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Abstract

Thermonuclear fusion has been proposed as a sustainable, clean and safe energy source to meet
the energy demands of the future. There are, however, still several challenges that need to be
overcome in order to realize a viable fusion power plant. One of the great challenges is the
integration of physics and technology optimization.

Performance of magnetic fusion reactors is limited by heat and particle losses. The heat and
particle losses are understood to be governed by the non-linear interplay of turbulence and
plasma flows but uncertainty remains on e.g. physics of the sudden transitions between
confinement regimes, isotopic scaling of confinement, non-linear saturation mechanisms of
plasma turbulence, power exhausts and plasma-wall interaction.

This thesis investigates the interplay of flows and turbulence in the TJ-II stellarator and the
influence of magnetic configuration on plasma-wall interaction in the JET tokamak.

A deep understanding of the mechanisms leading to turbulence self-regulation via Zonal Flows
(ZFs) is of paramount importance. In this sense, the assessment of Long Range Correlations
(LRC) in the plasma edge, by the use of Langmuir probe systems, have been proven to be a
powerful strategy to study the interaction between ZFs and turbulence. Improvements in the
experimental strategy to characterize LRC have been applied to study the interplay between
neoclassical radial electric fields and ZFs and the transition to improved confinement regimes
in the TJ-II stellarator.

Experimental studies reveal the role of neoclassical radial electric fields to control the amplitude
of Zonal Flows resulting in the development of both long (neoclassical) and short (due to Zonal
Flows) radial electric field scales with important implication in the physics understanding of
transport self-regulation mechanisms. A comprehensive description of the influence of plasma
scenarios on the radial width of ZFs is given here, with a special focus on its dependence with
heating and isotope scaling.

For the first time, the characterization of low frequency fluctuating ZFs and mean radial electric
fields has been experimentally studied during the L-H transition in Hydrogen and Deuterium
plasmas in the stellarator TJ-II. No evidence of isotope effect on the L-H transition dynamics
was observed. These observations emphasize the critical role of both zero frequency
(equilibrium) and low frequency varying large-scale flows for stabilizing turbulence during the
triggering of the L-H transition in magnetically confined toroidal plasmas and show that there
are different paths to reach the L-H transition with impact on the conditions to access the H-
mode regime.

In addition to the relevance of studies carried out in stellarators, experimental validation of
relevant plasma scenarios in large tokamaks constitute the fundamental test bench for future
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burning fusion reactors such as ITER. For example in the last years it has been shown that, in
the JET tokamak, with the new ITER-like wall, global plasma confinement is strongly linked
to the divertor magnetic topology, which influences the Boundary Plasma and the Plasma Wall
Interaction. In this Thesis we show a study on how the neutral fluxes are affected by the divertor
magnetic configuration and, as a consequence, how the SOL plasma changes. We also present
a detailed preliminary analysis of the dynamic behavior of Ion and Neutral fluxes during the
ELM-cycle. The results point to the Recycling coefficient, which varies significantly within
this short time-scale, something that could have important implications in the understanding of
the H-mode performance.
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Resumen

El aprovechamiento de la energia de la fusion termonuclear se ha propuesto como un método
limpio y sostenible para hacer frente a las demandas energéticas futuras. Sin embargo,
actualmente todavia se deben superar retos cientificos y técnicos para hacer viable la operacion
de un reactor nuclear de fusiéon. Uno de los mayores retos es el entendimiento de la fisica del
plasma que tiene lugar en los reactores de fusidon asi como la optimizacion tecnoldgica de los
propios reactores.

El rendimiento de los futuros reactores de fusion estd limitado por las pérdidas de particulas y
de calor. Ambos fendémenos estan gobernados por la interaccion no lineal entre la turbulencia
del plasma y los flujos a gran escala, conocidos como Flujos Zonales. Por otra parte, la fisica
de las transiciones espontdneas entre regimenes de diferente nivel de confinamiento, el efecto
isotopico y sus implicaciones, los mecanismos de saturacion no lineal de la turbulencia asi
como la evacuacion de los flujos de calor y la fisica de la interaccion entre el plasma y la pared
necesita todavia ser entendida.

Esta tesis describe la investigacion empirica de la interaccion entre las diferentes escalas de
turbulencia de plasma en el stellarator TJ-1I y la influencia de la configuracion magnética en la
fisica de la interaccion plasma-pared en el tokamak JET. A este efecto, se han utilizado dos
diagndsticos: las sondas electrostaticas (conocidas como sondas de Langmuir) y espectroscopia
rapida en el espectro visible.

Es de suma importancia la comprension profunda de los mecanismos que conducen a la
autorregulacion de la turbulencia por la accion de los Flujos Zonales (ZF). En este sentido, se
ha demostrado que la evaluacion de las correlaciones de largo alcance (LRC) en el borde del
plasma, mediante el uso de los sistemas de sondas de Langmuir, es una estrategia poderosa para
estudiar la interaccion entre ZF y la turbulencia. Las mejoras en la estrategia experimental para
caracterizar LRC se han aplicado para estudiar la interaccion entre los campos eléctricos
radiales neoclasicos ZF durante la transicion a regimenes de confinamiento mejorados en el
stellarator TJ-II.

Los estudios experimentales llevados a cabo revelan el papel de los campos eléctricos radiales
neoclasicos en el control de la amplitud de los flujos zonales que resultan en el desarrollo de
escalas de campos eléctricos radiales largos (neoclasicos) y cortos (debidos a los flujos
zonales), con una importante implicacion en la comprension fisica de los mecanismos de auto-
regulacion transporte radial. Aqui se proporciona una descripcion completa de la influencia de
los escenarios de plasma en el ancho radial de las ZF, con un enfoque especial en su
dependencia con el calentamiento y la masa isotopica.

Por primera vez, la caracterizacion de estas fluctuaciones globales de baja frecuencia y campos
eléctricos radiales se ha estudiado experimentalmente durante la transicion L-H en plasmas de
hidrogeno y deuterio en el stellarador TJ-II. No se observo evidencia de efecto is6topo en la
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dindmica de transicion L-H. Estas observaciones enfatizan el papel critico del campo eléctrico
neoclésico (o de equilibrio) y los flujos a gran escala de baja frecuencia para estabilizar la
turbulencia durante el inicio de la transicion L-H en plasmas toroidales confinados
magnéticamente. Esto muestra que existen diferentes caminos para alcanzar la transicion de LH
con impacto sobre las condiciones de acceso al régimen de confinamiento mejorado.

Ademas de la relevancia de los estudios realizados en stellarators, la validacion experimental
de escenarios relevantes de plasma en grandes tokamaks constituye el banco de pruebas
fundamental para futuros reactores de fusion como ITER. Por ejemplo, en los ultimos afios se
ha demostrado que, en el tokamak JET, con la nueva pared, que es idéntica a la que estara
instalada en ITER, el confinamiento global del plasma esta fuertemente vinculado a la topologia
del divertor, lo que influye en la fisica y en las caracteristicas del borde del plasma y de la
interaccion plasma-pared. En esta tesis, mostramos un estudio sobre como los flujos de
particulas neutras se ven afectados por la configuracion magnética del divertor y, en
consecuencia, como cambia la parte mas externa del plasma, en la que las lineas de campo no
estan cerradas sobre si mismas, sino que se cierran a través de los elementos metalicos del
dispositivo, conocida como “Scrape-Off Layer”. También presentamos un analisis preliminar
detallado del comportamiento dindmico de los flujos de iones y neutros durante las
inestabilidades de tipo ELM. Los resultados apuntan al coeficiente de reciclado, que varia
significativamente dentro de esta breve escala de tiempo, algo que podria tener implicaciones
importantes en la comprension del rendimiento en modo de alto confinamiento.
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INTRODUCTION

I.1.General motivation: Fusion at the energy crossroad

At the beginning of the 21% century the population of the planet Earth has increased until
reaching the number of more than 7 thousand millions people [1]. Population level is estimated
to reach 9 billion people for the end of this century [2]. We are facing an energy transition phase
driven by climate change and globalization. Consequently, a huge effort is being made in search
for energy production, conversion, distribution and saving technologies with the aim of
protecting the security of energy supply.

Both the generation and consumption of energy have a strong impact on the environment in all
its stages, from its extraction to its use, being the effects on climate change its most disturbing
threat. Climate change is related to the increase in the proportion of green-house gases in the
atmosphere. The most important green-house gas is Carbon Dioxide (C0O,), which results from
burning fossil fuels to produce energy. Then, the energy transition is proposed as the promotion
of an energy system that does not depend on a predominantly fossil source. In 2015, during the
United Nations Conference on Climate Change (Paris) an important agreement was reached
seeking to limit global CO, emissions with the aim of preventing Earth’s temperature to exceed
two degrees Celsius with respect to the pre-industrial temperature.

On the other hand, the level of energy and resources consumption per capita presents a high
level of inequalities worldwide [3] (including primary energy consumption [4, 5] and
importation of energy resources [6]). The amount of energy consumed in developing countries
is considerably lower than the quantity of energy consumed by developed countries [7, 8]. Also
the type of consumed energy in the poorest societies is hazardous [9, 10, 11]. Nonetheless, in
the last 30 years, the globalization of the world economy has led to a less unequal distribution
of the consumed energy due to the global interchange of work and resources. The cumulative
distribution of CO, emissions follows the same exponential feature as the relation
Energy/population per country [ 12]. At the present, around 1.5 billion people do not have access
to electricity and around 3 billion people use biomass for basic needs. In addition, the
connection between energy sources and climate change has strong political, social and ethical
consequences: accepting the necessity of energy to sustain the imposed economic growing,
access to energy should be considered as a human right. Assuming also the impossibility of
extending the energy consumption model of developed countries to developing countries (fig.
1.1), the former have a clear responsibility in the development model of the later.
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Our society is based on the paradigm of a continuously growing model, which is only possible
because it is sustained by a global worldwide economic system, reinforced by a political
structure [13] and fed by the harnessing of natural resources. It requires a huge and increasing
amount of available energy sources which leads to the generation of wastes. In addition, the
increasingly high energetic and economic costs of primary energy extraction processes from
natural resources augment the society’s physical dependence on the nature [14]. This inevitably
compromises the future energetic performance and economical profitability of accessing
primary energy sources in an equitable way for all the Earth inhabitants [ 14].

The previously explained facts have taken our society to the search for new strategies on
electrical energy production and storage in order to keep economical growing in a cleaner and
still profitable way. However, the mentioned concerns and contradictions on the sustainability
of the current imposed economic growing paradigm should make us to consider new
alternatives such as reduction in the level of consumption as important as the search for new
forms of energy [15, 16] in order to protect people and Earth.

25 1 Population and energy consumption. Examples

M population

B energy consumption

percentage of the total (%)

Figure 1.1 The figure shows comparison of the ratio between the population and the energy
consumption for different countries.

Renewable energy is the energy obtained from virtually inexhaustible natural sources, either
because of the immense amount of energy they contain or because they are capable of
regeneration by natural means. Among others, the most important renewable energies are solar
(which uses electromagnetic radiation from the sun) and wind (obtained from the wind). Of
more limited importance are, among others, hydroelectric (which uses the potential and kinetic
energy of water currents) and biomass (which uses organic matter). Pending challenges in the
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field of renewable energy are the development of storage systems (hydrogen, chemical storage,
hydraulic energy) and the optimization of intelligent distribution networks [17, 18]. Renewable
energies are spread over wide areas and countries [19] and its cost is continuously dropping
[20]. Given the challenges posed by nuclear fission energy, we can ask ourselves some
questions about the technical feasibility of the process, the social acceptability of this energy
and the management of the generated wastes.

The pending challenges in the transformation of fossil fuel-based energies include several
aspects such as the development of strategies to reduce emissions from fossil fuel plants and
the implementation of strategies to sequester CO2 emissions and improve energy efficiency
[21, 22, 23].

The fusion reactions are those that release the energy that feeds the sun and the stars. For fusion
to occur, nuclei must overcome the electrostatic repulsion and get close enough to allow the
attractive nuclear force to come into play. The international scientific community works on
different alternatives (inertial and magnetic confinement), with different degrees of
development, towards the practical realization of fusion energy. In the case of the strategy based
on magnetic confinement, it is required to heat the reactive nuclei at temperatures 15 times
greater than the center of the Sun (estimated at around 15 million degrees) and thermally isolate
them from the surrounding environment by means of an intense magnetic field (of the order of
5-7 T, that is, about 100,000 times the Earth's magnetic field). Matter at these extreme
temperatures consists of a highly ionized gas called plasma. The realization of viable nuclear
fusion energy requires solutions for a series of scientific and technological problems of
enormous magnitude as described in the EU Fusion Roadmap [24].

The main pending challenges in nuclear fusion include the integration and optimization of
physics and technology criteria. From the point of view of plasma physics it is required to
efficiently confine a plasma in ignition; that is, reactive enough to produce substantially more
energy than that consumed in the plasma generation process. From the technological point of
view, it is necessary to demonstrate self-sufficiency in the generation of tritium and to develop
materials that are resistant to the intense and very energetic nuclear fusion neutron fluxes.

[.2.Nuclear Fusion plasmas

[.2.1. Principles of Nuclear Fusion

There are nuclear binding forces that keep together the subatomic particles in the atom [25].
Figure 1.2 shows the average binding energy as a function of mass number for different
elements. The lightest and heaviest nuclei have lower average binding energy. The energy can
be obtained by dividing heavy nucleus (fission) or by joining light nuclei (fusion). The union
of two protons (p - p) is the most common fusion reaction that takes place in the stars, leading

3
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to the conversion of Hydrogen into Helium [26]. The global balance of p-p process is equivalent
to join four protons to create an atom of Helium-4 (3He), as described in the expression (1.1).

Average binding energy per nucleon (MeV)
I

30 60 90 120 150 180 210 240 270
Number of nucleons in nucleus

Figure 1.2 This figure shows the nuclear binding energy for different elements. Source: Wikipedia.

p+p- 2D+et+v,
4p - 3He + 2et + 2v, +y (1.1D)
SHe + 3He > 3He + 2p

where p represents proton, 2D the Deuteron (heavy isotope of Hydrogen), 3He and 3He are
isotopes of Helium, y is a high energy photon, e™ is a positron and v, represents the neutrino.
Following the Einstein relation, E = mc?, the difference in mass (m) is liberated in form of

energy. After some indications, the first experimental observation of p-p neutrinos was obtained
in 1992 [27].

On Earth, the most convenient reaction, due to its high cross-section at achievable temperatures,
is the D-T reaction [28], shown in figure 1.3. In the reaction (equation 1.2) is described how an
amount of 17.58 MeV are released in the D-T reaction, 14.06 MeV of which linked to the
neutron as kinetic energy:

2D + 3T — 4He(+3.52 MeV) + 3n(+14.06 MeV) (1.2)

While the Deuterium is an abundant and stable element in the Earth (30 grams per cubical meter
of water), tritium is a radioactive isotope with half-life in the order of 12 years and therefore it
is not present in the nature, which means that it should be produced by artificial means [29, 30].
It is possible also to obtain Tritium from Lithium:



1. Introduction Nuclear fusion plasmas

L+ 8Li > 3T+ 3%He  (+4.80 MeV) (1.3)
n+3Li > 3T+ 3He + {n (—2.47 MeV) (1.4)

where (1.4) is typical for the case of thermal neutrons and (1.5) has a high cross section for fast
neutrons [31]. Lithium is found in nature (7.5 % of $Li and 92.5% of }Li). Then, the neutrons
produced on the fusion reaction can be used to produce more tritium in situ.

T LB B R | T T Ty T T Ty

10

q
IR LR AL |

(barns)
0.1

SO0 oo 1000 10000

K, (keV)

Figure 1.3 Cross-section for different nuclear fusion reactions. As seen in the figure, the most probable
reaction is the one by which Tritium and Deuterium are joint.

