspect ratio ε = R0/a ∼0.35
toroidal magnetic field on axis Bφ0 = Bφ(R0) 6 3.45 T

plasma current Ip < 6 MA
plasma elongation κJET 1.6

Flattop pulse length T 20 s
RF heating power (ion-cyclotron frequency heating) PICRH 6 22 MW
RF heating power (lower-hybrid frequency heating) PLH 6 7 MW

NBI heating power PNBI 6 24 MW

Table F.1: System parameters of the JET tokamak.

of fast ions produced by the neutral beam or radiofrequency heating systems. The acceptance
cone of the NPA is narrow, such that only ions with pitch angles vz/vφ & 200 contribute to
the measurement, corresponding to ions whose banana orbit tips align with the KF-1 viewline
(see figure F.3.1.a). KF-1 has 8 detection channels with energies E ∈ [0.2; 3.5] MeV, is of the
E ‖ B type and can be set up to analyse H, D, T, 3He or α-particles (4He). The incoming flux
is reionised using a carbon foil stripper. The detection lines are inorganic CsI(Tl) scintillators
coupled to Hamamatsu R7600 photomultipliers. Unfortunately these are strongly sensitive to
neutrons, whose fluencies may reach intense levels on JET (especially during D-T plasma mix
operation, Φ ' 1018 neutrons/sec). Each channel is therefore equipped with a 16 bin pulse height
analyser, permitting a compensation for the parasitic neutron counts by a post-shot analysis (see
figure F.3.1.b).

F.4 Impurity induced neutralisation (IIN)

For protons in the MeV range, contrary to the keV energies diagnosed on TCV, neutralisation is
strongly enhanced (high reaction cross-section) by charge-exchange reactions with hydrogen-like
(charge Z–1) and helium-like (charge Z–2) intrinsic impurity ions, especially carbon, beryllium
and helium on JET. This mechanism was experimentally observed on JET and led to the devel-
opment of the impurity induced neutralisation model (IIN) [432, 433]. The IIN code available at
JET includes radiative recombination with electrons, charge exchange reactions with impurities,
thermal deuterium and NBI atoms and equates a system of steady-state ion density balance equa-
tions for bare, [H]-, and [He]-like impurities. The required input parameters are impurity (He, Be,
C) density ratios, their respective confinement times, the ion temperature Ti, the electron density
ne, the thermal deuterium density nthermal

D and the effective charge Zeff .
As pointed out in [433], the main source of uncertainty in the determination of the fast ion distri-
bution function is the [H]-like electron donor density in the plasma core, that causes an uncertainty
of 45 % in the neutralisation probability, eq.(4.3.3). From eq.(4.3.5), the error bar on f fast

i (E)
is about 50 % assuming a measurement with good counting statistics (e.g. Poisson uncertainty
< 5 %).

The fast ion perpendicular temperature T fast
i⊥ is inferred from the fast ion distribution function

using Stix’s expression [434] for ICRF heated ions and therefore the perpendicular fast ion tem-
perature can be inferred from the slope of the logarithm of the fast ion distribution function,
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Figure F.3.1: (a) View line of JET’s KF-1 high energy NPA.
(b) Fit of the measured KF-1 high energy NPA pulse height spectrum with a gaussian (neutrals)
and a decaying exponential (neutrons).

eq.(4.3.11), that is

− 1

T fast
i⊥

=
∂

∂E
ln

(
f fast
i (E)√
E

)
(F.4.1)

where the bars over the quantities f fast
i (E) and T fast

i⊥ (E) stand for line-of-sight integrated values.
The central fast ion perpendicular temperature T fast

i⊥ (r = 0) is then given by the formula from [435],
i.e.

T fast
i⊥ (r = 0) ' T fast

i⊥ (E∗)

(
1 +

T fast
i⊥ (E∗)

2E∗

)
(F.4.2)

where E∗ is the median energy of the NPA measurements.
The error bars on T fast

i⊥ are fairly low, since the main source of uncertainty on the temperature is
the measured C5-ions charge exchange cross-section (20 %), resulting in [433] an uncertainty of
≈10 %. From the line integrated fast ion distribution function, it is straightforward to deduce f fast

i

by integrating fi(E) over the energy range of the measurement. The method used to calculate f fast
i

implies that the error bars be set similarly to that of the fast ion distribution, i.e. ∼50 % [433].

F.5 Reliability of the KF-1 T fast
i measurement

Fast ion densities and temperatures may also be calculated from γ-ray and neutron spectroscopy
data on JET. In the past these measurements did not agree very well with the NPA and in
particular the inference of TNPA

i was suspected to be incorrectly calculated. Efforts were therefore
undertaken [436] to study the sensitivity of JET’s code calculating the neutralisation probability
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on its various input parameters and its impact on f fast
i (E), T fast

i,⊥ and nfast
i such to assess the

robustness of this calculation. The input parameters have been varied within their error bars.
For this purpose the plasma discharge #61260 from the 2003 trace tritium campaign C11 has
been analysed during the time interval t = [47.55; 48.45] s, where only ICRF heating (P = 4 MW)
tuned to the H-minority at its 1st harmonic was present. The statistical error in the counts is
below 3 % for this time interval, magnetic field BT = 3.4 T, plasma current Ip = 1.8 MA, Te =
7 keV and ne = 3× 1019 m−3 in the plasma core.

F.5.1 Fast ion distribution function and fast ion density
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Figure F.5.1: Neutralisation code input parameter impact on the calculation of the fast ion distribution function.
1 represents the calculation of the neutralisation probability using the reference parameters, the
other curves were calculated by modification of one single input parameter. For the legend, refer
to table F.2.

Figure F.5.1 shows a compilation of such a procedure and its effect on the inferred fast ion
distribution function. The modified parameters and their associated error bars were the following:
The relative impurity concentrations (Be/C and He/C ratio ±100 %), the thermal deuterium
density nD ± 100 %, the electron density ne ± 20 %, the empirical impurity confinement times τ
for Beryllium, Helium and Carbon ±100 %, the ion temperature Ti ± 10 %, the effective charge
Zeff ± 30 % and the statistical Poisson uncertainty of the fast neutral counts Ni.
It is found that the modification of most of the input parameters, within their error bars, doesn’t
strongly affect the absolute value of the fast ion distribution function. Large changes result when
decreasing the impurity confinement times towards zero, but this does not make physically sense
(see section F.5.4). The confinement of carbon and – to a minor extent – Beryllium change the
neutralisation probability and therefore f fast

i by 2 and 1 order of magnitude respectively. The
modification of the shape of f fast

i by changing τBe or τHe is due to the strong energy dependence
of the cross-sections for charge exchange [433]. Zeff affects neutralisation and reionisation, which
is also seen in f fast

i . Table F.2 shows the values of the resulting nfast
i (last column).
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modified input parameter ∆T⊥(r=0)

T ref
⊥ (r=0)

[%]
∆nfast

i

nfast
i

[%]

a: Be/C ratio → +100 % 5.6 −3.2

3: Be/C ratio → −80 % −4.5 2.9

c: He/C ratio → +100 % 0.4 −0.1
2: He/C ratio → −100 % −0.4 0.1

`: nD thermal → +100 % −0.6 −10.7

o: nD thermal → −100 % 0.7 13.6

?: ne → +20 % −0.8 −1.7
#: ne → −20 % 3.8 −5.2

e: reduced ne at boundary 0.1 −0.4
G#: τBe → +100 % −2.4 2.3
H#: τBe → −99 % 1630.9 −76.8

6: τC → +100 % 2.2 51.2

f: τC → −99 % −4.0 −98.6
⊕: τHe → +100 % −0.2 0.1
+: τHe → −99 % 39.5 −15.7
⊗: Ti → +10 % 0.0 −0.5

�: Ti → −10 % 0.1 0.6
�: Zeff → +30 % −2.0 −25.4
�: Zeff → −30 % 2.0 64.4
I: Ni → Ni − 1/

√
Ni −8.7 −2.9

H: Ni → Ni + 1/
√
Ni 8.7 2.9

Table F.2: The impact of input parameter modification on the fast ion temperature. With the reference parame-
ters, the central T fast

i⊥ (r = 0) was 555 keV and the line integrated fast ion density nfast
i = 2.3×1018 m−3.