In the stars, with temperatures in the order of 10”7 K and densities of about 1030 particles/m3,
the time of the reaction (1.1) is of about 107 years. This reaction rhythm is very slow but is
enough to sustain the stars due to the high quantity of Hydrogen stored in its nucleus and to the
huge amount of energy released [32].

In order for a fusion power plant to be viable, it needs to produce more energy than it consumes.
A criterion for such a power producing fusion reactor was derived by Lawson [33]:

nTtg > 5-10%tm3keVs (1.5)

What this triple product states is that in order to enter the ignition regime, the plasma should
have a high enough density (n), at a high enough temperature (T') and should be confined during
a sufficiently large period of time (tg).
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1.2.2. Confining plasmas

[.2.2.1. Plasma

Plasma is defined as an ionized quasi-neutral gas whose behavior is dominated by collective
effects. When a gas is heated high enough the electrons scape from the atoms due to collisions,
which leads to a separation of charges. While in most of neutral fluids the dynamics of motion
is determined by forces between near-neighbor regions, the charge separation in plasmas gives
to electric fields and magnetic fields, implying a wide range of complex phenomena. The solar
corona is a plasma and the solar wind in the solar system is a plasma as well. Plasma is present
in many aspects of our life, from industrial processes as welding to the Earth’s ionosphere. In
table 1.1 are shown some examples of the main natural and laboratory plasmas as well as its
parameters (temperature, density and magnetic field). Then some basic concepts are explained:

Length Particle Temperature (eV) | Magnetic

scale (m) density (m~3) field (T)
Interstellar gas 106 10° 1 10710
Solar wind 1010 107 10 10~8
Van Allen belts 10° 10° 102 1076
Earth’s ionosphere 10° 101 1071 10-°
Solar corona 108 1013 10? 107°
Gas discharges 1072 1018 2 No field
Process plasmas 1071 1018 102 1071
Fusion experiment 1 1019 — 1020 103 — 10* 1
Fusion reactor 2 1020 10* 5

Table 1.1 Plasma parameters for different cases of natural and human-made plasmas.

Plasma frequency: The plasma frequency is one of the most fundamental time scales in
plasmas. The charge separation existing in plasmas is the responsible of electrostatic
oscillations for both species, ions and electrons. However, the big difference in mass results in
an effectively electrostatic movement of electrons around the background ions. The electron
plasma frequency, which corresponds to the electron oscillation frequency in response to a
small charge separation, is given by:
2
wp = (1.6)
For a typical fusion plasma conditions (n, = 10*°m™3) the plasma frequency is in the range of
100 GHz, whereas in the ionosphere (n, ~ 10'2m™3) the plasma frequency is of about 10 MHz.
In particular, the ionosphere acts like a very good mirror for radio waves well below w,, and
allows the waves to 'bounce' over the horizon. For radio waves well above this cutoff frequency,
the 1onosphere is virtually transparent and the signals continue out into space. On the other
hand, high frequency radiation is needed to heat the core plasma of magnetic fusion devices.
6
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Debye’s Screening: Quasi-neutrality basically means the apparent charge neutrality of a plasma
overall, while at lower space scales, there can be charged regions, leading to electric fields. In
addition, quasi neutrality explains how plasma itself shields any charge or electric potential that
is introduced on it by creating a sphere beyond which the global neutrality of the plasma is kept.
The radius of this sphere is known as Debye’s length, and it quantifies the distance from the
perturbing electric potential at which there is not net charge. The Debye length A, depends on
plasma density and temperature:

1= (eokT)O'5 17
D — noez ( . )

where n and T are the electron density and temperature, respectively; €, is the electric
permittivity and k is the Boltzman constant. It follows that, for example, the Debye length takes
values of Ap = 7 - 10~5m for a fusion plasma with T, ~ 1 keV and n ~ 10?®m~3. The plasma
parameter (Np) is the typical number of particles contained in the Debye sphere:

_ amni3

Np =220 (1.8)

[.2.2.2.  Magnetically confined plasmas

For an ionized gas to behave like a plasma, it is required a small Debye length in comparison
with the macroscopic size of the gas (L >> Ap) and wt > 1, being w the frequency of typical
plasma oscillations and 7 the time between collisions with neutrals. Also it is required a large
number of particles in a Debye sphere (Np > 1) for the long-range collective effects
characteristic of plasmas. Plasma should satisfy additional constraints to be considered fusion
plasma.

Since fluids and plasmas are collections of particles, we can consider a collection of N particles
and look at the different levels at which one may wish to develop dynamical theories for this
system. These different levels are summarized in the table 1.2. At a very fundamental level, all
particles may obey quantum mechanics. The state of the system at this level is given by the N-
particle wave function, which evolves in time according the Schrodinger’s equation. In fusion
plasmas quantum mechanical effects are negligible to describe the particle dynamics. At the
next higher level, the system can be modelled as a collection of N classical particles described
by Newton equations and by distribution functions. At the final level, we model the system as
continuum (fluid model) by means of magneto-hydrodynamic equations.
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Level Description Drynamical
equilibrium

N quantum particles W(xq, X2, ..., Xy) Shradinger
equation

N classical particles (X1, X2, ey Xpys UL, U, o, Uy Newton's Law’s

Distribution function f(x,1u,t) Vlasov equation

One (Two)-Fluid model ¢(x), T(x),V(x), B(x) MHD equations

Table 1.2 Theory level in plasmas.

1.2.2.3. Single particle motion: orbits and drifts

In the case of the nuclear fusion strategy based on magnetic confinement, it is required to isolate
the reactive nuclei from the surrounding environment by means of an intense magnetic field.

The movement of a charged particle with mass m and velocity v in the frame of electric, E =
E(r, t), and magnetic, B = B(r, t), fields is governed by the combination of Lorentz and
electrostatic forces. As the gravity represents a very small effect, it can be neglected:

F=m% =q(E+vxB) (1.9)
In these conditions the particles describe orbits spinning on the magnetic field lines with a given
frequency, w,. and characteristic radius, 17, known as electron cyclotron frequency and gyro

radius, respectively.

=T (1.10)
r, =142 (1.11)

Equation (1.9) can be solved for a wide variety of cases making use of the guiding center theory
and assuming that the spatial variations of E = E(r, t) and B = B(r, t) must occur on a length
scale long compared to the gyro radius and during slow time scales compared to the plasma
frequency w,,. In the absence of electric field and under constant uniform magnetic field B a
charged particle describes parallel v and perpendicular v, trajectories to the magnetic field
lines. Only the perpendicular component of the velocity interacts with the magnetic field,
leading to a circular movement perpendicular to B. When an electric field is present in addition
to the magnetic field, the charged particles will experience a force (ﬁ = qE ) that leads to the
so-called E' X Bdrift:
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EXB
Vixp = o (1.12)

It should be noted that the E X Bdrift is independent of both the charge and mass of the particle.

In the presence of inhomogeneous magnetic fields new drifts should be considered: the so-
called VB drift and curvature drift, where ions and electrons would drift in opposite directions.

Finally in order to understand particle orbits in magnetic fusion devices, the concept of
magnetic mirror should be introduced. It relies on the conservation of energy and the invariant
of the magnetic moment(u = mv?/2B). As a consequence of the conservation of the magnetic
moment two main types of orbits appear; those corresponding to particle reflected by the
magnetic mirror (trapped particles) and those which are not (passing particles).

1.2.2.4. Plasma as a fluid

Nuclear fusion plasmas are complex systems wich can be also described by a fluid model.
Magnetohydrodynamics (MHD) is based on the consideration that plasma can be treated as an
ensemble of charged particles acting as a fluid under strong magnetic field [34].

Continuity equation of plasma. Considering a differential element of volume, the rate of change
of the number of particles in the cube due to the flow of particles across its surface is given by
the continuity equation:

Z o+ V() =S (1.13)

where S represents the source rate of particles in the volume element and u is the fluid velocity.

Momentum balance equation: The momentum balance equation equals the fluid acceleration to
the sum of a number of forces due to electric (E) and magnetic (B) fields and pressure gradients
(VP).

du
mnaznq(E+u><B)—V-P (1.14)
The continuity equation can be applicable to both ions and electrons separately, but in the case
of the momentum balance equation, the effect of collisions between particles of different
species has to be considered. The momentum balance equation for the specie a results as
follows:

du
mgn, (a—t“ + (uy - V)ua> =Ngqu(E+u,xB)—V-P,+ ZB Rep (1.15)
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where the summation is over all species f with which particles of species a can collide and
Rqp is the term due to collisions.

Plasma resistivity: Electrical resistivity n limits the current that can be driven by an electric
field, due to the collisions between ions and electrons. Assuming an applied electric field
parallel to the magnetic field, the electrons are expected to reach an equilibrium state relatively
fast due to their negligible inertia and very small mass, compared to ions.

MeVei MeVei | ,
E, = ——ee = (e —uy) = —neezlln =1Jy (1.16)
e

eVei

Being v,; the collision frequency and n = 27 the resistivity, the constant of proportionality
e

between the applied electric field E and the current density j. Then, the momentum gained by

electrons due to collisions with ions is given by:

R, = nn,j (1'17)

For a typical fusion plasma of T, ~ 1 keV and Z=1, resistivity has a value of about 1078Qm,
which is comparable to the resistivity of copper at room temperature. Then, very large currents
are produced by very small voltage differences.

Diamagnetic drift: By using the one-fluid momentum balance equation (1.14), it follows that
the perpendicular velocity is given by:

_E><B+B><(V-P)
N nqB?

u; (1.18)

The first term of the right-hand side is the E X B drift. The second term is known as
diamagnetic drift. The diamagnetic drift gives rise to the currents that leads to a reduction of
magnetic field inside the plasma. The diamagnetic current of ions and electrons is summed and
leads to:

Ja = anul =BXx|[V-(P; +P,)]/B? (1.19)

[.2.2.5. Properties and concepts of magnetic confinement fusion
MHD equilibrium: For a steady-state solution of the ideal MHD equations for the case of u=0,
plasma pressure and magnetic field must satisfy:

JXB=Vp (1.20)
which requires that the magnetic force balances the force due to plasma pressure.

Flux surfaces: The flux surface is the surface where B is everywhere perpendicular to its
normal. The magnetic field lines lie in the surfaces of constant pressure, nested toroidal surface.

10
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Rotational transform and safety factor: Curvature drift affects both ions and electrons contained
in the plasma, inducing a vertical electric field that leads to an outwards E X B drift, which is
against the desired confinement. Then, an additional component of the magnetic field in the
poloidal direction, By is needed. This magnetic field component twists the magnetic field lines,
preventing the particles from drifting outwards radially. The degree of the twisting is described
by the rotational transform angle:

L _d¥ _RBe (1.21)
21 dd r B¢,
where R and r are the major and minor radius, By and By are the poloidal and toroidal
components of the magnetic field and W and & are the toroidal and poloidal magnetic fluxes.

The inverse of i is called “safety factor.

Definition of plasma Beta: Plasma beta (f) is a coefficient to express plasma confinement
performance. It is the ratio between the plasma thermal energy and the magnetic field energy:

ﬁ _ <p> _ nkgT
 B%/2u0  B?/2u0
Plasmas have reached empirical values of § = 4% in some fusion devices [35].

(1.22)

Energy confinement time:. One of the factors of the triple product which defines the Lawson
criterion is the energy confinement time 7z, which is defined as the rate at which the system
loses energy:

w

5= (1.23)

where W is the plasma energy content and P is the total power input.

Scaling laws have received a renewed attention for two reasons. First, the nature of scaling laws
provide useful information on the confinement underlying mechanisms. Second, this method
provides in principle a reliable way to extrapolate present fusion devices performances towards
a reactor. Global confinement scaling laws have been developed for tokamaks (e.g. ITER-93H
scaling law for predicting the ITER base-line scenario) and stellarators (e.g. ISS04) [36].

TéSSO‘l- — O.4-65a2'28R0'64P_0'61n2'54B0'84t°'41 (124)

where R and a are the major and minor radius respectively, P is the absorbed power in MW, n,,
is the line averaged electron density (101°m~3), B is the magnetic field (T) and ¢ is the
rotational transform.
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L. Introduction Magnetic confinement

[.2.3. Magnetic confinement devices

[.2.3.1. Tokamaks

The tokamak is a device that uses magnetic fields, characterized by toroidal symmetry, to
confine high temperature plasmas. Tokamak was thought by Oleg Lavrentiev and
experimentally achieved by Igor Tam and Andréi Sajarov in the decade of 1950, in the
Kurchatov Institute for the Atomic Energy, placed in Moscow (USSR) [37].

Fig. 1.4 shows schematically the main elements of a tokamak. The toroidal magnetic field is
generated by means of toroidal field (in yellow) and poloidal coils (in red). A central solenoid
in the center of the device (in red) induces a current Ip (in yellow) in the plasma (in yellow) in

the toroidal direction. The plasma current generates a magnetic field in the poloidal direction
which then leads to helical magnetic field lines, needed to assure the confinement of the
particles. The tokamak configuration gives axi-symmetry, which is the basic assumption in the
calculation of tokamak equilibria and it allows to reduce the MHD equilibrium problem from
three to two dimensions [38].

Central solenoid

Toraidal magnetic >
field coils Poloidal magnetic
o field coils

Plasma current, Vacuum Vessel

agnetic lines of  toroldal magnetic
force field directions

Figure 1.4 Schematics of TOKAMAK configuration. Courtesy of Ondrej Kudlacek.

The breakthrough into the peaceful use of fusion as an energy source began in Russia in 1968
when the tokamak magnetic confinement concept was tested showing an unseen capacity for
containing high-temperature plasmas [39].The success of the tokamak prompted the
construction of larger devices that started operation in the first half of the 1980s, such as the
Joint European Torus (JET) in Europe, the Tokamak Fusion Test Reactor (TFTR) in USA and
the Japanese Tokamak (JT-60) in Japan. Two tokamaks, JET and TFTR have achieved D-T
fusion reactions. The JT-60U has achieved the record of the triple product in fusion energy [40].

12



L. Introduction Magnetic confinement

At present Europe plays an important role in the preparation and exploitation of the tokamak
JT60-SA that should start operation in 2021 in Japan. The next key research infrastructure is
the ITER project, a worldwide endeavour, which should demonstrate the scientific and
technological feasibility of fusion. ITER will generate ten times more fusion power than the
power injected to sustain the fusion process.

[.2.3.1.1. JET Tokamak

JET (Joint European Torus), installed in Culham Centre for Fusion Energy (CCFE) is the
world’s largest device in operation. JET produced the first plasmas in the year 1983 and world
record of fusion power (16 MW) 1997. In 1991, JET achieved first nuclear fusion reaction (D-

T). JET also plays the important role of a useful test field for ITER. In figure 1.5 is shown an
internal view of JET.
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Figure 1.5 Internal view of the main chamber of the JET tokamak with a superimposed image of plasma
obtained from visible spectrum video camera. Courtesy of Eduardo de la Cal.

Due to Tritium retention, the Carbon Fibre Composite (CFC) divertor was replaced by an
alternative combination of materials: The divertor was made of tungsten and the first wall of
Beryllium. PFC’s have been installed at the divertor in order to manage the high power loads.
Finally, in the main chamber, a beryllium first wall is installed. This is known as JET ITER like
wall (ILW) and is currently in operation at JET (see figure 1.5).
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L. Introduction Magnetic confinement

1.2.3.2. Stellarators

The concept of stellarator was developed by Lyman Spitzer in 1950 in Princeton [41]. Like
tokamaks, stellarators are toroidal confining devices but they show two fundamental
differences: the confining magnetic field is generated by external coils and the lack of toroidal
symmetry (fig. 1.6). The non-optimized magnetic configuration of earlier devices resulted in
poor energy confinement and much better results were achieved using Tokamaks in the 1970s
and 1980s. The main advantage of stellarator design is the ability of plasma operation in steady
state, avoiding the current-drive instabilities as the poloidal magnetic field is not generated by
plasma currents. However, as a consequence, the stellarator renounces to axisymmetry [42].
Extensive theory on stellarator design can be found in references [43, 44, 45].

Figure 1.6 Schematics of stellarator configuration. From: http://www.fusion.ciemat.es/Inf/wp-
content/blogs.dir/14/files/2013/10/TJII_model.jpg.

Stellarator diversity has been amplified with the development of improved concepts: quasi-
toroidal symmetry [46], quasi-helical symmetry [47] and quasi-isodynamic symmetry [48].
When the magnetic field strength |B| is symmetric in magnetic coordinates (so-called quasi-
symmetry), guiding-centre orbits and neoclassical confinement properties are equivalent to
those in a tokamak. Within the family of optimized stellarators the quasi-isodynamic W7-X
design is based on the minimization of all internal plasma current (i.e. Pfirsch-Schliiter and
bootstrap currents).The successful start of the scientific exploitation of W7X is the first step
towards bringing the stellarator to maturity as foreseen in the European Union roadmap.
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1.2.3.2.1. TJ-II stellarator

The TJ-II stellarator is a four-period heliac stellarator which is located at Ciemat (fig. 1.7). TJ-
IT experiment started operation in 1997 and is still fully operative. TJ-II has an average major
radius of (R) = 1.5 m and a minor radius of {(a) < 0.22 m. The magnetic configuration is
obtained from a set of 32 magnetic coils which determine the magnetic configuration before
the initiation of plasma. As a heliac, TJ-II disposes of twisted magnetic configuration which is
generated by a helical central coil. The horizontal position of plasma is set by vertical field
coils. The result is a bean-shaped vacuum magnetic surfaces. In figure 1.9 is shown a real view
of TJ-II.

Figure 1.7 Image of TJ-II device. In the center of the image is placed the stellarator, which is surrounded
by several access ports for diagnostics. Courtesy of: Laboratorio Nacional de Fusion.

The magnetic well of TJ-II is defined and widely modulated by the separately control of
currents in the different coils. The magnetic field, which reaches values of up to 1 T, is produced
by the action of the central coil (CC) and the toroidal field coils (TF) and the twisting effect is
induced by the helical coil (HX). Finally the position of the magnetic axis is stablished by the
action of the vertical coils (VF). The current flowing through central, helical and vertical coils
is the parameter used to modulate the magnetic field.

Heating systems and fuelling in TJ-11

Electron Cyclotron Resonance Heating (ECRH) system is composed of two gyrotrons working
at frequency 53.2 GHz under a power of 300 kW each one [49]. The power is transmitted to the
plasma through quasi-optical transmission lines until the vacuum vessel [50].

Neutral Beam Injection heating (NBI) system consists of two beam injectors, placed at sector
D8 and C1 of TJ-II, which is able to produce fast neutral hydrogen pulses. The acceleration of
the pulse reaches 40 keV and can deposit up to 1.2 MW of heating power for a central electron
density of 6 - 10¥9m=3 [51].
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Q

The TJ-II plasma in ECRH phase reaches densities of n, ~ 101m~3and temperatures of T,
1 keV and during NBI heating phase the plasma can reach densities in the order of n, =
5-10'm™3 and temperatures of T, ~ 200 — 500 eV. In table 1.2 are described the most
relevant parameters of TJ-II experiment.

TJ-II main parameters

Major radius (R) 1.5
Magnetic field (B) 1

ECRH power (kW) 300 (X 2)
NBI power (kW) 600 (X 2)

Plasma relevant parameteres

Minor radius (m) 0.1 to 0.25
Shear (%) -1to 10
Rotational transform at magnetic axis (t/2m) 0.96 to 2.5

Table 1.3 Main plasma and design parameters of TJ-II stellarator.

I.3. The Boundary Plasma, Plasma-Wall Interaction and Atomic
Processes

The natural point of reference in the Boundary Plasma region of a tokamak or stellarator is
determined by the Last Closed Flux Surface (LCFS) or magnetic separatrix. Radially inside the
LCEFS the magnetic surfaces are closed whereas radially outwards the magnetic field lines are
opened intersecting surfaces. Inside the LCFS, the first layer (< 5 cm) corresponds to the Edge
Plasma that surrounds the core. In this outer region with closed flux surfaces steep gradients in
electron density as well as in electron/ion temperature are developed. It is known that significant
radial electric fields are present in the vicinity of the LCFS together with a wide range of atomic
physics processes. In addition, one of the main challenges for the realization of a fusion power
plant is the heat and power exhaust problem as well as the erosion of PFC and the control of
impurities entering the plasma. The underlying physics is called Plasma-Wall interaction. The
power and particle flux that cross the LCFS is diverted along the magnetic field lines to a remote
region (the divertor) and, eventually, reaches the first wall. Therefore transport across the SOL
is a key issue for the design and operation of future devices as it is crucial in determining the
power loads both at the divertor and first wall of the machine. Another important function of
the divertor and first-wall is the particle control, providing adequate pumping capability to
exhaust the neutralized gas and particles as well as to retain impurity sources such that they will
not enter the main plasma.
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I.3.1. The Edge Plasma region

The Edge Plasma is the outer confined region placed between the core dense and hottest plasma
and the SOL region where flux surfaces are not closed. The physics and characteristics of the
Edge Plasma are different from those of the plasma core as it is governed by strong gradients
in temperature, density and pressure. The relevance of the plasma edge is given by the transport
processes affecting particles and energy, which, consequently, have strong implications on the
bulk plasma confinement.

In TJ-II plasmas, for example, the Edge Plasma density is 108 < n,(m™3) < 1019, typically
and 10 < T,(eV) < 100. On the other hand, electron temperature can reach 1 keV in the
plasma core. On the other hand, in the JET H-mode plasmas, the plasma temperature in the
edge can surpass 1 keV while the density is sensibly larger than in the edge of TJ-II stellarator,
as shown in the table 1.4. Interestingly, the width of the Edge plasma region is a few cm in both
devices.

In the Edge Plasma during H-mode the plasma density and temperature profile gradients
become enhanced because transport barriers are formed. Unlike the core plasma, the proximity
of the edge region to the limiting walls makes the non-ambipolar particle fluxes appear, leading
to the formation of the Neoclassical radial electric field, which is studied in this PhD thesis (see
section 1.4). Also, the interplay between different scales of turbulence and its self-organization
and control take place in this region (see section 1.4).

10eV < T, <100eV 10eV < T, <1keV

101¥m=3 < n, < 10¥%m=3 10¥m=3 <n, <5-10%m™3

Table 1.4: Electron density and temperature ranges in the Edge Plasma region of the TJ-II stellarator and the
JET tokamak.

The Edge plasma is strongly influenced by the processes from the SOL region, which, at the
same time are conditioned by the physics of the interaction between plasma and wall. In
particular, the penetration of recycled neutrals from the wall into the edge plasma is not
negligible and has strong influence on the stability of the pedestal, having consequences on the
global plasma confinement. The intensity and characteristics of these processes are given by an
extensive underlying physics, which is addressed in the next sections.
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1.3.2. Scrape-off layer

The Scrape-off Layer (SOL) is defined as the outermost plasma region in where magnetic
surfaces are no longer closed, since they intersect the plasma facing components. Particle and
heat are transported mainly along magnetic flux surfaces and are gradually absorbed by plasma
facing surfaces. The SOL is limited by limiter or divertor targets. In limiter and divertor
tokamaks the scrape of layer is toroidally symmetric in a first approximation. Due to the mass
difference and thereby higher mobility, electrons reach target surfaces more easily than ions.
Consequently, the surface becomes negatively charged with respect to the plasma, and a thin
sheath is formed that shields electrostatic potential. However, due to the thermal motion of both
ions and electrons, the shielding is not perfect and the ions are attracted towards the target by
the electric field in the region between sheath and plasma bulk, known as the pre-sheath (fig.
1.8).
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Figure 1.8 Above, ion and electron density in the sheath and pre-sheath. The bottom figure shows the potential
close to the plasma wall. From https://commons.wikimedia.org/wiki/File:Collisionless plasma sheath.png

The distance along which magnetic field lines explore the SOL without crashing surfaces is
known as the connection length L. This parameter is of the order of tens of meters in the JET
tokamak while in the W7-X L, = 100 — 1000 m. In the TJ-II stellarator, L, = 1 m [52].
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In the SOL, n,(r) and T, (r) decay exponentially outwards with characteristic decay lengths A
of typically one to several centimetres (e ~7/%). The perpendicular diffusion in the SOL, mainly
due to turbulence, is characterized with its decay length and L.. The plasma flows
symmetrically towards both ends of the SOL, where the parallel flow velocity v equals the

sound speed vy = \/ k(T, + T;)/m;, driven by the pressure gradient induced by the plasma sink
action of the target surfaces.

The transport within the SOL can be treated as the summation of the flow along magnetic field
lines and the dominant radial turbulent transport. At low density plasmas, ions and electrons
enters the SOL from the confined plasma region by cross-field diffusion. No ionization of
neutrals take place in the SOL in this case. The temperature and density gradients along the
magnetic field lines are almost zero (VTe'l- ~ Vng; = 0) then the heat transport is mainly
convective in the SOL, in the form of an isothermal fluid flow (see figure 1.9) and parallel
plasma flow is present throughout the entire SOL. This is the so-called Low recycling regime.

On the other hand, in scenarios where plasma is generated at the SOL by ionisation processes,
a higher (n,) region arises close to the target, in the divertor region, with the subsequent
decrease of T,. Then, a temperature gradient is developed (VT,; # 0) within the SOL. As in
the case of low plasma density, the heat sources are localised in the plasma core, but heat
transport is dominantly conductive within the SOL. Volumetric heat sinks (radiation) become
important, reducing the amount of heat reaching the target surfaces. In consequence, the parallel
plasma flow appears only in the region close to the target, dominated by ionization reactions
(fig. 1.9). In the case that (n,) reaches even larger values in the divertor region (see section
I11.4) T, could be reduced below 1eV. Under these conditions, a recombination volume 1is
formed, which is an additional sink of particles. The following reference is recommended to
have a more complete understanding of heat and particle transport in the SOL of tokamaks [53].

r dn

; : Tldx vy =V,

po=0 ¥ EDGE PLASMA

I LCFg

! > <
VB[ 5 ],1 Ty SOL _"F en
H ] T
e T I N - w
i e

Figure 1.9 Scheme of parallel and perpendicular particle transport along the SOL and across the Last
Closed Flux Surface. In red, low density plasmas. In black, high density tokamak plasmas.
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The existing particle and heat transport into the plasma SOL from the edge is strongly
influenced by the level of turbulence (anomalous transport) which dominates transport in the
edge region (explained in section 1.4).

1.3.3. Plasma-wall interaction

The interaction between the plasma and material surfaces that are in contact with it, known as
Plasma Facing Components (PFC), is determinant in achieving high performance plasmas and
safe operation of the magnetic confinement devices. The most relevant issues falling in the field
of plasma-wall interaction are the following:

Recycling: lons and electrons impact and penetrate through the surfaces of PCF and are
neutralized. This process is followed by their releasing from the PFC back to the plasma. There
are indications that the behaviour of the recycling affects the global plasma parameters (this is
explained in detail in section II1.4).

Particle exhaust by pumping: Magnetic plasma fusion devices use pumping systems to exhaust
fuel (H, D, T) and impurities (He, H,0, Be, W ...) to control the density and remove impurities.
The exhaust of Helium ash is a challenge for the future nuclear fusion reactors operating with
D-T reactions to avoid fuel dilution.

Power Control and Exhaust: The power loads against the PFC need to be controlled in order to
avoid melting or sublimation of the materials. This is of special importance in the divertors and
limiters, where these loads are concentrated. Following aspects must be dealt with when
designing the PFC of fusion devices: Choose materials with high melting point, such as Carbon
(C) or Tungsten (W), shape the geometry to minimize the power density and spread the heated
area. In addition, taking in account the impact of impurities in the plasma contamination, for
the case of devices with long plasma discharges (> 10 s), active refrigeration with coolants is
mandatory. This method has been used already in superconducting devices such as WEST
tokamak and in the W7-X stellarator and is going to be employed in ITER.

Erosion: Material surfaces in contact with the plasma become eroded, due to Sputtering,
Melting, Sublimation and Arching. Besides eroding the materials, these phenomena lead to the
generation of impurities which may enter the confined plasma and contaminate it. The presence
of impurities in the plasma leads to plasma cooling by radiation losses and when becoming
sufficiently high, to disruptions (in Tokamak devices) and Radiative Collapse (in Stellarators).

Two main configurations for the magnetic field have been designed in order to control de
plasma-wall interaction: divertor configuration and limiter configuration. In a limiter plasma
the Last Closed Flux Surface (LCFS) is determined by the intersection of the magnetic field
lines by a material object. On the other hand, in the divertor configuration the confined plasma
region is isolated by a separatrix, which separates the closed from the open magnetic field lines
to avoid Edge Plasma contact with PFC, decoupling it with the help of the SOL plasma.
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Divertors have been introduced as one of the earliest theoretical concepts in the field of nuclear
fusion. The function of the divertor itself is to extract the heat and ash produced by the fusion
reactions, as well as minimize plasma contamination and protect the surrounding walls from
the thermal and particle loads. The magnetic field lines carry out the high energy particles of
the plasma and make them strike vertical targets which are positioned at the intersection
between the field lines.

The power flux directed to the ITER divertor can be up to 10 MW m? in steady state conditions
(and until 20 MWm? during transients). In principle, a Carbon-made divertor was though for
ITER due to its promising plasma-wall control. However, the evidences showing that Carbon
has a great capacity to retain a relevant fraction of Tritium led to the prediction that ITER would
not fulfil the requirements concerning the maximum Tritium inventory [54]. After years of hard
R&D work, configuration with W divertor and Be first wall has been chosen and tested as the
future PFC combination for the First wall for ITER (see section II1.4). Its main advantage is the
low retention of Hydrogen species. However, the main disadvantage when using Tungsten is
that high-Z impurity may enter the plasma producing huge radiation losses and thereby
confinement degradation and even disruptions [55].

[.3.3.1. ELM instabilities

Edge Localised Modes (ELM’s) are instabilities which appear during H-mode in the Edge
Plasma. ELM or ELM-like instabilities are characterized by the relaxation of pressure and
density gradients in the pedestal with the consequent degradation of the edge transport barrier
and the expulsion of particles and heat flux towards the divertor. This is followed by a
recovering phase in which gradients steepen again and transport barrier is recovered [56].
Empirically, ELM’s are seen as quasi-periodic emission of bursts of heat flux and wall emission
with a given frequency. In figure 1.10 is shown the time evolution of D, emission and I, in
the inner divertor during a period of time which contains three ELMs.

ELMs are characterized by their frequency (f) and power load AW . ELMs frequencies are of
10 — 100 Hz, while the power loads are of AW < 10 %. ELMs are originated by a MHD
instability, which lead to the partial loss of the confinement of energetic ions and electrons in
the Pedestal Edge Plasma region, which are directed towards the first wall and divertor. In
contrast with electrons, which are mainly thermalized [111], ions arrive with their initial energy
and become accelerated in the plasma sheath. For example, in JET H-mode plasma, T; = 1 keV
and the acceleration is a factor of about 4 [111].

Both types of ELMs are originated in a thin layer close to the plasma edge. ELMs can be
classified, mainly, in type-I and type-III instabilities, in function of their frequency and mode
structure. The type-1II ELMs have a frequency of about 4-5 times higher than the type I ones.
The type-11I ELMs are more dependent on the edge pressure gradient. Concerning the mode
numbers, m and n, type III ELMS have slightly larger values than for the case of type I [57].
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ELM’s represent a serious challenge for the future operation of ITER, due to the huge loads of
power flux towards walls among other problems such as damaging tungsten sputtering and
erosion.
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Figure 1.10. Time evolution of the D, radiance and ion saturation current [4¢ during three ELMs
in a typical JET H-mode plasma.