F.5.2 Cross-check of the fast ion density nfast
i with other diagnostics

nfast
i may also be determined from the ratio of the spectroscopic emission line intensities of the

hydrogenic species (assuming nD ≈ ne, with ICRF tuned to the hydrogen minority),

α =
Hα

Hα + Dα + Tα

⇒ nfast
i ≈ α

1− α (F.5.1)

or the fast ion energy,

Wfast =
4

3

(
WDIA −WMHD

)
(F.5.2)

Wfast = 4π2R0

∫ a

0

r κ(r)nfast
i (r)

[
Ti⊥ +

1

2
Ti‖

]
dr (F.5.3)

where WDIA is the plasma energy measured by the diamagnetic loop and WMHD is calculated by the
equilibrium reconstruction code EFIT [437] using magnetic measurements and MHD calculations.
The integral in eq.(F.5.3) uses gaussian profiles with width of ∆ = 0.3 m with the usual assumption
that Ti‖ = 0.1·Ti⊥. Such considerations show agreement within the error bars (±30 %) with the
density inferred from the fast ion distribution function.
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F.5.3 Fast ion temperature T fast
i,⊥

Since most of the input parameters only affect the absolute value of f fast
i , the effect on the inferred

T fast
i⊥ (depending on the slope of f fast

i only) is rather weak (refer again to table F.2). Apart from
the two non-physical impurity confinement times τC and τBe → 0, the inferred T fast

i⊥ is indeed found
to be insensitive to the modified parameters, with changes below 10 %.

F.5.4 Impurity confinement times

To better understand the impact of τ , a further scan of these parameters was performed. For JET
τ & 1 s, see the simple estimation in [433]. Figure F.5.2 shows how T fast

i⊥ and nfast
i are altered

when modifying τ in the range of 0 − −2 s. It is found that around τ ≈ 1 s the modifications
by a scan of τBe and τHe are negligibly small. Another picture is obtained when modifying τC,
where no saturation of nfast

i is observed. Other than for helium and beryllium, the cross-section
for charge exchange of carbon with background atoms is two orders of magnitude smaller at
low energy. The radial carbon transport described by τC is therefore more important in the
calculation of the ionisation balance. T fast

i⊥ is, however, not affected at all, due to the small
energy dependence of the charge exchange cross section at low energy. To conclude, this exercise
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Figure F.5.2: nfast
i and T fast

i,⊥ as a function of the different τ .

outlined the reliable and robust measurement of the fast ion perpendicular temperature Ti⊥ using
experimental data from the high energy NPA KF1. The crude IIN -model permits to calculate the
fast ion density nfast

i with 50 % of accuracy, with a refined analysis of the neutralisation calculation
input parameter the error bars may be reduced well below. The inference of nfast

i from NPA data is
in agreement with edge spectroscopy measurements. Other causes for the differences in the values
of fast ion densities and temperatures inferred from different diagnostics on JET must be search
for, such as selective species heating (ICRF or NBI), or spatial (location) and velocity anomalies
(pitch-angle anisotropy), which all usually occur in JET. Diagnostics should thus not be blamed
for disagreement, but rather considered as complementary, as these differences provide precious
information about the configuration of the various fast ion populations.
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Appendix G

The CRPP intranet wiki (CRPPwiki)

G.1 Motivation

The management of documentation of the scientific activities at the Centre de Recherches en
Physique des Plasmas (CRPP) [438] was frequently object of lamentation in the past. Many scien-
tific tasks, in particular the activities concerning the tokamak à configuration variable (TCV) [439],
involve a large number of collaborators and nevertheless, if at all, documentation was mostly pur-
sued individually. There was a growing number of voices calling for a decent platform of collab-
orative knowledge exchange. An internal knowledge management base where everybody involved
in a project could contribute to its documentation was missed badly. Some scientists serviced
their private personal web pages – or even personal web servers. Whenever a colleague was leav-
ing, most of the documentation was either lost or, if stored on our servers, could not be updated
and expanded. With time, the quantity of obsolete information became a serious problem. An
easily maintainable and feedable, barrier-free and up-to-date documentation system became thus
an urgent need.

A part-time job of the main author was the administration of the web servers hosted at CRPP.
Driven by mostly personal needs, a wiki system was installed on the intranet server [440] in 2006
and a small group of mostly PhD students started to use it. The almost unlimited potential of
the system was rapidly perceived and, by popular request, the system (baptised CRPPwiki) was
chosen to replace the whole existing intranet web by the end of 2007.

G.2 Wiki approach

Initially, several platforms suitable for collaborative teamworking were evaluated. Rapidly, the
evaluation focused on products incorporating the wiki(*) philosophy [441]. A wiki is probably
the most simple content management system (CMS) available on the market. A wiki enables
documents to be written collaboratively, using a Web browser. The structure and formatting
of wiki pages are specified with a simplified markup language, sometimes known as “wikitext”.
A wiki is thus essentially a database for creating, browsing, and searching through information.
A defining characteristic of wiki technology is the ease with which pages can be created and
updated. Generally, there is no review before modifications are accepted. Wikis revolutionised
the way information is collected, updated and shared and was rapidly adopted in open and closed
networks (e.g. corporate intranets) [442].

(*) “Wiki” is a Hawaiian word for “fast”.
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G.3 Choice of the system: MediaWiki

A large number of solutions faithfully implementing the wiki concept are currently available [443],
some of them target specialised applications. After having carefully tested some of the most
promising candidates, we have finally chosen the MediaWiki software [444], which was introduced
back in 2002. Although not being the most versatile system for technical documentation pur-
poses, its large dispersal and neat development are good warrants for longevity and support of
the platform. MediaWiki features all projects of the Wikimedia foundation, including the largest
wiki ever available, the popular encyclopedia Wikipedia [445], currently holding approximately
3 million articles and thus being one of the world’s largest web sites. MediaWiki is written in
the PHP programming language, and can use either the MySQL (our choice) or PostgreSQL re-
lational database management system. MediaWiki is distributed under the terms of the GNU
General Public License [446], making it free and open source software. MediaWiki provides a
rich core feature set and its code base contains various “hooks” using callback functions to attach
additional code in an extensible way providing additional functionality. This allows developers
to write extensions without modifying the core or having to submit their code for review. The
CRPPwiki has been augmented by various extensions, some of them will be shortly discussed in
the sections hereafter.
Outstanding scalability is achieved through multiple layers of caching and database replication.
MediaWiki supports rich content generated through specialised syntax. For example, the software
comes with support for rendering mathematical formulas using LATEX.