[.3.4. Plasma Recycling

Plasma fuel is composed of ions (Hydrogen isotopes), electrons and neutral particles. lons and
electrons carry the convective power flux against the PFC’s. Although in the future burning
Fusion reactors the fuel will be a mixture of Deuterium (D) and Trittum (T) (= 1:1),
experimental devices operate generally with H (e.g. TJ-II) or D (JET). It has to be pointed out
that all the three Hydrogen isotopes have equivalent physical and chemical properties in many
aspects. Deuterium (D) will be used in the present work in the sections 1.3.3, II. 2 and I11.4,
referring thereby also to the other hydrogen isotopes: Hydrogen and Tritium.

Ions (and electrons) diffuse perpendicularly to the magnetic field lines towards the PFC’s
(Divertors, Limiters or the First Wall itself), where they are neutralized and are reemitted as
neutral particles towards the plasma. The underlying physics of this process is known as Plasma
Recycling.

The magnetically confined plasma in fusion devices is a system in which the walls act as a
particle sink of charged particles. Two magnitudes are the key constituent elements of
magnetically confined plasmas: energy and particle contents. Energy is supplied by heating
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while the quantity of particles is sustained by a permanent flow of gas from the wall (and by
external puffing as well as pellet injection). Under typical conditions taking place in the plasma
Scrape-off layer, ions reaching solid surfaces experience the following processes: A first
fraction of ions Ry are reflected once they hit the surface and maintain a significant fraction Ry
of energy. Rr and Ry depend on the material composition and the ion mass and its energy (as
seen in figure 1.11).

The other fraction of ions (1 — Ry ) penetrates the surface, and are mostly desorbed back to the
plasma thermally as D, molecules (fig. 1.11). By “thermally” is meant that they are re-emitted
to the plasma with the energy corresponding to the surface temperature (< 0.1 eV'). These are
known as low energy neutrals.
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Figure 1.11 In the left hand side, overview of plasma fuel recycling processes. In the right hand side,
the dependence of the reflection coefficient of ions on the ion energy. Courtesy of Eduardo de la Cal.

The fraction that remain implanted in the material (as represented in figure 1.11) depends on
the so-called saturation level in the subsurface. This is, the capability of a material “X” to trap
D and can be up to /:1 (D:X) for low Z materials such as Carbon. Once this level is reached in
the subsurface region where the energetic D atoms from the plasma penetrate (= 1um), the
trapping capability falls and the D atoms diffuse out through the surface in the form of volatile
D, molecules. The saturation level of a material depends strongly on its temperature. A
coefficient can be stablished describing the ratio between the neutral D flux reemitted from the
surface towards the plasma I'® (reflected and desorbed) and the ion influx I'* impinging on the
surface. This is known as the Recycling coefficient of the surface in contact with the plasma.
Finally, it is important to consider that, since the reflected neutrals have much higher energy
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than the thermally desorbed neutrals, the former will have a much higher penetration length in
the plasma before being ionized.

[.3.5. Atomic Processes in the Boundary Plasma

Recycled neutral D and D, and also the externally injected fuel (puffing) will be subjected to
many atomic processes when entering back into the plasma. A fraction of them will be ionized
inside the Separatrix and will fuel the plasma in order to balance the ion and electron losses.

Let us define an atomic reaction or process as: A + B — C, where 4, B and C represent, in our
case, any plasma species such as electrons, ions, atoms or molecules. The rate at which this
process takes place in the plasma can be expressed as:
% =ny *ng - (ov) (1.26)
dt
where ny and ng are the densities of the species A and B, respectively and (ov) defines the
probability of the reaction to take place and is known as the Rate Coefficient of the reaction.
The Rate Coefficient is obtained by integrating the product of the relative velocity v of the
species 4 and B with the respective cross-section (gv) and with the distribution function of the
velocities, f(v), which is well approximated by a Maxwellian distribution in the fusion
Boundary plasma:

(ov) = fva(v)f(v)dv (1.27)

The main atomic processes and reactions involving neutral D and D,taking place in the
boundary plasma are high-lighted here [57]:

I) Electron reactions with D and D,

ILl:e"+D —>2e+D* Atomic ionization
[2:e"+D —e” +D* Atomic excitation
[3:e”"+D, »e™ +2D Dissociation
[4:e~+ D, > 2e” + D5 Molecular ionization
I.5:e"+D, > e +D+ D" Molecular dissociation and excitation

II) Electron reactions with D* and D5
I.l:e"+Df e +D+D "+ v Molecular dissociation and excitation
IM2:e"+D*>D+v Radiative recombination
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11.3:2e"+D*>D+v Radiative three — body recombination

I1I) Reactions between D and D*
IL.1:D+D*->D+ D* Charge Exchange

The figure 1.12 shows the rate coefficients for some of the reactions above.
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Figure 1.12 Cross-section of the most important atomic and molecular processes in the boundary [57].

In the boundary region of fusion plasmas the dissociation of molecular D into ground state has
high probability for 10 eV < T, < 15 eV. At higher electron temperatures, the most probable
process 1s the molecular ionization (1.4) previous to its dissociation (II.1). Finally, at
intermediate electron temperature T, = 50 — 200 e, 1.5 leads to the dissociation of the
D, molecule to produce excited D in the level n=2 and competes with I1.3 (also dissociation).

Many of the above Atomic reactions and processes that take place in the boundary plasma are
radiative, i.e. photons are emitted. As will be shown later (section II.2), the Spectroscopic
analysis of the plasma emission, together with the use of the proper atomic models allows us to
understand the atomic physics taking place in Fusion devices and even to use this information
to characterize the Boundary plasma itself.

[.4. Transport in plasmas

Transport is due to two different types of processes in magnetic fusion devices. The first is
collisions between charged particles. This causes neoclassical transport (i.e. a branch of
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collisional transport that takes into account the topology of the magnetic field), which is always
present in fusion plasmas. Kinetic and random walk theories [58] are used to calculate transport
coefficients. [59]. Reviews of the collisional transport theory can be found in [60] and [61].

The second process that causes transport is plasma turbulence and this gives rise to turbulent
transport (sometimes called anomalous transport). In tokamak devices turbulent transport is the
main cause determining the confinement time. Turbulence also contributes significantly to
transport in stellarators, particularly in the outer region of the plasma. The turbulent transport
is due to the turbulent movement of the magnetic field lines [62] when particles move radially
outward following magnetic field lines, as well as to the presence of electrostatic turbulence.

[.4.1. Neoclassical transport: ambipolar radial electric field

Neoclassical Transport (NC) Model is one of the basic models to explain the physics of
magnetically confined plasmas. NC transport is larger in non-optimized stellarators than in
tokamaks. There are several different collisionality regimes for neoclassical transport in
stellarators that have been reviewed in great detail elsewhere [60]. Assuming plasma in a
quiescent state, NC models predict particle and heat transport due to collisions in complex 3D
geometries.

Studies have shown both theoretically [63] and experimentally [171] that in stellarators the
(long radial scale) radial electric field is set by neoclassical transport. The ambipolarity
condition (i.e. the equality of ion and electron fluxes) determines the neoclassical radial electric
field.

Fi(Er) = Fe (Er) (128)

where [; and I, are the surface average transport fluxes of ions and electrons, respectively.
There are two stable roots in stellarators: the ion root with typically negative E:, usually
achieved in high density plasmas, and the electron root with positive E;. that is typically realized
when electrons are subject to strong heating. It is the neoclassical transport that determines the
radial electric field on long (tens of gyroradius) length scales whereas turbulent mechanisms
(e.g. Zonal Flows) can control short (few gyroradius) radial length scales.

[.4.2. Turbulent transport and Zonal Flows

In real plasma conditions transport exceeds neoclassical predictions by an order of magnitude
or more. This difference is known as anomalous transport and it is assumed to be generated by
plasma micro-instabilities [64] and has both local and global implications in confinement [65].
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Optimizing and controlling plasma performance in stable conditions is a major issue and
challenge that has deserved a great effort in the whole fusion program.

[.4.2.1. Sheared flows and E,

Radial electric fields play a key role in the control of transport in fusion plasmas. Sheared E' X
B flows can influence the turbulence via shear decorrelation mechanisms and, as a
consequence, they can modify the level of turbulent induced transport. A strong radial gradient
in the radial electric field (E}) produces strong shear in the particle (E, x B) drift velocity (B
being the toroidal magnetic field). The stretching direction tends to be parallel to the direction
of the background flow. The coherence lengths along the direction perpendicular and parallel
to the sheared flow can quantify the level of eddy stretching (Fig. 1.13). The coherence distance
can be interpreted as the size of turbulent eddies.

v=E/B

FOO#

Figure 1.13 Stretching of turbulent eddies in the perpendicular direction due to the effect of shearing flow in

the parallel direction.

The influence of sheared flows on turbulence can be expressed by a decorrelation time,
proportional to the inverse of the radial gradient of E,, T, ~ B~1(dE,/dr)~1. On the other
hand, the decorrelation time due to background diffusion is estimated by 7, ~ L2/D, where L;
is the radial scale length of fluctuations and D is the diffusion coefficient. When 7. is smaller
than 7, the sheared flow reduces the radial scale (correlation) length of the fluctuations, and
consequently the level of anomalous transport. Historically, this mechanism for reducing
turbulent transport was proposed for the explanation of the transition to the High Confinement
mode (H-mode), which is now obtained routinely at the plasma edge of tokamaks and
stellarators and corresponds to the ITER baseline scenario.

The force balance relation shows that the radial electric field depends on the ion pressure
gradient (VP;), equilibrium flow poloidal and toroidal velocities (ug, u,) and the magnetic

field in the toroidal and poloidal directions (B, Bg).

1 0
Er = Zienl- apl - UQiB(p + u(piBg (129)
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Thus, the pressure gradient as well as the poloidal and toroidal flows play a crucial role in the
development of radial electric fields and in the control of turbulence transport via sheared flows.

[.4.2.2. Turbulence and physics of Zonal Flows

The explicit macroscopic manifestation of turbulence are eddies which have different sizes and
lifetimes and appear gradually when a fluid transits from laminar to turbulent regime. The
Reynolds number, the ratio of inertial forces to viscous forces within a fluid in the Navier-
Stokes equation, is defined as

Re=UL/v (1.30)

where U is the velocity of the fluid, L a characteristic dimension and v is the kinematic
viscosity. At low Reynolds numbers, flows tend to be dominated by laminar flow, while at high
Reynolds numbers turbulence results (Fig. 1.14).

Laminar flow Vortex turbulent flow

oo

Y¥yYyywyY

o O

Reynolds number

Figure 1.14 In this figure are illustrated the different flow regimes, from laminar to turbulent, through

the formation of turbulent vortex.
Self-organization of plasma turbulence: negative viscosity: Electrostatic turbulence in
magnetized plasmas is not isotropic in three dimensions due to the faster dynamics in parallel
direction to magnetic field. This has implications in the cascade mechanism. Due to angular
momentum conservation in an incompressible fluid, the vortexes are stretched in the direction
of angular momentum. In an ideal two-dimensional fluid (4 = 0) energy and enstrophy are
conserved and is possible to find a dual cascade situation [66, 67].

The energy transfer between different spatial scales of the turbulence was studied first by
Kolmogorov and is described in the K41 Theory [68] as the effect of energy input in a three-
dimensional (3D) isotropic turbulent system. The basic idea of the K41 theory is that energy is
injected into the system at some large scale (injection range k;), then transferred towards smaller

scales (inertial range) and finally dissipated through viscosity (dissipative range). K41-theory

predicts that the energy decays with wave number as k~5/3.
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1. Introduction Transport in plasmas

In a 2D fluid energy is transferred from the injection scale towards larger scales and enstrophy
is transferred towards smaller scales. The two directions are called inverse cascade for energy
and direct cascade for enstrophy transfer. Therefore, the name dual cascade is often used in the

-5/3

context of 2D turbulence. The inverse cascade is characterized by the relation E = k while

the direct cascade shows k~3. This is shown in fig. 1.15.

A ~5,
log(E) ks log(E) - e’iergy/g
c A =
S S
B : dissipation E
< : 5 ! dissipation
k. log(k) k log(k)
(a) (b)

Figure 1.15 Energy transfer from large to smaller spatial scales. In absence of external input, energy
flows from larger to smaller scales.

Self-organization of turbulence is proposed as the responsible mechanism of the conservation
of the shape of plasma profiles [69, 70] and the inverse cascade energy transfer mechanism
could be one of the underlying mechanisms [71].

Some conditions must be fulfilled in a system, as explained in a pioneering work by V. P. Starr
in 1968, to show negative viscosity behavior in plasmas, i.e. inverse energy cascade [72]:

First, eddies which transport the momentum contrary to the gradient of mean flow must have a
supply of turbulent kinetic energy.

Second, the mean flow should experience some form of braking (e.g. positive viscosity) so that
its value does not increase without limit. However, this braking should be low enough to allow
the generation of differential rotation.

Third, some kind of turbulent irregularity must be present. This ingredient is illustrated in fig.
1.16, showing a flow with some hypothetical pattern producing a convergence of momentum
into the mid-channel. The essential features are the elliptical circulation and the systematic tilts
of their major axes, which can be expressed as gradients in quadratic terms of fluctuating
velocities. In steady state the turbulent drive is equal to the damping (i.e. for the poloidal
dynamics).
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L. Introduction Transport in plasmas

Figure 1.16 Typical hypothesized flow pattern in the presence of negative viscosity. The major axes of
the turbulent structures is tilted.

When these conditions are fulfilled energy can be interchanged between the mean flow (large
scales) and the turbulence (small scales), predicting the development of inverse cascade of
turbulent energy spectra and condensation of the spectrum to form Zonal Flows which can
control turbulent transport [73]. Zonal Flows are poloidaly and toroidally symmetric band-like
shear flow structures with nearly zero frequency (i.e. frequency much smaller than those
characteristics of broad-band turbulence).

The poloidal flow equation describing the dynamic of zonal flows is [74]

Oa) _ B[
) - P) ri40i

(b, bg)| — ueug:) (1.31)

1'iM0

where ug; is the poloidal velocity of the specie i, 1i,; and ig; are the radial and poloidal velocity
of fluctuations and pg is the viscosity. Fig. 1.17 shows how instabilities driven by different free
energy sources (i.e., density, pressure and temperature gradients) can produce turbulence.
Sheared flows driven by radial electric fields (either driven by pressure gradients, rotation and
Zonal Flows) can damp the turbulence level and the resulting transport can influence gradients
themselves, giving rise to a feedback loop.

Free energy sources Non linear
(gradients) saturation
mechanisms

turbulence

Turbulent Control
transport (E; and flows)

Figure 1.17 This diagram shows the interplay between turbulence (gradients) producing and damping
mechanisms (shearing flows).
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1.1 Experimental set up Diagnostics: Langmuir probes

EXPERIMENTAL SET-UP AND METHODOLOGY

II.1.  Langmuir probes

Electric probe technique was developed by Irving Langmuir in 1924 and is a fundamental
diagnostic for measuring local properties of plasmas [75]. Actually electric probes are useful to
measure temperature and density in a wide variety of gaseous ionized media such as ionized
gases and also in shock waves, flames, fusion hot plasmas and atmospheric or space plasmas.
Intense research work has been done in the field of electric probes, leading to abundant theory
and practical applications [76, 77].

I1.1.1. Langmuir probes theory and interpretation

II.1.1.1. Plasma sheath and Bohm criterion

The simplest collecting Langmuir probe is known as the “single probe”. It consists of an
isolated wire exposed to the plasma and biased with respect to a conducting portion of the vessel
confining the plasma. More sophisticated probe configurations include double and triple
probes.

While the probe is electrically isolated, a sheath forms at the plasma-probe surface interface to
equalize electron and ions fluxes. As a consequence, the surface will reside at the floating
potential (®f), which is negative with respect to the plasma potential (®,,). The potential drop
(®f) occurs in a thin sheath which thickness is approximately tens of the Debye length.

’EokTe
Ap = 2.1
D neez ( )

For example for T, and 1, in the range of 30 eV and 1018m ™3 respectively, gives A5, =~ 10 um.

The existence of the electrostatic sheath has important implications with regard to plasma-wall
interactions. In particular the physical sputtering of the material surface is enhanced due to the
increased ion impact energy. The sheath also controls the rates at which particle and energy are
removed from the plasma by the solid surface.

In addition to the electric field associated with the sheath, there is a pre-sheath electric field
(where the potential drop is in the range of 0.5 kT./e) which extends further from the surface
into the quasi-neutral plasma and accelerates the ions to reach the sound speed (c) at the plasma
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sheath edge (Bohm criterion). It is found that the density at the sheath edge (ng) is
approximately one half of the density far from the probe (n;).

I1.1.1.2. Characteristic curve current-voltage

In the process of polarization of the probe the probe potential can be driven up and down with
respect to the reference potential (typically the earth determined by the vessel containing the
plasmas). This leads to differences in the dynamics of the collecting particles, resulting in a
current — voltage characteristics (I-V curve) of a single Langmuir probe (fig. 2.1).

Figure 2.1 Particular case of a characteristic I-V curve of a Langmuir probe in a TJ-II NBI heated
plasma discharge. The three regions (ion saturation, transition and electron saturation) are indicated.

At sufficiently large negative values of the probe bias, the electrons will be repelled and the
measured current (L) is only due to the ions, known also as ion saturation current (Isq;):

1
sqr = EnOeCsApr (2.2)
where A, is the collection area of the probe and no the density far from the probe (Fig. 2.1).

By biasing the probe less negatively with respect to the plasma potential the sheath potential
drop is reduced and a larger fraction of the electron distribution are collected by the probe.
Assuming a Maxwellian distribution, the electron current (/) will depend on the probe potential

(Cbpr) with respect to the plasma potential according to the Boltzmann factor:

e(Ppr — p)>

1

Ie = Z (23)

Nes€CeApr€Xp < T
e
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Where c,is the random thermal electron velocity ¢, = m . As the probe bias exceeds
the plasma potential, the sheath disappears and the electron saturation current is controlled by
the random electron flux, leading to the electron saturation current, I5,; .. As seen in figure 2.1,
current exhibits a knee after bias potential @, exceeds the plasma potential ®,.

1
Isat,e = ZnesCeApr (2.4)

The floating potential may be calculated by equating the ion and the electron currents to give
the following result:

2m—

b, =P +1+kTel
r- P " mi Te

2e ( meTe_I_Ti) (2:5)

I1.1.1.3. Langmuir probes techniques in fusion plasmas

Langmuir electrical probes are one of the most reliable diagnostics for obtaining certain plasma
parameters such as electron temperature and density, plasma potential and electron energy
distribution function. Usually, in laboratory experiments, during one plasma discharge, an
ideally large number of /-V curves are performed, leading to statistical estimations of plasma
parameters. In general, time resolution of electrical probes is limited by its cut-off frequency,

1 . . .
feur = ERsheatthtmy, where Rgpeqinis the Resistance of the sheath and Cgtrqyis the stray

capacitance due to the electrical probe circuit. The spatial resolution of electrical probes is given
by the sheath thickness, this is, the distance between two probes must be large enough to avoid
sheath overlapping.

In some conditions it might be difficult to use a single Langmuir probe due to the absence of a
defined potential reference. This problem can be overcome by choosing the reference electrode
to be of similar size and shape and positioned close to the probe. This is the so-called double
probe method that consists of two probes, generally of equal area.

By adding a third electrode in the close proximity to a double probe, the tripe probe
configuration is obtained. The standard triple probe is the combination of a double probe and a
third electrode. The third electrode is used to measure the floating potential while the other two,
in a double probe configuration, are biased with a constant potential such that one tip draws an
1on saturation current (I; = I, ) and the other a net electron current (I; = —I,;). The potential
of the electron collecting element (®*) will adjust itself to draw an equal but opposite current

to the ion side. Given I; — I, = 0, the electron temperature may be obtained from:
kT, &t—-@
e~ 7 (2.6)
e In(2)

The principal advantage of the triple probe is that the ion saturation current, floating potential
and electron temperature can be measured simultaneously with high (in the range of milisecond)
time resolution. However, it should be noted that the triple probe technique gives a non-local
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measurement of T, due to the spatial (typically a few mm) separation between the probes. As a
consequence a phase difference appears between probe measurements that does not allow
quantifying high (in the range 10 - 100 kHz) frequency T, fluctuations. Different improvements
have been developed leading to the so-called modified triple probe technique and also to other
innovative configurations, as shown in references [78] and [79].

II.1.1.4. Probe configurations of interest

Given that large amounts of probe data are collected during typical plasma discharges, it is
essential the development of analysis tools for the efficient analysis and interpretation of
measurements.

Power spectra and cross-correlation. The standard linear power spectrum analysis is

commonly used for analyzing the distribution of fluctuation power over frequencies. The
nonlinear interaction can be analyzed using the bicoherence method [80]. The level of similarity
between two signals can be quantified by the cross-correlation coefficient. The coherence
between two signal x(t) and y(t) is defined as:

|Gy ()
Cv(f) =r—F~—#~ (2.7)
e Gxx (f) Gyy (f)
where Gyy (f) is the cross-spectral density between x(z) and y(z), and Gxx(f) and Gyy (f) are
the auto-spectral density of x(z) and y(?) respectively. The coherence function gives information

about the extent to which x(#) can be predicted from y(z) and it has a value from 0 to 1.

Two point correlation techniqgue. With two points measuring floating potentials or ion

saturation currents, two- point correlation [81] can be used for the analysis of phase velocity,
wavenumber and correlation length. This is known as the two point correlation technique. The
phase difference between to signals separated by Ax provides the value of wavenumber k =
A /Ax. The fluctuation power in frequency and wave-number domain is given by S(k, ). The
phase velocity of fluctuations is w/k, but it has to be weighted with S(k, w):

Tew () S(@, k)
U T e S @,k

(2.8)

Three point measurements: It is possible to calculate turbulent particle flux by using three
Langmuir probe tips. This is achieved by setting two probe tips along poloidal direction

measuring Vrand one tip placed on between of them measuring Igq;. From the two probes
measuring Vris possible to obtain the poloidal electric field, which is related to the radial particle
transport:

AN (ﬁeEG)

(2.9)
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where Eg = (Vp; — Vp,)/d, being d the distance between the two probes.

As it will be described latter, the building of more complex probes, able to host tips following
certain spatial configurations of interest, are useful to measure interesting quantities such as
radial profiles of potential and/or I, , Reynolds stress components of electrostatic fluctuations
and, if the probes are placed at distant positions along the device, they are an useful tool to
detect global fluctuation.

I1.1.2. Langmuir probes in the TJ-II stellarator

TJ-II has three access ports enabled for the installation of Langmuir probes arrays [82]. Four
different arrays of Langmuir probes have been used, three of them are multi-probe arrays and
are installed in the two positions shown in figure 2.2 and the other one is a probe working as an
electrode biasing in the plasma edge.

Figure 2.2 Relative poloidal and toroidal positions of access ports for probes in the TJ-II stellarator.

In TJ-1II, the reciprocating system mainly includes two parts: a removable probe head and a
displacement system, which enables the probe to be displaced in vacuum. The probe
displacement system has two components: a slow one to set the probe at the initial measurement
position and a fast one (run length = 0.1 m) to obtain the desired measurements within an
adjustable time interval during the plasma discharge. The spatial resolution of the radial
movement is about 1 mm. The fast displacement (up to 2 m/s) is achieved by using a pneumatic
system.

Electrode biasing is a technique for externally modifying the edge electric field. When a biased
electrode with respect to wall or limiter is inserted into the plasma edge, radial electric fields
are induced by cross-field currents. Electrode biasing experiments play an important role in the
demonstration of the causality relation between radial electric, transport and Zonal Flow
dynamics [see chapter III].

In TJ-11, a 2D carbon composite mushroom-shaped electrode (12 mm high with a diameter of
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25 mm) has been installed [81]. The electrode is screwed to a stainless steel shaft, which is
protected by boron nitride as insulating material to be exposed to the plasma. The electrode is
manipulated by a fast reciprocating probe drive. It can be biased (up to 350 V) with respect to
the wall or one of the two limiters located in the Scrape-Off Layer region (about 0.5 cm beyond
the LCFS). The electrode can run in DC, DC+AC mode. Various shapes of waveform can be
used for the biasing voltage, for example, sine, triangular and square. The frequency of the
waveform can be in the region 1-500 Hz, with resolution of 1 Hz. (See figure 2.3)

. 2D probe

Muoaving system

Probe head

(a) (b)

Figure 2.3 Images of two of the probe rakes installed at the TJ-II stellarator (a). Schematics of the
external biasing probe installed at the TJ-II stellarator (b). Courtesy of Bing Liu.
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I1.2. Diagnostic and Methods for Recycling studies in JET

In the present study we compare ion and neutral fluxes at the JET divertor target to assess the
Recycling and its influence on the SOL plasma. The ion fluxes reaching the wall and/or the
divertor of a burning plasma device can be collected by negatively biased electric probe (see
previous section I.1). The neutral fluxes can be obtained spectroscopically by measuring the
emission from recycled neutrals re-entering the plasma thereby changing their atomic
population equilibria. Therefore an atomic model is necessary that will be described in the next
sections together with the hardware used for the emission measurement.

I1.2.1. Sources of Visible light in fusion devices

Atomic line emission of visible light from electronic transitions

As introduced before, the existence of atomic excitation and de-excitation processes leads to
spectral emissions. Following the classical electromagnetic theory, the atomic emission lines
are classified according to their wavelength, A. The simplest and first empirical relation between
emission lines and spectra is the Rydberg formula [83]:

1 1 1
1= Ry (? — E) (2.10)
where Ry = 1.09677581 - 107m™1! is the Rydberg constant [82] and ng is a natural number
higher than 2. The first explanation of this empirical relation was given by the semi-classical
model proposed by Niels Bohr [84]. According to this model, electrons, which orbit around the
nucleus, occupy stationary energy levels and emit electromagnetic radiation once they transit
between allowed orbits. The frequency of the emitted electromagnetic wave is given by the
Planck relation:

|E; — E;| = hv (2.11)

where Ef and E; are the corresponding energies of the final and initial orbits, respectively, v is
the frequency of the emitted electromagnetic wave and h = 6.626 - 1073%Js™1 is the Planck
constant. Assuming that momentum and energy of orbiting electrons are quantized, the Planck
relation has been obtained for the case of an electronic transition between n>2 orbit and n=2
orbit:

4dme? 1 1 1 1
hv = |En = B =W(rﬁ) = Ry (7~ 5 he (212)
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where i = h/2m is the reduced Planck constant. The inferred value of Ry is very close to that
which had been deduced from the Rydberg formula.

The energy and angular momentum of electrons is quantized and its description is given by the
Hamiltonian (developed theory on this topic is well described in reference [85]).

In the case of Hydrogen atoms (and Hydrogen isotopes), the electrons interact only with
photons and change their orbits by spontaneous and stimulated emission or by photon
absorption. The number of photons emitted by a volume of particles (Hydrogen atoms) which
transit between two given electronic states, labelled as i (initial) and f (final), is known as the
emissivity of a spectral line and is expressed by the local emission coefficient:

1

where 1 is the density of particles in the final excited state and A; is the transition probability
of a particle from the excited to the ground state, also known as the Einstein coefficient. The
relation between the particle density at states with different excitation levels is given by the
relation between excitation induced by impacts of electrons and emission to lower excitation
states. The number of particles in excited states depends on electron temperature, T,, which
appears implicitly in the emission coefficient as the convolution of the excitation cross section
O.xc With the electron energy distribution v,:

1
€if = Eanlne(o'eche) (2.14)

where B = A; ¢/ A; ¢ is the branching ratio, being A; s the Einstein coefficients (give the
probability of a reaction). In the case of atomic Hydrogen, the radiative transitions from i >2 to
f= 2 are known as Balmer transitions (see table 2.1):

Name Initial orbit Final orbit A (mm)
H 3 656.3
“ 2
H B 4 486.1
Hy 5 434

Table 2.1: Values of wavelength of electromagnetic emission associated to electron transitions to n=2 orbit.

In the table 2.1 are shown transitions to n=2. Electronic transitions from n=3 to n=2 lead to the
emission of electromagnetic radiation in form of photon in the visible range, with an associated
wavelength of A1 =656.3mm, which is in the visible range. Interestingly, the
H, transition, from n=3 to n=2, has an Einstein coefficient, A3, ~ 4 - 107s~1, which is the
most intense in the Boundary plasma.

In the case of atoms with more than one electron the situation is more complex due to the
electron-electron interaction, in addition to the simplest case of Hydrogen, in where the electron
interacts only with photons.
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Black-body emission in plasma

The material surfaces facing the plasma, such as divertors and limiters, experience an increase
in their temperature due to the received power fluxes and, as a consequence, emit continuum
Black Body Radiation with a spectrum given by the Planck’s Law (see figure 2.4). It is known
that there is an inverse relation between the maximum of emission wavelength A,,,, of a black-
body and its temperature [86]. This is stated by the Wien’s displacement law:

b

__ (2.15)

A
max Tbody

where  Tpoq4y is the temperature of the material and b on the Wien constant. Note that for
surfaces with T > 1000 °C the fraction of light in the visible region at large wavelengths is
considerable and can be seen by the naked eye.
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Figure 2.4 Wien’s displacement Law. In red, the approximation of a curve for the case T=1500 K.

Bremsstrahlung radiation

In addition to the aforementioned sources of visible light in fusion plasma, which is generally
dominated by the H, atomic line (see figure 2.5), there is other contribution manifested as
continuum emission level (spread along the entire spectral range) of radiation due to the
deceleration of electrons when they become deflected by ions [87]. The intensity of
Bremsstrahlung radiation is proportional to n2/ Tel/ % and is only important in very high density
plasmas (n, > 102°m3). In our case it can be neglected. This kind of radiation is present not
only in fusion plasmas but also in other systems, good examples are the radio emission from
ionised winds or the X-ray emission from clusters of galaxies[88].
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Figure 2.5 Example of the intensity of spectral plasma emission in function of the wavelength in fusion
plasmas. From http://jes.ecsdl.org/content/159/2/H121/F2.expansion.html

It should be noted that the conditions existing in the Boundary plasma (1 eV < T, < 1 keV)
favours the atomic lines of table 2.1 in this region.

I1.2.2. Atomic models for the description of fusion plasmas

Optical emission spectroscopy gives information of population states of atoms (and ions). The
excitation and de-excitation processes which take place in plasma can be inferred from
population models in function of plasma parameters. Thus, electron density and temperature
are determined from the line radiation induced by electronic transitions of the species which
constitute plasma. Figure 2.6 shows a very simple representation of a model which includes
different electronic levels as well as excitation and de-excitation processes which could occur
in a Hydrogen atom. The labels “p” and “g” refer to excited energy levels while “g” indicates
ground energy level. It also shows that the ionization threshold is one step above the highest
excitation level as it leads to the “extraction” of the electron from the atom.

Depending on the value of plasma electron density, three different excited population models
are used to describe excitation and de-excitation processes: local thermodynamic equilibrium
model, corona model and collisional-radiative model [89]:
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Figure 2.6 Schematic diagram of the possible electronic states and transitions in an atom of Hydrogen.
p;, Piy and g correspond to excited states. The ionization level is above all the excited states.