G.4 Authorship and access control

On the wiki, the authors are authenticated against the official, centralised EPFL LDAP direc-
tory using the wiki LDAP plug-in [447]. The server hosting the wiki [440] is freely browsable
from computers connected to the IP network subnets attributed to the CRPP. From outside, the
server is protected with the EPFL authentication and access control tool Tequila [448], granting
server access for all CRPP members over a SSL protected communication channel. This way of
access is frequently employed by the collaborators hosted in the CRPP satellite laboratories at
the Paul Scherrer institute (PSI) in Villigen and people who are travelling or working from home.
Tequila has the ability of federated authentication and supports single sign-on. This means that
the authentication is transparent for all applications protected by Tequila. For example, a user
who has logged into the intranet server using Tequila is then automatically authenticated in the
wiki software. Contributors to external collaborations who are not employed by CRPP/EPFL are
accredited inside the EPFL LDAP tree as guests, who are then granted access to the application
using an individual Tequila rule. These people edit the wiki content from their home laboratory
or on their portable computer through a wireless connection when they are on visit in CRPP.

To ensure full transparency of authorship, anonymous editing has been prohibited on the CRP-
Pwiki. Imposed restrictions on the structure or information held by the wiki are kept to a strict
minimum such to guarantee a democratic wiki space, to maximally stimulate and facilitate con-
tributions and not to regiment the authors. Some pages edited by the administrative department
containing legal text (e.g. internal regulations) are however protected against (abusive or uninten-
tional) alteration(�). A selected group of people are granted access to edit their content.

(�) Using the $wgGroupPermissions directive in the MediaWiki configuration file LocalSettings.php
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The administration of the wiki is currently shared among five people which have the bureaucrat
permission status. Questions about the organisation of a wiki page or differences of opinion on its
content are preferentially sorted out on the discussion tab associated with that page. So far we did
not need moderators to clear away insoluble problems not willing to converge towards a consensus.

The team of wiki managers follows the evolution of the content of the wiki (through the recent
changes special page, which is also available as Atom or RSS feed through the news extension [449])
and helps to clean up fragmented, duplicate or erroneous information.

G.5 Wiki structure

This page was last modified 07:44, 4 May 2009. This page has been accessed 75,541 times. Privacy policy About CRPPwiki Disclaimers
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Figure G.5.1: The CRPP intranet main page dynamically displays content from different database queries, in
particular the scientific seminar schedule. The main entries in the content box on the left link to
thematic portals and subportals.

Wikis generally have a flat structure, that is all pages are independent of each other. The infor-
mation on different pages is therefore essentially interconnected by links.

We have created a certain number of thematic portals for the different fields of activity in the
institute. Examples are: Science, with subportals of all experimental facilities at CRPP (TCV,
TORPEX, SULTAN, GTS170 etc.), people, IT, administration or special interest (e.g. football
team, PhD corner). The main portals are linked to from the wiki home page (see screenshot).

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL



page 282 Chapter G: The CRPP intranet wiki (CRPPwiki)

MediaWiki however provides many features beyond hyperlinks for structuring content. One of
the earliest features is namespaces. Namespaces can be viewed as folders which separate different
basic types of information or functionality. E.g. TCV is an own namespace on CRPPwiki.

In addition to namespaces, content can be ordered using subpages (SubPageList2 extension,
[450]). This simple feature provides automatic breadcrumbs from a page of the pattern [[Page

title/Subpage title]] to the component before the slash. Pages may be attributed to one
or more categories (e.g. public relations). A query for content may then be limited to a certain
category. A particulary useful extension is the CategoryTree extension [451], which is an AJAX
based gadget to display the category structure of a wiki, e.g. all diagnostics probing ion properties
on the tokamak (see figure G.5.2).

TCV Diagnostics

[+] Magnetic diagnostics

[+] Electron diagnostics

[–] Ion diagnostics
CNPA
CXRS
DNBI
Ion Temperature Nodes
NEUT
NPA

[+] Radiation in visible

[+] X-ray diagnostics

[+] FIR diagnostics

[+] Edge diagnostics

Figure G.5.2: AJAX featured, collapsible category tree. The example shown illustrates the diagnostics categories
on the TCV tokamak, the ion diagnostic tree is expanded.

Each wiki author has its personal wiki page created automatically upon his first login. Histori-
cally the CRPP collaborators had their personal Apache user pages on the public and intranet
web servers (http://crpplocal.epfl.ch/~username), which were mostly written in more or less
sophisticated HTML. Many scientists have now migrated their web space onto the wiki, where
they maintain their to-do lists, work-in-progress tasks and personal log books.

G.6 Content management

The wiki essentially is a CMS and thus the wiki content author should not be concerned with
the formatting of the layout of a page (apart its hierarchical structure). MediaWiki can be easily
templated. A certain number of models were created for the standardised rendering of special page
layouts, e.g. for the portals or for page collections comprising pages edited by different people (like
the TCV port window portraits or diagnostic factsheet pages, see section G.8.3), such to facilitate
navigation, ensure the visual integrity and help in the creation of pages incorporating a more
complex structure. The models of these pages are normally maintained by the wiki administrators.

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL

http://crpplocal.epfl.ch/~username


G.7. CRPPwiki specials page 283

G.7 CRPPwiki specials

G.7.1 Math typesetting and advanced plotting

The required steps to enable the usage of LATEX to render mathematical equations on the wiki is
straightforward [452]. LATEX fragments are placed between <math></math> tags and are converted
to PNG inserts by the texvc script included in the MediaWiki distribution. texvc makes use of
the standard TEX installation of the web server (in our case TeTeX on a Fedora Linux).

useful links
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Recent changes
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Help

discussion edit history protect delete move watch
Cschlatt my talk my preferences my watchlist my contributions log out
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set parametric
set hidden3d
set view 65,340
set isosamples 60,20
splot [0:3*pi][-pi:pi] cos(u)*(u/(3*pi)*cos(v)+3),\
sin(u)*(u/(3*pi)*cos(v)+2), u*sin(v)/(3*pi)
</gnuplot>
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The self-annihilating tokamak plasma
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Figure G.7.1: Inline rendering of Gnuplot figures.

Formidable support for the inline generation of 2D or 3D figures is provided through the Gnuplot
extension [453].

G.7.2 Hyperlink consolidation

A bot of the Python wikipedia robot framework [454] crawls the wiki every weekend and reports
broken external links on the associated discussion tabs of the concerned pages. It will only report
dead links if they have been found off line at least two times. This should prevent users from
removing links just because of a temporary server failure. A summary of all found dead links is
compiled on a dedicated wiki page. These are then occasionally fixed by the wiki managers. If
available, the bot reports include a link to the Internet Archive Wayback Machine [455], so that
important references can be kept (should no replacement link be known).