1. Local thermodynamic equilibrium model

In a quasi-neutral plasma, the temperature of the species (ions, electrons and neutrals) is given
by their kinetic temperature and is defined by:
1

T, = 3ms(v?) (2.16)

(6 bh

where mg and v; are, respectively, the mass and the velocity of the specie denoted as and
the angular brackets mean the average over an ensemble of particles. Then, the average kinetic

energy of the species is taken as the value of the kinetic energy of the ensemble.

For very high electron density plasmas (n, = 102*m™~3), the high level of electron-ion collision
leads to an equilibration of temperatures: T, = T; and the population of electrons follows a
maxwellian distribution of energy. So, the plasma is in thermodynamic equilibrium: collisional
and radiation processes are in equilibrium with their corresponding inverse processes, which is
known as detailed balance. In this case, the spectral radiation from plasma follows the Planck
distribution:

2hv3 1
Iy = = — (2.17)
eXp(kb—T)—l

If the plasma remains in thermodynamic equilibrium the density of excited states of species
follows the Boltzmann distribution:

Mq _ g—qexp (—_(Elz ;Ep)) (2.18)
B

Np Yp
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In where n, ,, is the density of the excited states q and p, and g ,, is the probability of the states
q and p.

On the other hand, the density of ionization states is given by the Saha equation:

3
Niyg +Ne 5 Qi+1 (27TmekBT)2 exp (_(Ei+1 - Ei))

n; B Qi h? kBT

(2.19)

[13%2]
1

where n; is the density of atoms in the “i” state of ionization, Q; indicates their corresponding

degeneracy and E; is the amount of energy needed to remove electrons in order to ionize an

[13%4]

atom to a state “i” (see fig. 2.6).

The temperature 7 is the same for all plasma species in the case of thermodynamic equilibrium,
then the velocity of all species which form the plasma follows the Maxwell-Boltzman
distribution:

3

f(v):4rr< M )Evzex _mvsz (2.20)
r 2mkyT) 5 P\ 2k, T '

However, in the case of fusion plasmas, the electron density is n, < 102*m™3 and ion
temperature T; is typically lower than electron temperature T,, which leads to different amounts
of energy transferred from one specie to the other during collisions. In this case plasma does
not remain in thermodynamic equilibrium, being the particle dynamics is dominated by
electrons via excitation and de-excitation processes driven by electron collisions.

2. Corona model

In much lower electron density plasmas ( n, < 1017m™~3) it is assumed that the transitions of
electrons to upper states occur always due to electron collisions from the ground level while
tansitions to the ground state are accompanied by radiative decay (spontaneous photon
emission). This is known as the corona model. In this low density case the population density
is fully dominated by the atoms and ions in ground state, n.

The most common excitation process in the Boundary plasma for Hydrogen atom is by electron
collision:

H(g)+e - H(p)+e~ (2.21)

where H(g)is the Hydrogen atom in the ground level and H(p) is the atom in the excited
populated level, with p > g (see fig. 2.6). As pointed out before H(g) > H(p). As the electron
density is very low, the cross-section of electron collision excitation processes is very low.
Then, the population densities n,, and the transition between two excited states are negligible.
The spontaneous emission is the only de-population process which takes part during this
regime. Assuming that the ground state atoms dominate, (ng > n,), the population density of
the excited state n,, can be modelled by a differential equation :
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dn,
=2 = gy Xgp(Te) =1y > Ay (2.22)
g<p

In equation 2.22, the first term in the right-hand side is the contribution to excited states n,, due
to electron collisions, being n, the ground state density and X,,(T,) the excitation rate
coefficient, which depends of the electron temperature. The second term accounts the
decreasing in the excited state population density, n,, which is purely due to spontaneous

emission. The spontaneous emission rate is given by the Einstein coefficient A,.

To obtain population densities is necessary to integrate equation 2.22, however, considering
that excitation and de-excitation rate are equal (stationary conditions), the equation 2.22 can be
solved as a simple algebraic equation and the population density of excited states is:

_ NeNoXgp

n, — ———
(4
Zg<p APQ

(2.23)

From 2.23 is obtained the population coefficient, which relates the population density of ground
and excited states:

n
R

P (2.24)

9 = nong

Again, fusion plasmas stay out of this regime because the relevant plasma regimes for fusion
are characterized by electron densities of, at least, two orders of magnitude larger than those
which are explainable by corona models. Corona model is able to explain lower density plasmas
[90] such as electrostatic discharges or electric arching around objects. As explained in the
coming lines, the dynamics of population /de-population processes in fusion plasmas is more
complex.

3. Collisional radiative model (CRM)

For intermediate values of electron density (10m™3 <n, < 10**m~3) the population
density of excited (n,) and ionized states gains importance with respect to the population
density in ground state (ng). In addition to the balance between electron collision excitation
from the ground state and spontaneous emission de-excitations (the only processes that governs
corona model), also other processes play a role. The most relevant ones are the following, based
on figure 2.6:

Electron collision excitation from states p; to states p;,, with i’ > i.

Electron collision de-excitation from p;, to p; with i’ > i.

Spontaneous emission from p;, to p;, with i’ > i.

Ionization from excited states p;.
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- Radiative recombination from ionized particles to ground state g and to excited states p;
(accompanied by photon emission).

The first CRM was stablished in 1972 for atomic Hydrogen, by Johnson and Hinnov [91].
Collisional Radiative Models include ionization, recombination and radiation processes and
have been applied in a wide range of scenarios, e.g. ionized air mixtures [92], ionospheric
plasmas generated in the surface of spatial re-entry vehicles [93], among others. More general

models have been proposed for plasmas, including hot plasmas for nuclear fusion applications
[94 and there in].

This thesis is framed in the study of the edge region of magnetically confined plasmas in
medium and large-size nuclear fusion devices, where the electron density ranges from n, =
10m™3 to n, = 102°m=3. Then the use of CRM is considered as the most appropriated to
determine the population densities in this scenario. Depending on electron temperature, plasma
is dominated by recombination reactions (for T, < 1 eV) or fully dominated by ionization
processes (for T, > 10 eV). When 1 eV < T, < 10 eV, the two processes coexist (see fig. 2.7).
As a consequence, for example, for a Hydrogen atom, the evolution of the excited state n;
population density is described by this model:

dn;
dtl = ZAii/ni/ _ZAiilni + ng <Z Xili(Te)ni/ - ZXii’(Te)ni + (a + ﬁne)n+ — Si”’i)

ir<i ir<i ir#i ir#i

(2.25)

where n; and n;, are the population densities of two excited states which are coupled between
them. Again, X;;,(T,) are the rate coefficients (Einstein coefficients) in function of the electron
temperature. The right hand terms of the equation correspond to: spontaneous emission (two
first terms), electron collision excitation and de-excitation (two first terms in the parenthesis),
recombination and, the last one, ionization.

The population density of the different levels can be inferred from the resolution of equation
2.25. The most complicated aspect on it its solution to infer the value of cross-sections of
collision ionization, excitation and recombination processes as well as the value of the Einstein
coefficients linked to the spontaneous emissions. From the value of population densities, the
intensity of emission lines is calculated making use of:

The relation between ionization and recombination rate and the dynamics of neutral particles
in plasma edge can be theoretically predicted from collisional-radiative model [95, 96, 97].
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I1.2.3. Retrieving neutral fluxes from photon fluxes: Atomic physics factor

When neutrals recycle at a surface, they will all become ionized in their path towards the
plasma, however a fraction of them will be excited before being ionized, emitting photons
(figure 1.12). So the neutral flux F° can be related to the photon flux [,by a spectroscopic
system which must be absolutely calibrated for Radiance (LP#), as represented in figure 2.7. In
JET this is done for the divertor using the D, line (see 11.2.5).

The number of neutral atoms and molecules entering the plasma and that are ionized following
different reactions can be related to the fraction of them which are excited and emit photons in
their paths towards plasma. This is done by the definition of a coefficient called S/XB [98, 99].
The S/XB coefficient gives the number of ionization events per emitted photon, known also as
the emission efficiency, and is defined to link the photon flux dN,,/dt to the neutral flux F 0,

Given a material in contact with plasma, the neutral particle flux F°released from its surface,
with an area A is given by:

_ldng
A dt

0 (2.27)

where n, denotes the number of neutrals. The number of photons emitted from a volume of
particles which are being ionized is predicted from the collisional radiative model. The emitted
photons per unit of time by the volume are calculated by integrating the emission coefficient €
of the responsible spectral line over the volume and multiplied by 4m because of the
homogenous character of emission:

r—ldN”—4 av 2.28
PT A dt ”fe (2.28)

The ratio of the photon flux to the neutral flux is the following:

_ONy/0tS

2.2

where S and X are the total ionisation and excitation rate of neutral atoms and molecules,
respectively. S/(XB) is known as inverse photon efficiency and relates the photon fluxes to
particle fluxes (gives the number of neutral ionization events per emitted photon). B is related
to the spectral band of the observed light. Then, having an absolutely calibrated diagnostic, the
neutral flux can be inferred from:

F° = A4 S/XB LP« (2.30)

where LP« is the emission radiance, obtained empirically, A is the area covered by the
diagnostic (see figure 2.7) and the factor 47 is used because the photon emission from a volume
of plasma is isotropic. (fig. 2.7)
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—%1&.’2: o

Figure 2.7 Representation of a spectroscopic diagnostic collecting photon emission from a volume of neutrals
which are being ionized and excited.

S and X are obtained from the Collisional-Radiative Model. Figure 2.8 shows the dependence
of S/XB on T, and n, for the H,-line [95]. We can see that it has a very week dependence on
the temperature for T, > 10 eVand on density for n, < 101°m=3 (figure 2.8). In order to
correctly estimate the neutral particle flux from the H,-line emission, plasma must be in
ionizing conditions. When T, < 10 eV, as recombination play a role or even dominate over
ionization, the assumed hypothesis for ionization cross-section is not correct [95].
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Figure 2.8 Dependence of the S/XB coefficient on electron temperature and density. Taken from reference
[95].
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I1.2.4. KL8A visible fast camera system

In the last decades the fast development of digital imaging allows the observation of 2-
dimensional fast phenomena with a speed of up to 107 frames per second. Fast viewing systems
are already installed in the main magnetic confinement fusion devices such as the case of
Alcator C-Mod [100], NSTX tokamak [101], ASDEX — U [102], JET [103], LHD [104] and
the TJ-II stellarator [105].

The most important fields of application of fast visible systems are the study of edge turbulence
[106], dynamics of runaway electrons from disruptions [107], measurements of electron
temperature and pellets propagation and ablation [65]. As seen in the figure 2.9, the KLSA
system is placed at JET sector 7 and is looking at sector 8. The aperture of the endoscope’s
optics was defined so as to have a wide-angle view of JET Vacuum Vessel, placed at the KL7
IR endoscope [108] as seen in figure 2.10.

M1 BUE
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Figure 2.9 Situation of the KL7-IR endoscope in JET, at JET sector 7, among other viewing systems. This
image is courtesy of Valentina Huber.
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Figure 2.10 CAD reconstruction of the wide-angle view of the vacuum vessel (sector 8 of JET). The black
structure in the base of the vacuum vessel is the JET divertor. In the center of the figure is seen the RF antenna
also. Courtesy of Adriana martin de Aguilera.

I1.2.4.1. Viewing optics and filter wheel

The visible light coming from the KL7 Endoscope is transported with the help of mirrors
towards the KL8A Fast camera, as seen in the figure 2.11.

Figure 2.11 BS: Beam-spliter; M: Mirror; FW: Filter Wheel, SW: Slow Camera; NC:NIR Camera; OL:
Objective lens; II: Image intensifier; RL: Relay Lens; FC: Fast Camera.
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In the reference [108] is explained in detail how the light is transported to the Endoscope and
to KL7 system. A Beam-splitter diverts a fraction of about 30 % of the light to a Protection
camera (labelled as slow camera in the figure 2.11). In the optical path, a Filter Wheel allows
for the spectral filtering of the visible light [109]. Band-pass filters are used to select spectral
bands of interest for a given experiment. In JET, filters are installed along a filter wheel which
has five positions and is remotely controlled through Newport NCS200 engine. A list of filters
is shown in table 2.2:

Species Wavelength (nm) FWHM (nm)
D, 656.19 1.0
Berilium Il 527.1 1.0
Bremsstrahlung 538.35 3.0
Argon Il 610.9 1.0
EMPTY Visible spectrum

Table 2.2 List of filters used in the fast visible camera installed at JET. Reference:
https://www.andovercorp.com/products/bandpass-filters/semi-custom-bandpass-filters

[1.2.4.2. Fast camera and Image Intensifier

Hamamatsu Image intensifier unit C9548-03:

Due to the ultra-fast videos, the exposure time is extremely short, the photon flux is low and
the image needs to be intensified in order to increase the signal to noise ratio. Then, a two stage
image intensifier (Hamamatsu model C9548-03BL) is used. The first stage is a GEN II
adjustable intensifier coupled to a GEN 1 fixed intensifier. As GEN I has a lower saturation
level than GEN 11, this last can be operated at lower currents. In addition, the system auto-shuts
down when the intensity of integrated light reaches a certain threshold. These properties allow
a safe operation of the system.

The principle of operation of these devices is explained in the following lines: In GEN II
intensifier, photons are converted to electrons in a photocathode by photoelectric effect and
then are accelerated by an adjustable electric potential within a microchannel plate (the range
of the potential is in between 600 and 800 V). Then electrons are converted again to photons in
a phosphor plate and are conducted by optic fibre until GEN I intensifier, in which the light is
conducted through an electron accelerating tube under a fixed electrical gain of 50 V. In
consequence, the system provides a linear response to the amount of incident light as well as
with the magnitude of the accelerating potential applied in the GEN II intensifier. The Image
Intensifier has a linear response with both exposure time and acceleration potential.
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Photron fast camera

It is a camera with a maximum resolution of 1024 X 1024 pixels. It can reach minimum
exposure time of 1 us and it produces 8-bit videos from a 10-bit CMOS sensor with 17 um
pixels. It can take images with a speed up to 250 kHz by reducing the useful area of the sensor.
The most relevant parameters in the setting of fast viewing systems are the frame rate Ty and
the exposure time T,,,. The frame rate gives the number of frames taken per second while the
exposure time is the time that the sensor is collecting incident light. The frame rate is related to
the time resolution of the system while the exposure time gives the higher speed event which
can be captured by the sensor. The image is a result of integrating the incident light along the
exposure time. In order to properly observe the dynamics of the plasma phenomena it is
required that 1/7,4, is always higher than or equal to the speed of the observed phenomena.
Finally, the exposure time is shorter than the entire length of the frame. The rest of the unused
frame time is known as dead time (white space in fig.2.12). In the figure 2.12 is shown a
diagram of the set-up of the fast camera and the Image Intensifier (II).

The Camera triggers the II: When the II is in active mode light is amplified and transmitted to
the Fast Camera, else no light. Then, II acts as the shutter of the system. The exposure times of
the I (t;;) are shorter than those of the Camera (see figure 2.12).

External Trigger

Figure 2.12 Diagram of time operation of fast camera. The exposure time T,y is shorter than the

duration of the frame. The dead time is represent as the white space after the exposure time.

Sensing technologies

There two technologies that can be used to collect light and transform to electric signals: first,
CCD sensors (Charged Coupled Device), in where pixels are p-doped MOS capacitors. MOS
(Metal Oxide Semiconductors) diodes conduct electric current in inverse once photons
collection begins. Then, a device is used to quantify the electron charges passing through the
semiconductor-oxide interface. On the other hand, CMOS technology consists of an array of
pixels integrated within a circuit. Each pixel has its own photodetector and amplifier. The data
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is read in parallel with respect to the matrix of pixels, which increases the speed input to output
with respect to the CCD sensors. CMOS sensors are more adequate at the moment to be used
in fast visible imaging in fusion plasmas also because this technology is more resistant to
radiation damage.

The spatial resolution of KL8A has been estimated and has a value of:
1px? = 4 cm? (2.31)

KLS8A diagnostic has still an important open issue to be solved. Within the image intensifier,
electrons are accelerated between to plates by an electric field. In the endoscope, where the
image intensifier is placed, the magnetic field is of about 0.7 T. If a change is produced in the
magnitude of the magnetic field it will finally cause a twisting in the electrons trajectory,
following the Lorentz Law. This leads to a spatial rotation in the video frames. At the present
this is a problem that is not fully solved. In spite of this limitation, KL8A has demonstrated its
value as diagnostic in the study of a wide range of phenomena in JET, as for example:

1) Observation of ELM’s: KL8A provides two dimensional data of the dynamics of ELM
instabilities in the divertor. The speed or frames per second can reach up to 70 kHz with
exposure times of the order to 1 us.

2) Disruption mitigation: The camera can be used to collect the whole amount of light
generated once the mitigating gas impacts the plasma during disruptions. The maximum
speed is of about 20 kHz, constrained by the full sensor image needed to collect all the
radiation produced. It is possible to use filters in order to infer the Argon emission
during the disruption.

3) Pellet observation: The high temporal resolution at which KL8A is able to work makes
possible to of detect and study pellets during their trajectory inside plasma, from the
moment they are injected until they collapse after ablation process.

4) Impurity transport: As explained before, it is possible to use a filter in order to collect
only visible light emitted in a desire wavelength spectral region. Usually filters are used
to look at the transport of Berilium inside the JET vacuum chamber. The exposure time
is increased up to values close to 1 ms in order to collect enough amount of light.

I1.2.5. Divertor D, -spectroscopy and Langmuir Probes at JET

There are radially distributed along JET divertor 36 Langmuir Probes (squares in figure 2.13).
In each position, each probe is able to infer ion flux through ion saturation current. LP describe
IV sweeping curve between +30 V and -140 V every 2.4 ms and with an acquisition rate of 100
kHz [110]. Signals provided by LP are discontinuous time series formed by groups of points
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with a duration of about 2ms each one, which corresponds to the saturated ion branch of each
IV curve. Then, ion saturation current is provided with 10us time resolution.

During ELM’s the biasing may be insufficient to repel electrons, which can have parallel
energy in the order of 1 keV in the pedestal of JET [111]. However, the measured values of
temperature during ELM’s are of the order of 30 eV, which is low enough to allow the repulsion
of electrons and measure realistic values of ion saturation current [110]. JET diagnostics
provides two types of measurements from divertor Langmuir probes: first, local measurement
of ion saturation current at each probe position along divertor and, second, integrated
measurement of ion saturation current in both inner and outer divertor region. In addition, the
values of both local and integrated values of current are transformed to measurements of ion
flux.

In figure 2.13 are indicated the positions of the LP along the divertor, together with the D,
spectroscopic lines.
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Figure 2.13 Black squares represent the position of Langmuir probes along the tiles which form
divertor. The vertical blue lines represent the D, chords.

On the other hand, from top of JET vacuum vessel, there are twenty D, spectroscopic channels
looking at the divertor region. The frequency resolution of these channels is of 10 kHz, which
is enough to track ELM’s. These channels cover all the divertor and are absolutely calibrated
in order to measure D, radiance and also Bell and WI emission the spatial position at which
each spectroscopic line is measuring is well defined. Spectroscopic lines obtain measurements
of radiance LP« coming from a point placed in the divertor. Radiance emitted from a point is
isotropic, but the spectroscopic lines recover radiance emitted through a given solid angel.
Then, lines give values of radiance per second, per unit of area and stereo-radian, and, assuming
toroidal symmetry, the measurement of neutral flux can be obtained at the position of the LP at
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a given toroidal section of the divertor (see equation 2.30) and can be expanded along the whole
divertor. The combination of the high speed of KL8A fast camera and the good spatial
resolution of D, lines allows trustable spatiotemporal studies of visible light emitted along the
divertor, done by the “cross-correlation” technique [144].
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111 1 Experimental results Zonal Flows, radial electric field and turbulence

EXPERIMENTAL RESULTS

In this chapter are described the results obtained. First section is devoted to the description of
the different spatial scales of the radial electric field E,. and their effects and connections with
the intensity and width of radial turbulence as well as the enhancement of Zonal Flow activity.
Second, it is shown the empirical evidence of the presence of Zonal Flows during the L-H
transition and its consequences. Then, in third section are described the last results concerning
the spatial-temporal structure of Zonal Flows and its dependence on the plasma heating
scenario, magnetic configuration and isotope mass ratio. Finally are described results obtained
at JET tokamak concerning the effect of magnetic configuration on the conditions of the Scrape-
Off Layer and the physics of the plasma-wall interaction.
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III.1.  Empirical relation between neoclassical radial electric
field, turbulence and Zonal Flows in the TJ-II stellarator

The spatial and temporal evolution of the radial electric field E,- has been studied in the plasma
edge of the TJ-II stellarator. The radial correlation length of turbulence L, was characterized in
detail by using Langmuir probes. The use of a dual system of Langmuir probe rakes allows also
the identification and study of Long Range Correlations, which are taken as a proxy of Zonal
Flow-like structures. An empirical relationship between the intensity of neoclassical E,., the
radial correlation length of turbulence L, and the amplitude of Zonal Flow activity was found
together with different spatial scale lengths in E, in TJ-II edge plasmas. The experimental
findings show that the intensity and evolution of the two scales are strongly connected. In
addition, the shearing rate of the short scale length E,. is comparable to the de-correlation rate
of turbulence. This chapter is mostly based on the publication [112]:

II.1.1. Introduction

Zonal Flows in fusion plasmas

Zonal Flows manifest themselves as convective cells placed axi-symmetrically around the
magnetic axis. Assuming that ZF are driven from the background turbulence, it is expected an
enhancement of plasma confinement since ZF cause no cross-field transport. The radial
structure of ZF is given by a quasi-sinusoidal feature whose wavelength covers a distance of
about 10 — 50 times the ion Larmor radius [113]. This means in the order of 1 cm in the actual
plasmas confined under ~1 T'magnetic field. This size corresponds to the so-called mesoscale,
larger than the micro-scale, which is defined by the ion Larmor radius, and shorter than the
macro-scale, defined by the length of the machine minor radius. Assuming ZF as turbulence
control element it is expected the observation of reduction in the turbulence level and radial
particle transport. ZF manifest itself in the form of a large spectral power in the lowest
frequency bands of the measured spectra' with has a global presence along the device.

Various works have reported the experimental detection of long-range correlations (LRC, see
sections II.1 and II1.1.2) consistent with the theory of “zonal flows”, i.e., stable modes that are
driven by turbulence and regulate turbulent transport [ 114 and references therein]. Zonal flows
have been detected from the evaluation of LRC in plasma potential fluctuations by using Heavy
Ion Beam Probe (HIBP) in core plasma and edge plasmas in the CHS helical system [115] and
in the TJ-II stellarator [ 126] by using electrostatic probes, respectively. In the plasma edge the

L GAM'’s appear as sharp peaks at low frequencies, indicating low frequency coherent oscillations.
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zonal structure was found by using mainly Langmuir probes [116, 117] and by phase contrast
imaging in DIII-D [118]. More evidences of the detection of Zonal Flows by using a wide range
of diagnostics can be found in the bibliography [119, 120, 121, 122, 123, 124, 125, 126, 127,
128, 129, 130]. The amplification of zonal flows by externally imposed radial electric fields
has been observed both in tokamak and stellarator devices [131]. The coupling between long
range correlations of the floating potential fluctuations and radial turbulent transport has been
studied in TJ-II edge plasmas in earlier works [129, 130] and the driving and damping
mechanisms of the E,. X B velocity associated with the zonal flows were discussed [132]. At
present, the clarification of the relation between the growth of zonal flows and the development
of transport barriers is an active area of research, with the goal of identifying the triggering
mechanisms of the transition to improved confinement regimes [133].

Zonal Flows and radial electric fields

Radial electric fields play a key role in controlling transport in fusion plasmas. It is known that
in quasi-axisymmetric or quasi-helically symmetric magnetic configurations, collisional
plasma transport is intrinsically ambipolar. In non-quasi-axysimmetric magnetic field
configurations, parallel viscosity and Neoclassical (NC) non-ambipolar fluxes determine the
Neoclassical radial electric field on a much larger length scale than the gyroradius [134]. On
the other hand, recent simulation results for tokamak plasmas have shown that multiple radial
scale lengths on the electric field and pressure may develop, together with the spontaneous
growth of long-lived patterns of E,. X B flows [135]. It is concluded that the E} profile has a

radial fine spatial structure (in the order of few ion Larmor radius). This quasi-regular, long-
lived, self-organized and localized structure is spontaneously formed and is known as “E x B
staircase”. Direct observation of fine scale structures in radial electric fields have also been
reported in the JET tokamak consistent with the stationary zonal flows [136].

Simulations have shown that the interplay between transport driven by turbulence and 3-D drift-
optimized configurations could be explained on the basis of the reduction of turbulent transport
by zonal flow generation [137]. The amplification of low frequency ZF-structures in plasma
scenarios with reduced Neoclassical viscosity has been observed in TJ-II [138]. In addition,
gyrokinetic simulations have shown that radial electric fields may affect the residual level of
zonal flows in stellarators [139, 140]. Experiments performed in the TJ-II stellarator have
shown that long range correlations detected in potential fluctuations, consistent with zonal
flows, are amplified either by externally imposed radial electric fields or when approaching the
L-H confinement edge transition.

In this chapter are described recent empirical findings on the relation between neoclassical
radial electric fields, turbulence and Zonal Flows which have been found in the TJ-II stellarator.
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III.1.5. Experimental set up and methodology

I11.1.5.1. Plasma conditions

Experiments were done in ion root (negative electric fields), pure neutral beam injection (NBI)
heated plasmas (700 kW port-through power at 33 kV) in the TJ-II stellarator (toroidal magnetic
field B = 1 T, plasma minor radius @ = 0.20 m). The experiments have been carried out within
the “standard” magnetic configuration, in which the rational surface 8/5 is placed
approximately in p= 0.8. This situation corresponds to iota = 1.6 in the plasma edge, as shown
in figure 3.1.
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Figure 3.1 Radial profiles of plasma iota and rotational surfaces in the standard magnetic configuation of TJ-
II stellarator. 8/5 rational surface is in the positioned in the plasma edge for magnetic configuration.

Four discharges (#36934, #36935, #36936, #36937) have been selected as a good sample for
doing the data analysis due to its reproducibility. Line averaged plasma density is measured by
laser two-color heterodyne interferometry [141]. On the other hand, H-alpha monitors placed
at each sector of TJ-II stellarator are used to infer the ion flux reaching the walls. The ion flux
is proportional to the H, through the recycling coefficient. Density evolution is characterized
by a characteristic rump-up developed as long as the NBI injection heats the plasma and until
reaching the density limit, which happens at about 6 - 1019m =3,
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I1.1.5.2. Dual system of Langmuir probes: Long Range Correlation

The results reported here were obtained by the use of a detection system consisting of two
Langmuir probe arrays, denoted as probe 1 and probe 2, located at two different toroidal/
poloidal ports, as shown in figure 3.2. The use of multi-Langmuir probes at different locations
allows the simultaneous measurement of different plasma parameters and the assessment of
their global and local characteristics. Rake probe 1 is installed on a fast reciprocating drive on
top of the device (sector D). This probe consists of twelve Langmuir probe pins (measuring
floating potential) with a radial separation of 3 mm, and three poloidally separated pins at the
rake probe front edge, measuring the floating potential (Cl)f) and the ion saturation current
(Isat). The second probe (probe 2) is also installed on a fast reciprocating drive, located in a
bottom port (sector B) entering the plasma in a region with higher flux compression than probe
1. This probe has eight probe pins separated by 2 mm, together with three poloidally separated
pins at the top of the probe head. The sampling rate of the floating potential signals is 2 MHz.
The two probe systems were used to study the temporal and spatial evolution of floating
potential profiles, the radial correlation length of floating potential fluctuations and LRC in the
edge of hydrogen plasmas.

Figure 3.2 In the center, top view of the TJ-II stellarator, with the four sectors labelled. In the right is
shown a schematic of probe 1, installed at top access port in sector D. The figure on the left represents
the entrance of probe 2 through bottom port installed at sector B.

The position of the probe arrays with respect to the vacuum vessel walls is translated to p
dimensions by using data from VMEC, which calculates the position of magnetic surfaces for
the case of equilibrium plasma [142]. Previous results show that this method provides a reliable
estimation for probe position in spite of the variation induced by the plasma current existent in
TJ-1I stellarator NBI plasmas [143]. Fig. 3.3 shows the feature of floating potential profiles
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measured simultaneously by probes B and D during NBI TJ-II plasmas. As expected in ion root
scenarios, floating potential values are negative in both probes and the values are comparable.
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Figure 3.3 Radial profiles of floating potential averaged along the duration of NBI phase, measured at
sectors B and D by Langmuir probes.

Long range correlations (LRC) in potential fluctuations, as a proxy of Zonal Flows, have been
computed using probe LOP07 as a reference (Fig. 3.3). As shown in figure 3.4. LRC
correlations are dominated by frequencies below 20 kHz with phase shift close to zero.
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Figure 3.4 Above, cross-coherence calculated between distant probes: burst of high level of coherence is
present at low frequency bands (f<20 kHz) for high levels of radial electric field. Below, the phase shift
between signals approaches zero, pointing to the global character of the fluctuation.
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As expected, the maximum in LCR have been observed for floating potential signals
corresponding to probes LPO07 (system B) and LOP107 or LOP106 (system D) (Fig. 3.5).
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Figure 3.5 Above, distribution of points representing the time delay at which maximum of cross-correlation
is found. For the case of LOP107-LOP07, most of the points are located at zero time delays, which corresponds
to the detection of a global coherent fluctuation. Below, distribution of points in function of the maximum
value of cross-correlation. In the case of LOP107-LOPO07, the most probable value is 0.9.

II1.1.2.1. Determination of E, and its shearing rate

The perpendicular velocity of the plasma is described by equation 3.1:

_EXB VpxB

1
B? pB? G

vy
The first term in the right hand side is known as E X B velocity. Since it is charge-independent
it does not produce any currents in the plasma with the exception the ones due to collisions.
The second term is the diamagnetic velocity, which is charge-dependent and produces a current,
known as diamagnetic current. The radial electric field is also obtained from the radial force
balance equation for any specie:

1 0
Er = ma[)l - ’LLgl'B(p + u(piBg (32)

where vg, v,, p and p are poloidal velocity, toroidal velocity, pressure and density. The first
term in the right hand side of 3.2 is known as the diamagnetic contribution to E,.. For the case
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of the TJ-II stellarator, it is demonstrated that the perpendicular velocity of fluctuations v, is
dominated by E X B velocity [144].

This means that E,. can be estimated from the measurement of the E X B velocity. Empirically,
v, can be inferred from the two point correlation technique, previously used in tokamaks [145]
and stellarators [146]. In this work, the NC E,. is obtained by the gradient of ®,, which is
aproximated by the gradient of ®:
ddy
E, = - (3.3)

From the radial profile of ®¢, measured in sector D by “probe D” (using 12 points along a radial
distance of 30 mm), it is possible to obtain the value of NC E,. by a linear fitting over the values
of ®f. The estimation of E,.from the two point correlation technique (by using the 2 probes
placed at the probe head) is made for the four discharges (equation 3.3) and is compared with
the result from the fitting of ®. As seen in figure 3.6, the correspondence between the two
methods is very good, which gives credibility to the calculation of E, by the fitting method.
Thus, gradients in floating potential are used from now as a proxy for radial electric fields.
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Figure 3.6 Perpendicular velocity of fluctuations measured by Langmuir probes plotted with respect to
the gradient of floating potential. The evident good agreement between results obtained from both

techniques allows to use the measured gradient in floating potential as the magnitude of radial electric
field.