G.7.3 Inline interpretation of HTML and PHP

The wiki may be considerably enhanced by adding HTML and PHP functionality, that is, any
HTML or PHP code embedded into a wiki page is interpreted by the web server. Note that doing
so on a public wiki would be a foolish idea, as this would make the system vulnerable for the
injection of malicious code. In our network the (generally trusted) wiki authors are informed of
this potential danger. In the case of maximum disaster (deletion of the wiki database), the wiki
content may be almost entirely restored from backups, which are performed three times a day.
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HTML support(�) was initially provided to facilitate and promote the migration of HTML web
content into the wiki. In the meantime the wiki authors have learnt the wiki markup language
and wiki pages created recently do not make use of HTML anymore.

A small hack of the wiki source code allows PHP code embedded within <php></php> tags to be
executed. It is sufficient to append the following function at the end of the Setup.php file in the
includes subdirectory:

f unc t i on ParsePHPTag( $Content )
{

g l o b a l $wgOut ;
$wgOut−>enableCl ientCache ( fa l se ) ;
ob start ( ) ;
eval ( $Content ) ;
$Result = ob get contents ( ) ;
ob end clean ( ) ;
r e turn ( $Result ) ;
}
$wgParser−>setHook ( ’ php ’ , ’ParsePHPTag ’ ) ;

Some new PHP web applications developed by CRPP (e.g. a collaborative management of tasks
to more efficiently share/organise the work in progress or a scientific pin board to help in the
preparation of journal and conference contributions) are directly deployed inside the wiki.

G.7.4 Gallery back end

Superseding the rather basic feature set of the MediaWiki software to manage graphic content,
we use an external host for figures, photos, illustrations and videos. These files are thus first
uploaded to the CRPP intranet gallery, featured by the open source web based photo album or-
ganiser Gallery2 [456], where they are categorised into an album hierarchy. Gallery2 supports all
regular features of state of the art picture databases like keywording, slideshows, user commenting,
EXIF support and renders/displays a large collection of file formats.
The gallery contains mainly scientific material, serving for publications or internal technical doc-
umentation, but is also the place to hold pictures taken at social events in relation with CRPP.
The collection of files is currently growing towards a respectable scientific figure archive.

We use the Gallery2wiki hack [457] to make Gallery2 a back end for MediaWiki, providing an
easy-to-use interface to select an item from the gallery and insert it into the wiki page. Gallery2
calculates a number of smaller resolutions (down to thumbnail size) than the dimension of the file
uploaded and all these are readily available on the wiki. The dimension of the item to be displayed
by default is selected upon insertion into the wiki page, the visitor of a page may then change the
picture size inline by clicking on the target resolution displayed in the upper right hand corner of
the picture (see screenshot G.7.3).

This solution has the advantage of storing all graphic material in one single place and to display
the same object at various locations.

(�) $wgRawHtml = true; in Localsetting.php.
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Figure G.7.2: Picture from the Gallery2 shown on the wiki. The resizer panel on the top left lets the visitor
choose various precalculated picture resolutions (from thumbnail to original size) to change the
displayed picture dimensions inside the wiki page.
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Figure G.7.3: Web scope showing time traces of the neutral particle flux escaping the plasma, measured with
the compact neutral particle analyser (CNPA). The PNG bitmaps are produced on-the-fly and
embedded into the wiki page.
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G.7.5 Web scope

The experimental data measured with the large collection of diagnostics available on TCV are
acquired and stored into a single, self-descriptive, hierarchical structure MDSplus database [458]
traditionally employed in nuclear fusion facilities. The web server is able to retrieve data from this
database using a API written in PHP. A set of specialised functions were developed to process
data, explore the database tree (traverser) and plot time traces inline on the wiki. The traces are
produced on-the-fly using the PHPlot graph library [459]. This interface was conceived for the
purpose of illustrating the documentation (there are better tools for the scientific data analysis).

Figure G.7.3 shows the traces of some energy channels of the compact neutral particle analyser
(CNPA), a spectrometer recording the flux of neutral particle escaping from the plasma commonly
used to calculate the plasma core ion temperature from the slope of the neutral flux spectrum [47].

G.7.6 AJAX connectivity

Most PHP distributions come now with out-of-the-box support for Asynchronous JavaScript and
XML (AJAX), considerably enhancing connectivity between the wiki and MySQL databases using
Web 2.0 technology(§). For example, we use AJAX featured wiki pages to browse through (or for
the rendering of different views of) the TCV agenda (figure G.7.4), which is the directory of the
daily allocation of the scientific program simultaneously used for the planning of the tokamak
operator personnel. Other examples are the interfaces to query the internal news and job offer
database or our internal seminar archive holding presentation abstracts and files.
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TCV/Agenda
< TCV

The changelog of the TCV agenda is here

Day:  Week:  Month:  Year: 

Weekday Date Time Pilot PdJ GdJ DdJ IdJ SL µP Replacement Session theme Remarks

Monday
11th of May
2009

AM 0 0 Ouvert 

PM 0 0 Ouvert 

Tuesday
12th of May
2009

AM US JMM MJ 0 0
Mise en route after accidental
vent 

PM AK HW SG JP 872 0 Sawtooth control 
X2 security tests ~OK, little progress on
experiment 

Wednesday
13th of May
2009

AM AK SC TP FP 878 0 Snowflakes RT DdJ training. OK 

PM YA HW XL LP 0 0 X3 safety tests etc. DW DdJ training 

Thursday
14th of May
2009

AM YA JMM LC
APo

834 0
delta<0 H-mode Ohmic
target 

KB DdJ training 

PM PFI BPD AZh JP 872 0 Sawtooth control 

Friday
15th of May
2009

AM PFI BPD KdM APe FP 878 0 Snowflakes [Réserve] 

PM US RB FP APe LP 831 0 X3 

10 sessions found

article

navigation

Main Page
Science
TCV
People
Administration
QMS
IT facilities
Social

search

Figure G.7.4: AJAX featured TCV agenda displaying the weakly scientific programme and used as roaster for
the people involved in the operation of the machine.

(§) Such that only parts of the web page have to be reloaded in the browser of the visitor. AJAX functionality
is enabled on the wiki through $wgUseAjax = true; in LocalSettings.php.
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G.8 Usage and experience examples

G.8.1 Scientific program preparation and experimental session docu-
mentation

One condition for approval of a scientific experiment to be conducted on TCV – in the following
referred to as a mission – is the creation and maintenance of a wiki mission page. Templates
were made available to assist in giving these pages a good start. They must contain exhaustive
information about the experiment (which risks to be dropped from the scientific program if doc-
umentation is considered insufficient) and are supposed to reflect the current state of progress
(experiments generally include multiple sessions spread over several weeks or month). Such pages
thus continuously evolve, from the first idea of the experiment, during its thorough preparation
and planning, providing valuable information for the colleagues and the members of the team
piloting the tokamak. During the experiment, the session leader collects the information about
operation, technical problems and so on, which is then fed into the page little by little when first
results become available. Different people in the tokamak control room may contribute informa-
tion (the wiki can handle multiple edits of a page by different people). After the experiments,
updates on the progress and outcomes of the data analysis are reported and a table for a selection
of the “best plasma shots” may be constructed by insertion of a realtime query of the official
TCV logbook [460]. Once the mission is completed the scientist reports the obtained results and
conclusions and posts links to the relevant scientific publications.
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[edit]

[edit]

[edit]

[edit]

Missions/2006/675
< Missions | 2006
(Redirected from M675)

Suprathermal ion physics (mission 675)
This mission consists of the following microproposals:

Fast ion detection  (µP 675-1)
Fast ion localisation (µP 675-2, summarized on this page)

Localisation of the fast ion population (µP 675-2)
This mission was executed in the 2006 TCV experimental campaign

Mission goals
Reconstruction of a suprathermal ion temperature profile by displacing a plasma with on axis ECCD vertically.
Assess the spatial extension and strength of the fast ion population
Compare DOUBLE-TCV multishot modeling with NPA and CNPA neutral flux measurements

Mission summary (shot log excerpt from the official TCV logbook)
This mission was conducted using two sessions:

morning of 26th of October, 2006
afternoon of 30th of October,2006

This is a real-time logbook query. Click here to open the result on the ADAS machine.

Shot Text

33026

pre: repeat 

post: ECH+ECCD are there 
post: CNPA is working, Tisupra > 3keV ! This is more than in the reference shot
post: ne and Te are very close to 31177 
post: GOOD SHOT at Z=0
post: D (CNPA) Tis=3.2 keV, nis=30 %, Wis 270 % 
post: Teb = 4.2 keV, nel = 0.8x10^19 m^-2 

post: I_ECCD = -35 kA,

article

navigation

Main Page
Science
TCV
People
Administration
QMS
IT facilities
Social

search

Figure G.8.1: Mission page describing the design, planning, reports and results of an experiment on the TCV
tokamak (only the first part of the page is shown). The table is constructed from a customised
query of the official experiment logbook.
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G.8.2 Turntable for conference organisers

The wiki very successfully propelled the intranet of the local organising committee (LOC) [461],
composed of a team of 20 scientists from CRPP, of the IAEA fusion energy conference (FEC),
held in Geneva in October 2008 [462]. The wiki was used to manage the tasks and responsibilities
of the LOC members, providing an internal information platform, served for the collaborative
editing of text and to host the documents.
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This is the entry point to the intranet pages of the Local Organising Committee (LOC) of the

22nd IAEA Fusion Energy Conference
October 13-18, 2008, Geneva

Organized by the International Atomic Energy Agency (IAEA)
Hosted by the Government of Switzerland

Public web ressources
Public information is available on the following servers:

IAEA FEC 2008 official conference web site (at IAEA)
IAEA FEC 2008 public conference web site (at CRPP/EPFL)
Test bed for the Local conference web pages  (protected through Tequila)

Restricted intranet web ressources
Access to the inranet web content requires LOC members to be logged in.

Local organizing comittee (LOC) intranet (restricted access)
Ask for access to the intranet

article

navigation

Public LOC frontpage
Intranet page
LOC tasks status
Recent changes

search

Figure G.8.2: Entry point to the wiki of the local organising committee of the IAEA fusion energy conference.
Read access to all other pages of this wiki requires a valid user account.

G.8.3 TCV diagnostic manual

The construction of a comprehensive manual of the diagnostics on TCV was one of the first
projects launched on the wiki. In its current form, each diagnostic is documented with

R a mandatory factsheet page. This page provides a short description of the diagnostic, its
operational status, lists the measured parameters, the physical location on the tokamak, the
responsible officer and his deputy and describes the nodes in the MDSplus database holding
the relevant data and the tools for data retrieval, data visualisation (scopes) and advanced
data analysis codes (mostly written in MATLAB). The header of the CNPA factsheet page
is shown in figure G.8.3.

A set of optional, more or less templated subpages, may then be filled additionally. These pages
specifically address

R the physics principles at the base of the diagnosis (educational aspects),

R the detailed description of the subsystems of the diagnostic (complete hardware documenta-
tion of the electrical system, electronics, mechanics, vacuum systems, acquisition and control
modules and software),
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R the configuration of the diagnostic (operational aspects like how to switch it on, change a
parameter, solve standard problems),

R a chronological hardware logbook documenting the history of the implementation, mainte-
nance and upgrades of the diagnostic on TCV and

R a web scope of some key signal traces (see section G.7.5).

Part of this diagnostic information is stored in a separate MySQL database, whose content is
entirely filled and updated through the wiki. This data may then appear on several of the afore-
mentioned pages and serves to compile up-to-date reports (e.g. the list of currently operational
diagnostics). TCV counts currently more than 35 distinct diagnostics whose documentation has
now approached a satisfactory level. Note that such diagnostic pages are also created for new
diagnostics which are not yet available for exploitation (or whose construction is maybe not even
agreed). This also serves for the purpose to address all aspects of project management (feasibility
study, cost analysis, CRPP services resource and responsibility planning etc.) and ensures an
excellent scope of documentation right from the first day of availability of the diagnostic on the
tokamak torus.

G.8.4 Redaction of abstracts and paper preprints involving multiple
authors

Scientific publications involving multiple authors generally undergo multiple modifications sug-
gested by several co-authors. Writing such a text on the wiki considerably simplifies and accel-
erates its production, as the corrections are directly made on the text without the need to send
them first to the main author. This document was developed in this way.

G.9 Conclusions

The wiki is well on the way to become the brain holding all relevant information about our insti-
tute and, as no content is never really deleted, is in the same time the archive of our accomplished
work. The evolution of the ongoing projects is readily available through the page history feature,
such that all past revisions of a wiki page may be retrieved at any time. The wiki is even compat-
ible with the requirements of quality management, the MediaWiki permanent link feature may be
used to snapshot the status of a project at a given time.

The wiki was received with enthusiasm at CRPP and had an spectacular start. Some units
of CRPP, e.g. the departments providing services (electronics lab, IT support) had (and some
still have) some reservations concerning the unlimited collaborative aspect of the wiki approach,
fearing the loss of control over the substantiality of their contributions to the documentation and
project reports. Since then many of the prejudice and doubts have evaporated and most of the
collaborators jumped on to the club of privileged wiki agitators. The wiki currently holds more
than 2000 pages created by a crowd of more than 100 authors. In 20 month of existence the wiki
has proven its suitability for everyday documentation purposes and especially for the activities
involving the TCV tokamak, we already crossed the point from where it is hard to imagine life
without it...
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Factsheet INSTALLED

Full name Compact Neutral Particle Analyzer

Abbreviation CNPA

Measures Neutral particle fluxes

Gives information about

Energy distribution of neutral hydrogen isotopes
escaping plasma, ion neutral densities, isotopic
composition, thermal and suprathermal ion
temperatures

Available from shot #26756

Location on TCV Port E10A_2 (sector 10, midplane port #6)

Details on location port with two windows for perpendicular and 60°
view lines

Acquisition frequency 0.4 kHz (standard for 2.5 s), 100 kHz (maximum)

Responsible Officer Alexander KARPUSHOV , PPB 213 , 33467 

Deputy Officer Christian SCHLATTER , PPB 310 , 32263 

Other CNPA pages: Hardware DDJ info Logbook Scope

[edit]

[edit]

[edit]

CNPA
Quick links: Brief description / Working principles / History and upgrades / MDS nodes / Data analysis tools / Scopes / Useful links / See also

Brief description
The Compact Neutral Particle Analyzer (CNPA) is a last generation, electro-magnetic (E | | B) NPA to analyze hydrogen, deuterium or helium atoms in the energy range of
approximately 500 eV to 50 keV (hydrogen). Two species can be measured at a time. The diagnostic is currently installed at the midplane of sector 10, with two possible
view lines (perpendicular and oblique to the toroidal direction). A further support is available in sector 14, where the intersection with the diagnostic neutral beam (DNBI) is exploited
to make active charge exchange measurements. The CNPA is equipped with channel electron multiplies, operated in the pulse counting regime. The nominal (acquisition
window length of 2 seconds) time resolution of the CNPA is 2.5 ms. The CNPA electronics allow to operate up to 100 kHz. The counting trace for each of the 32 CNPA channels is
acquired with a CAMAC scaler (1024 time points).

For a complete overview of the CNPA diagnostic see: Neutral particle analyzer diagnostics on the TCV tokamak by Alexander N. Karpushov, Basil P. Duval,
Christian Schlatter, Valery I. Afanasyev, and Fedor V. Chernyshev, Rev. Sci. Instrum. 77, 033504 (2006). (DOI:10.1063/1.2185151 ) Full Text in PDF 3088 KB

Working principles
Upon neutralization by charge exchange, plasma ions lose their confinement by the magnetic field and escape the plasma. Neutralized ions with quasi-perpendicular pitch-
angles collected inside the solid angle of the diagnostic fly through the carbon foil at the entrance of the diagnostic, where their electrons are stripped to let them become ions
again. The further trajectories are determined by the acceleration through a set of high voltage grids, mass separation by an electrostatic condenser and energy separation in a
magnetic field. The measured charge exchange spectrum is a line integral along the diagnostic chord and contains information about ion temperature, isotopic composition
and neutral particle densities. The neutral particle charge exchange flux Γ CX entering channeltron j is

where Ej is the channel energy, dEj the channel energy window width, μj the channeltron detection efficiency, AΩ the detector throughput, a the plasma minor radius, αj the neutral

reabsorption probability and Sj the neutral production source function.

For a detailed functional description of the CNPA see the CNPA hardware page.
For the general description of NPA diagnostics see the excellent book Principles of Plasma Diagnostics by I. H. Hutchinson, chapter 8.1, Cambridge University Press,
2005, available in the CRPP library (location PHY:HUT).

History and upgrades
2004: Purchased from the IOFFE institue and installed on TCV in June 2004, the CNPA is operational since discharge #26756.
2006: In early 2006 about one ton of lead bricks was arranged around the diagnostic in order to shield the nasty hard-X ray photons polluting the CNPA signals at low electron
density (runaway electrons). A further INERMET shield was added in autumn 2006, together with two additional channeltrons outside the particle trajectories (to monitor spurious
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Figure G.8.3: Diagnostic factsheet for the Compact Neutral Particle Analyser (CNPA) installed on the TCV
tokamak. The data shown in the factsheet table is extracted from a database.
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scopie d’échange de charge,” Ph.D. dissertation, Ecole polytechnique fédérale de Lau-
sanne (EPFL), CH-1015 Lausanne, Switzerland, March 2003, no 2723, LRP 750.

[84] A. Zabolotskiy, “Particle transport in tokamak plasmas,” PhD thesis, Ecole polytech-
nique fédérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland, 2005, no. 3252, also
available as Lausanne Report LRP 814/2006.

[85] M. Tunklev, P. Breger, K. Günther, M. von Hellermann, R. König, M. O’Mullane, and K.-D.
Zastrow, “Modelling of passive charge exchange emission and neutral background
density deduction in JET,” Plasma Physics and Controlled Fusion, vol. 41, no. 8, pp.
985–1004, August 1999.

[86] International Atomic Energy Agency (IAEA). (2008, September) Atomic and molecular
data. Internet. International Atomic Energy Agency (IAEA). Vienna, Austria. Version
3.1.1. URL: http://www-amdis.iaea.org/ALADDIN/

[87] A. de Chambrier, A. Heym, F. Hofmann, B. Joye, R. Keller, A. Lietti, J. B. Lister, P. D.
Morgan, N. J. Peacock, A. Pochelon, and M. F. Stamp, “Measurements of electron and
ion heating by Alfvén waves in the TCA Tokamak,” Plasma Physics, vol. 25, no. 9,
pp. 1021–1036, September 1983.

[88] A. de Chambrier, “Mesures de la température ionique dans le plasma du tokamak
TCA en présence de chauffage par ondes Alfvén,” PhD thesis, Ecole polytechnique

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL

http://www-amdis.iaea.org/ALADDIN/


page 298 Bibliography

fédérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland, 1988, no. 712, also available
as Lausanne Report LRP 345/88.

[89] A. D. Cheetham, A. Heym, F. Hofmann, K.Hruska, R. Keller, A. Lietti, J. B. Lister,
A. Pochelon, H. Ripper, A. Simik, and A. Tuszel, “Design and construction of the
TCV tokamak,” in Fusion Technology 1980, R. Hancox, Ed., vol. 1. Pergamon Press,
Oxford, United Kingdom, 1981, pp. 601–607, proceedings of the 11th symposium on fusion
technology (SOFT), Oxford, September 15–19, 1980.

[90] A. de Chambrier, G. A. Collins, C. Hollenstein, B. Joye, J. B. Lister, J.-M. Moret, S. Nowak,
A. Pochelon, and W. C. Simm, “Target plasma conditions in TCA,” Centre de
Recherches en Physique des Plasmas, Ecole polytechnique fédérale de Lausanne, CH-1015
Lausanne, Switzerland, Lausanne Report (LRP) 241/84, November 1984.

[91] A. de Chambrier, B. P. Duval, J. B. Lister, F. J. Mompeán, and J.-M. Moret, “The ion tem-
perature evolution on TCA during Alfvén wave heating and in non-stationary
Ohmic conditions,” Plasma Physics and Controlled Fusion, vol. 31, no. 4, pp. 527–547,
April 1989.

[92] A. N. Karpushov, B. P. Duval, C. Schlatter, V. I. Afanasyev, and F. V. Chernyshev, “Neu-
tral particle analyzer diagnostics on the TCV Tokamak,” Review of Scientific In-
struments, vol. 77, no. 3, p. 033504 (13pp), March 2006.

[93] V. Afrosimov, I. Gladkovskii, Y. S. Gordeev, I. F. Kalinkevich, and N. Fedorenko, “Method
of investigation of the flux of atoms emitted by a plasma,” Soviet Physics - Technical
Physics, vol. 5, no. 12, pp. 1378–1388, June 1961.
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able,” Physics of Plasmas, vol. 7, no. 7, pp. 2909–2914, July 2000.

[279] C. Angioni, T. Goodman, M. Henderson, and O. Sauter, “Effects of localized electron
heating and current drive on the sawtooth period,” Nuclear Fusion, vol. 43, no. 6,
pp. 455–468, June 2003.

[280] P. Savrukhin, “Generation of Suprathermal Electrons during Magnetic Reconnec-
tion at the Sawtooth Crash and Disruption Instability in the T-10 Tokamak,”
Physical Review Letters, vol. 86, pp. 3036–3039, 2001.

[281] I. Klimanov, S. Alberti, P. Blanchard, S. Coda, A. Fasoli, and G. Zhuang, “Reconstruction
of the electron distribution function during ECCD and magnetic reconnection
events,” October 2003, poster presented at the 45th Annual APS Division of Plasma Physics
Meeting 2003, Albuquerque, New Mexico, USA.

[282] I. Klimanov, A. Fasoli, and T. P. Goodman, “Generation of suprathermal electrons
during sawtooth crashes in a tokamak plasma,” Plasma Physics and Controlled Fu-
sion, vol. 49, no. 3, pp. L1–L6, March 2007, brief communication.

[283] H. Dreicer, “Electron and Ion Runaway in a Fully Ionized Gas. II,” Physical Review,
vol. 117, no. 2, pp. 329–342, January 1960.

[284] W. W. Heidbrink and G. J. Sadler, “The behaviour of fast ions in tokamak experi-
ments,” Nuclear Fusion, vol. 34, no. 4, pp. 535–615, April 1994, see also the corrigendum
in Nuclear Fusion, vol. 35, no. 2, p. 243, February 1995.

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL



page 316 Bibliography

[285] A. Fasoli, C. Gormenzano, H. Berk, B. Breizman, S. Briguglio, D. Darrow, N. Gorelenkov,
W. Heidbrink, A. Jaun, S. Konovalov, R. Nazikian, J.-M. Noterdaeme, S. E. Sharapov,
K. Shinohara, D. Testa, K. Tobita, Y. Todo, G. Vlad, and F. Zonca, “Progress in the
ITER Physics Basis, chapter 5: Physics of energetic ions,” Nuclear Fusion, vol. 47,
no. 6, pp. S264–S284, June 2007.

[286] J. A. Miller, P. J. Cargill, E. A. Gordon, G. D. Holman, B. R. Dennis, T. N. LaRosa, R. M.
Winglee, S. G. Benka, and S. Tsuneta, “Critical issues for understanding particle
acceleration in impulsive solar flares,” Journal of Geophysical Research, Space Physics,
vol. 102, no. A7, pp. 14 631–14 659, July 1997.

[287] L. O. Drury, “Acceleration of cosmic rays,” Contemporary Physics, vol. 35, no. 4, pp.
231–242, July 1994.

[288] R. D. Sharp, R. G. Johnson, and E. G. Shelley, “Observation of an Ionospheric Ac-
celeration Mechanism Producing Energetic (keV) Ions Primarily Normal to the
Geomagnetic Field Direction,” Journal of Geophysical Research - Space Physics, vol. 82,
no. 22, pp. 3324–3328, August 1977.

[289] P. C. Thonemann, E. P. Butt, R. Carruthers, A. N. Dellis, D. W. Fry, A. Gibson, G. N.
Harding, D. J. Lees, R. W. P. McWhirter, R. S. Pease, S. A. Ramsden, and S. Ward,
“Production of high temperatures and nuclear reactions in a gas discharge,”
Nature, vol. 181, no. 4604, pp. 217–220, 1958.

[290] T. P. Goodman, M. A. Henderson, Z. A. Pietrzyk, A. Pochelon, M. Tran, J.-P. Hogge,
J.-M. Moret, H. Reimerdes, O. Sauter, and W. van Toledo, “Observations of up–down
differences in plasma response during ECRH on TCV,” in Proceedings of the Joint
1998 International Congress on Plasma Physics and the 25th EPS Conference on Controlled
Fusion and Plasma Physics, June 29–July 3, 1998, P. Pavlo, Ed., vol. 22C. Praha, Czech
Republic: European Physical Society, 1998, pp. 1324–1327.

[291] A. N. Karpushov, S. Coda, and B. P. Duval, “Observation of suprathermal ions in the
TCV during ECH and ECCD,” in Proceedings of the 30th EPS Conference on Controlled
Fusion and Plasma Physics, St. Petersburg, July 7–11, 2003, ser. Europhysics Conference
Abstracts (ECA), R. Koch and S. Lebedev, Eds., vol. 27A. European Physical Society
(EPS), 2003, p. P3.123.

[292] A. N. Karpushov, B. P. Duval, T. P. Goodman, and C. Schlatter, “Non-Maxwellian Ion
Energy Distribution in ECH-heated plasmas on TCV,” in Proceedings of the 33rd

EPS Conference on Plasma Physics, Rome, Italy, June 19–23, 2006, ser. Europhysics Con-
ference Abstracts (ECA), F. D. Marco and G. Vlad, Eds., vol. 30I, no. P-1.152. European
Physical Society (EPS), 2006, contributed poster.

[293] C. Schlatter, B. P. Duval, A. N. Karpushov, E. Asp, S. Coda, and V. S. Udintsev, “Con-
ditions for anomalous energy and momentum transfer from electrons to ions
in ECCD discharges on TCV,” in Proceedings of the 33rd EPS Conference on Plasma
Physics, Rome, Italy, June 19–23, 2006, no. P-1.149, 2006, contributed paper.

[294] T. P. Donaldson, “Theory of foil-absorption techniques for plasma X-ray contin-
uum measurements,” Plasma Physics, vol. 20, no. 12, pp. 1279–1289, December 1978.

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL



Bibliography page 317

[295] E. Westerhof, R. W. Polman, G. M. D. Hogeweij, J. Lok, E. Min, A. A. M. Oomens, F. C.
Schüller, and the RTP Team, “Further analysis of the electron cyclotron current
drive experiments on RTP,” Fusion Engineering and Design, vol. 53, no. 1–4, pp. 259–
266, January 2001.

[296] P. Nikkola and O. Sauter, “Numerical and experimental studies of electron cy-
clotron current drive efficiency in plasmas with nearly zero ohmic current,” in
Theory of fusion plasmas: Proceedings of the joint Varenna-Lausanne international workshop
on theory of fusion plasmas held at Villa Monastero, Varenna, Italy, August 28–September
1, 2000, J. W. Connor, Ed., Istituto di Fisica del Plasma Piero Caldirola del CNR-Milano
and Centre de Recherches en Physique des Plasmas CRPP-EPFL. Bologna: Editrice Com-
positori, 2000.

[297] H. Weisen, I. Furno, S. Alberti, C. Angioni, K. Appert, R. Behn, P. Blanchard, P. Bosshard,
S. Coda, I. Condrea, A. Degeling, B. P. Duval, P. Gomez, T. P. Goodman, M. A. Hen-
derson, F. Hofmann, J.-P. Hogge, B. Joye, J. B. Lister, X. Llobet, A. Manini, Y. Martin,
A. Martynov, J.-M. Mayor, E. Minardi, J. Mlynár, J.-M. Moret, P. Nikkola, Z. A. Pietrzyk,
R. A. Pitts, A. Pochelon, H. Reimerdes, J. H. Rommers, O. Sauter, E. Scavino, G. Tonetti,
M. Q. Tran, and A. Zabolotsky, “Shape dependence of sawtooth inversion radii and
profile peaking factors in TCV L mode plasmas,” Nuclear Fusion, vol. 42, no. 2, pp.
136–142, February 2002.

[298] Z. A. Pietrzyk, A. Pochelon, T. Goodman, M. Henderson, J.-P. Hogge, H. Reimerdes,
M. Tran, R. Behn, I. Furno, J.-M. Moret, C. Nieswand, J. Rommers, O. Sauter, W. van
Toledo, H. Weisen, F. Porcelli, and K. Razumova, “Behaviour of central plasma re-
laxation oscillations during localized electron cyclotron heating on the TCV
tokamak,” Nuclear Fusion, vol. 39, no. 5, pp. 587–611, May 1999.

[299] D. J. Campbell, D. F. H. Start, J. A. Wesson, D. V. Bartlett, V. P. Bhatnagar, M. Bures,
J. G. Cordey, G. A. Cottrell, P. A. Dupperex, A. W. Edwards, C. D. Challis, C. Gormezano,
C. W. Gowers, R. S. Granetz, J. H. Hammen, T. Hellsten, J. Jacquinot, E. Lazzaro, P. J.
Lomas, N. L. Cardozo, P. Mantica, J. A. Snipes, D. Stork, P. E. Stott, P. R. Thomas,
E. Thompson, K. Thomsen, and G. Tonetti, “Stabilization of Sawteeth with Addi-
tional Heating in the JET Tokamak,” Physical Review Letters, vol. 60, no. 21, pp.
2148–2151, May 1988.

[300] F. Porcelli, “Fast particle stabilisation,” Plasma Physics and Controlled Fusion, vol. 33,
no. 13, pp. 1601–1620, November 1991, invited paper at the 18th European Physical Society
Plasma Physics Division Conference on Controlled Fusion and Plasma Physics, June 3–7,
1991.

[301] ITER Physics Expert Group on Disruptions, Plasma Control, and MHD and ITER Physics
Basis Editors, “ITER Physics Basis, chapter 3: MHD stability, operational limits
and disruptions,” Nuclear Fusion, vol. 39, no. 12, pp. 2251–2389, December 1999.

[302] A. Pankin, G. Bateman, R. Budny, A. Kritz, D. McCune, A. Polevoi, and I. Voitsekhovitch,
“Numerical techniques used in Neutral Beam Injection modules,” Computer
Physics Communications, vol. 164, no. 1–3, pp. 421–427, December 2004, proceedings of
the 18th International Conferene on the Numerical Simulation of Plasmas, Falmouth, USA,
September 7–10, 2003.

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL



page 318 Bibliography

[303] J. G. Cordey and M. J. Houghton, “Problems associated with injection of a high-
energy neutral beam into a plasma,” Nuclear Fusion, vol. 13, no. 2, pp. 215–220, March
1973.

[304] T. H. Stix, “Heating of toroidal plasmas by neutral injection,” Plasma Physics,
vol. 14, no. 4, pp. 367–384, April 1972.

[305] A. N. Karpushov, P. Bosshard, B. P. Duval, and J. Mlynár, “Relaxation of the DNBI
Deposited Particles in the TCV Plasmas,” in Proceedings of the 29th EPS Conference
on Plasma Physics and Controlled Fusion, Montreux, Switzerland, June 17–21, 2002, ser.
Europhysics Conference Abstracts, vol. 26B, 2002, pp. P–4.119.

[306] A. N. Karpushov, A. Anikeev, K. Noack, and S. Strogalova, “Integrated transport code
system for multicomponent high-β plasmas in the gas-dynamic trap,” in Proceed-
ings of the 27th EPS Conference on Controlled Fusion and Plasma Physics, Budapest, June
12–16, 2000, ser. Europhysics Conference Abstracts (ECA), vol. 24B. European Physical
Society (EPS), 2000, pp. 920–923.

[307] R. A. Pitts, private communication, April 2006.

[308] A. Manini, J.-M. Moret, S. Alberti, T. P. Goodman, and M. A. Henderson, “Modulated
ECH power absorption measurements using a diamagnetic loop in the TCV
tokamak,” Plasma Physics and Controlled Fusion, vol. 44, no. 2, pp. 139–157, February
2002.

[309] M. Anton, H. Weisen, M. Dutch, W. von der Linden, F. Buhlmann, R. Chavan, B. Mar-
letaz, P. Marmillod, and P. Paris, “X-ray tomography on the TCV tokamak,” Plasma
Physics and Controlled Fusion, vol. 38, no. 11, pp. 1849–1878, November 1996.

[310] K. F. Mast, J. C. Vallet, C. Andelfinger, P. Betzler, H. Kraus, and G. Schramm, “A low
noise highly integrated bolometer array for absolute measurement of VUV and
soft X-radiation,” Review of Scientific Instruments, vol. 62, no. 3, pp. 744–750, March
1991.

[311] J. Mlynár, I. Furno, B. Joye, and A. Refke, “Bolometry on the TCV Tokamak,” Centre
de recherches en physique des plasmas, Ecole polytechnique fédérale de Lausanne, CH-1015
Lausanne, Switzerland, Internal CRPP report INT 196/99, 1999.

[312] C. Schlatter and J. Mlynár, “Fast-Algorithm Bolometric Computer Aided Tomog-
raphy (FABCAT),” CRPP-EPFL, CH-1015 Lausanne, Switzerland, Internal report INT
205/02, 2002.

[313] G. Lapenta and P. Quarati, “Analysis of non-Maxwellian fusion reaction rates with
electron screening,” Zeitschrift für Physik A Hadrons and Nuclei, vol. 346, no. 3, pp.
243–250, September 1993.

[314] M. Porkolab and R. P. H. Chang, “Nonlinear wave effects in laboratory plasmas: A
comparison between theory and experiment,” Reviews of Modern Physics, vol. 50,
no. 4, pp. 745–795, October 1978.

[315] I. B. Bernstein, “Waves in a plasma in a magnetic field,” Physical Review, vol. 109,
no. 1, pp. 10–21, January 1958.

Turbulent ion heating in TCV tokamak plasmas Christian SCHLATTER, CRPP/EPFL



Bibliography page 319

[316] J. A. Heikkinen and S. J. Karttunen, “Parametric scattering in electron-cyclotron
resonance heating,” Physics of Fluids, vol. 29, no. 4, pp. 1120–1126, April 1986.

[317] F. S. McDermott, G. Bekefi, K. E. Hackett, J. S. Levine, and M. Porkolab, “Observation
of the parametric decay instability during electron cyclotron resonance heating
on the Versator II tokamak,” Physics of Fluids, vol. 25, no. 9, pp. 1488–1490, September
1982.

[318] D. G. Bulyginsky, V. K. Gusev, V. V. Djachenko, M. A. Irzak, M. Y. Kantor, M. M.
Larionov, L. S. Levin, G. A. Serebreny, and N. V. Shustova, “ECR-Heating of plasma
in FT-1 tokamak and its influence on the ion component,” in Proceedings of the
11th European Conference on Controlled Fusion and Plasma Physics, Aachen, Germany,
September 5–9, 1983, ser. Europhysics Conference Abstracts (ECA), S. Methfessel, Ed., vol.
7D, part I, no. E34. European Physical Society (EPS), 1983, pp. 457–460, contributed
paper.

[319] V. Erckmann, G. Janzen, W. Kasparek, G. Müller, E. Räuchle, P. Schüller, K. Schwörer,
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Commençons avec Basil, directeur de thèse, on dirait, fait sur mesure. Tes racines anglaises/-
greques expliquent certainement ton humour (incessant) et ta vitesse de réflexion parfois un peu
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Victor, pour la partie diagnostique ECE et le code NOTEC, que tu avais amené au CRPP.
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cou, m’invitait à rejoindre son institut. Kurt, sans qui je n’aurais probablement pas été engagé au
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