Concerning the determination of shearing rate due to E,, it constitutes a more complex issue.
In a first approach the second derivative of @ could be considered and three points are needed

to calculate dCDj% /dr?. This “classical” method to calculate E,.shearing rate can lead to 7 local
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measurements distributed along minor radious. However, in this study, the aim is to measure
the magnitude of the shearing rate at different spatial scales, which requires a more elegant
technique.

Then, the scale-space representation technique [147] has been implemented in order to obtain
the shearing rate of E,- at different spatial scales. An inherent property of certain magnitudes or
objects is that they only exist as meaningful entities over certain ranges of scale. Multi-scale
representation of sensory data is of interest in the field of image processing as its purpose is to
represent signals at multiple scales in such a way that fine scale structures are suppressed and
a scale parameter ¢ is associated with each spatial scale level in the multi-scale representation.
The space scale is modulated by the use of a Gaussian Kernel, defined by a first order Bessel
function, of a certain scale:

1 T
i t) = — —x"x/(2t) 3.4
g(x, t) ot e (3.4)

If L(x,t) is defined as the smoothed version of the original magnitude, s(x):

L(x,t) = j

aeR?

s(x —a)g(a,t)da = j s()g(x — a,t)da = g(x,t) * s(x) (3.5)
aeR?

The parameter ¢ is known as the scale parameter and gives the minimum scale of the features

to be retained in the resulting image L(x, t). On the other hand, « is the change of variable and

represents the spatial scale of the convolution kernel g(x, t). The differential value of L(x, t)is

given by:

ORam L(x, t) = 020 (g(x, ) * s(x) (3.6)

Briefly, the properties of Gaussian Kernel are described: g(x,?) satisfies the non-enhancement
of extrema principle, which means that local extrema can be smoothed only after the
convolution. g(x,?) is a solution of the diffusion equation:

1
dg(x,t) = 5V2g(x,0) (3.7)

L(x,t) is equivalent to the evolution of a temperature profile with an initial condition of the
form L(x,0) = s(x). Huge progress has been done in the field of scale-space representation
technique and its applications [148], mainly in the field of image processing, but it is perfectly
applicable in 1 D problems. Actually, in our case, the spatial scale parameter « is related to the
number of probe pins over which the calculation is made. In this case, we have chosen the
central probe pin of probe D, labeled as LOP09 and @ = —n: n, with n = 5. This means that
our spatial scale is from LOP04 to LOP14. The t parameter is modulated from 0.1 to 2, then
the second derivative operator is wheighted along probe pins as shown in figure 3.7. This
provides a proper scenario to calculate the effect of spatial scale in value of shearing rate of E,.,
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but, measured in one point. At the end, the interesting magnitude is the value of d2d>f /dr? in
p = 0.9.
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Figure 3.7 Weight of each spatial point in second derivative operator given by the parameter t.

I11.1.3. Results and discussion

III.1.3.1. Neoclassical E, and Long Range Correlations

The confinement time and density for the four discharges under investigation increase in the
form of a ramp. As the density is ramped up, the negative radial profile of Vgsteepens, reaching

values close to 100 V (negative). At the same time the root mean square of fluctuations
increases (fig. 3.8).

The mean velocity of fluctuations perpendicular to B along the magnetic flux surface is
computed by the two point correlation technique in the laboratory frame of reference. In the
plasma edge, the value of v, (in the electron drift direction) achieves values of the order of few
kms~'. The value of NC E,, deduced from the gradient of Vy, matches the perpendicular
velocity of fluctuations. This implies that the contribution of the pressure gradient to the
perpendicular velocity is small under these conditions, consistent with the low beta of TJ-II
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plasmas [149]. Gradient in floating potential is used from now as a good approximation for
Neoclassical E;.. The calculation (linear fit of Vyradial profile) of NC E;. has been done along a
distance of the order of ten times the ion Larmor radius. The deduced magnitude of E,. evolves
to negative values and reaches values of 3 kVm™! (negative), which is in quantitative
agreement with previous NC calculations in TJ-II stellarator [138].
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Figure 3.8 a) Temporal evolution of line averaged density and b) evolution of RMS of turbulence
(low frequency). In c) are plotted the radial profiles of floating potential at different moments.

LRC are strongly dominated by frequencies below 20 kHz for all the analyzed cases. As NC E,
increases, the high toroidal cross-coherence appears for higher frequencies, which is in
agreement with previous theoretical predictions [150]. This is a clear indication that ZF are
relatively stationary for low values of NC E,. (concentrated at frequencies lower than 5kHz)
and become more fluctuating for higher values of NC E,. (dominated by frequencies near to 20
kHz). In the figure 3.9 is shown the cross-coherence at low frequencies for the four discharges.

Cross-phase between distant signals LOP07 and LOP107 has values close to 0 in the four cases,
confirming the existence of low frequency coherent oscillations (as shown in figure 3.10). As
for the case of LR-coherence, the width of frequency coherent band increases with increasing
NC E, (fig. 3.11).
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Figure 3.9 Evidence of long range coherence in floating potential for the four cases of study. The
coherence is present in low frequencies (below 20 kHz).
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Figure 3.10 Cross-phase between distant electrostaic signals. Coincident with the large level of
coherence, the cross-phase is close to zero, indicating zero phase delay between signals.
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Interestingly, as mentioned, the high LRC appears also for higher frequencies as the radial
electric field increases i.e. zonal flows become more stationary (dominated by frequencies
below 5 kHz) in plasma regimes with small £} and more fluctuating (dominated by frequencies
below 20 kHz) as |E}| reaches values above 2 kV/m , as shown in figure 3.11 (a). We have also
studied the influence of long radial scale (in the range of 20 ion Larmor radius) electric fields
(denoted as NC E; ) on the radial scale length of the zonal flow-like structures. As shown in

figure 3.11 (b), the radial scale length of LRC structures tend to decrease slightly with
increasing NC Ey.
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Figure 3.11 In the left is shown how the high level of coherence spreads across the frequency spectra as the
radial electric field increases. In the right hand side, indications of the radial electric field reducing the radial
size of the Zonal Flows.

Figure 3.12 shows the spatio-temporal Long Range coherence and cross-phase. On the other
hand it is possible to represent the evolution along discharge time of the radial profile of the
value of LRC for 7 = 0. The phase delay between signals strongly depends on the radial
position, being constant at around p = 0.9 and increasing (negative or positive) as we move
radially inwards and outwards.

The behavior of cross-phase along minor radius is highly reproducible, as shown in figure 3.13.
Positive phase shift values mean inwards propagation whereas negative phase shift indicates
outwards propagation. According to these criteria, the results on cross-phase can be interpreted
as outwards propagation in the internal positions, no propagation in the central region, where
the highest level of LRC is found (around p = 0.9), and finally, inwards propagation in the
outer region (figure 3.13).
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Figure 3.12 Above, spatio-emporal evolution of the LRC. LRC pattern is centered at p = 0.9 and
decays radially. Below, spatio-temporal profile of cross-phase between distant signals: phase shift close
to zero accompanies high levels of LRC, indicating the location of global coherent fluctuation. Data

corresponds to TJ-II plasma discharge #36935
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Figure 3.13 Time average along the duration of NBI heating phase of the phase shift between
electrostatic signals measured at distant toroidal positions for TJ-II plasma discharges #36934, 35, 36,

37. The phase shift is close to zero along a radial region centered in p = 0.9
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Finally, to point out the relation between E, and LRC, in figure 3.14 is represented the level of
LRC between reference signals (LOP07 — LOP107) with respect to the value of NC E,.. It is
evident the existence of a clear empirical relationship between these two magnitudes.
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Figure 3.14 Level of LRC found between low frequency electrostatic fluctuations measured at two
toroidal different positions in TJ-II. LRC is enhanced with the increase of NC radial electric field.

II1.1.3.2. Radial Correlation Length of turbulence

The radial correlation length, L, has been calculated using the twelve floating potential signals
of “probe D”, following its definition. L, has been calculated for different frequency bands and
it was found to be clearly dominated by low frequency (f < 25 kHz) fluctuations. L,decreases
by about 30-40% when the absolute value of NC E;. increases. This is due to the clear decrease
of cross-correlation coefficient along radial distance when NC E|. reaches values above 2 — 2.5
kV/m. The higher frequency fluctuations, associated to local turbulent structures in the plasma
edge, have much lower values of L,, for both higher and ower values of E,.. These results are
shown in figure 3.15. The most interesting result, which stablishes a direct empirical
relationship between radial turbulence and ZF, is that for high values of NC E,. the measured
width of radial turbulence corresponds to the radial size of ZF. This empirical result can be
interpreted as the reduction in L, until a certain value which mainly corresponds to the radial
width of Zonal Flow. In both measurements, L, and ZF width, the measured variable is a radial
correlation length coming from the radial profile of cross-correlation. The first case is a pure
radial measurement while in the second case is measured the radial profile of log range cross-
correlation. In absence of turbulence and presence of a Zonal fluctuating structure, the value of
the width of Zonal Flows and the result of L, is the same because it is actually accounting the
radial width of ZF and is not clear whether the term L,.can be attributed to the radial turbulence.
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On the other hand, when turbulence spreads outwards and ZFs disapear, the empirical value of
L, is mainly dominated by the radial turbulent structures, as shown in figure 3.16.

L, (1<f<250 kHz)

35
30! ;T~:¥;T.§\:<f<25kHz |
¥ Ry B
25} Wil ]
’é“ 20+ N
é ¥
_i 15¢ i
* # ;
e ***
10+ e oF .
25<f<60 kHz ey ”%*
5 I /_\w |
O I I I I I I
0.5 1 1.5 2 2.5 3 3.5

kV/m

Figure 3.15 L, dependence on E,. Spectral energy of radial turbulence is dominated by low
frequency fluctuations (1<f<20 kHz). A clear reduction of L, is driven by radial electric field.
Higher frequency fluctuations are not affected by electric field. Shaded lines represent L,
obtained through cross-coherence instead of cross-correlation, the result is similar in both cases.
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Figure 3.16 The empirically obtained measurement of L, is dominated by the radial correlation length
of turbulence itself when E,.is weak. As E, increases, the measured L, decreases, indicating a reduction
of correlation length of turbulence. The minimum size of radial turbulence is measured when LRC
activity is large and empirical L, is supported by radial size of LRC.

69



111 1 Experimental results Results and discussion: NC viscosity and Reynolds Stress

II1.1.3.3. Shearing rate of E,.

The results shown in this section have been obtained by applying the tools which allow the
characterization of effect of shearing rate of E, at different spatial scales. Indeed, spatial scale
through which shearing is calculated has a strong influence on its final value. The scale
parameter associated to the Gaussian spatial Kernel is modulated in order to calculate shearing
in E,, as explained before. The results show that, for values of NC E, lower than about
2 kVm™1, the magnitude of the shearing rate does not depend on the spatial scale. However,
once NC E,. increases above 2-2.5 kV'm™! the calculated shearing rate is very sensitive to the
spatial scale along which its value is being calculated. This indicates that the shearing rate of
the short scale length E,. increases when the NC E,. increases. In figure 3.17 is shown the value
of shearing rate of E, as a function of the scale parameter, for two cases of NC E,. It is
appreciable how, for the case of high NC E,., smaller values of the scale parameter (associated
to short scale lengths) lead to higher values of the shearing rate.
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Figure 3.17 The magnitude of shearing rate due to E, depends on the space scale parameter used to
calculate it when NC E, has a certain value, usually above 2 kV/m. When the magnitude of E,. is low,
the value of shearing rate due to short scale length Er is not affected by scale parameter.

Interestingly, the measured magnitude of the shearing rate due to short scale length E,. reaches
values above 10° s~!.Turbulence decorrelation rate is stimated as 7,”!, being 7. the
autocorrelation time of electrostatic turbulent fluctuations. The value of decorrelation rate of
turbulence is or the order of 10°s~1 [151] in magnetically confined plasmas. This means that
the short scale length E,. shearing rate has a magnitude of the order of the decorrelation rate of
turbulence.
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Following the empirical results, the connection between the NC E,., the level of LRC (as
indication of the intensity of Zonal Flows) and the radial correlation length of turbulence is
evident as well as the differences between the two different spatial scales in shearing rate. These
results are summarized in figure 3.18.
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Figure 3.18 a) Reduction of radial correlation length of turbulence with increasing radial electric field.
In b), the calculated shearing rate due to large scale radial electric field is always below the threshold
value necessary to decorrelate turbulence. In c¢) is shown the value of shearing rate due to the short
scale length E,.. Shearing rate increases with the value of NC radial electric field.

II1.1.3.4. Influence of external biasing on LRC

The influence of externally imposed radial electric fields on the amplitude of Long Range
Correlations (LRC) has been also investigated.

Experiments were carried out in neutral-beam injection (NBI) heated hydrogen plasmas in the
TJ-II stellarator (Pyg;=~ 450 kW, B = 1 T, plasma minor radius ( a) < 0.22 m), with line-
averaged electron density n, = (1.0—2.5)x 102 m™3, central electron and ion temperatures T,
=250 — 300 eV and T;= 100 — 150 eV, respectively. A graphite electrode was installed on a
reciprocating probe drive at segment A8 and biased with respect to a radially movable limiter
at segment C3. In the present experiments the electrode was inserted 3 cm, corresponding to
normalized effective radius r/a = 0.85, whereas the limiter was kept at r/a = 1. The electrode
was biased with respect to the limiter with an AC voltage during plasma discharges. The
waveform of the biasing voltage is a negative half- wave rectified triangular wave, i.e. in each

period, half- cycle biased with V,;,; = 0 and half-cycle biased with a triangular shape peaked
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at Vpias = =340 V as shown in figure 2(a). The frequencies of 40, 60 and 80 Hz were chosen
for the present experiments.

Figs 3.19 and 3.20 show examples of the global influence of negative biasing on the floating
potential signals measured by probes B and D and on the level of LRC, respectively.
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Figure 3.19 Above, external negative biasing potential and response of biasing current. In the
middle, the response of the radial profile of floating potential to external biasing measured in
sector B. In the bottom, the response of floating potential at sector D.
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Figure 3.20 Above, external biasing. In the middle is shown the spatio-temporal evolution of LRC
and below is shown the cross-coherence resolved in frequency. Both LRC and cross-coherence at
low frequencies are enhanced by the external biasing.
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Figure 3.20 shows the time evolution of the LRC during biasing at {=40 Hz; the amplitude of
LRC is strongly amplified during electrode biasing, reflecting the role of the radial electric field
in modifying LRCs, in agreement with experiments where Er was modified by changing plasma
density.

II1.1.3.5. Physics of Zonal Flow Dynamics

Two processes are under investigation to understand the observed interplay between radial
electric fields and the amplitude of Zonal Flows. First, sheared electric fields are efficient
turbulence symmetry-breaking mechanism. This hypothesis deals with Reynold’s stress, which
is assumed to act as a generation term of Zonal Flows [152, 153]. Second, radial electric field
can induce large values of E;. X B drift which prevents the locally trapped particles from drifting
radially, reducing the effective damping times of Zonal Flows [154, 155]. Actually, previous
studies (simulations and theory) confirm the amplification of low frequency ZF structures in
plasmas with reduced viscosity [138]. In figure 3.21 is shown an example of how the decay
time of Zonal oscillations is strongly modulated by the value of plasma viscosity.
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Figure 3.21 Dependence of the decaying times of Zonal Flows (m/n = 0/0) with value of the plasma
viscosity p. Courtesy of Dr. Luis Garcia Gonzalo.

The interaction between Zonal Flows and turbulence can be described by a model (eq. 3.10)
based on the Lotka-Volterra equations that describe the dynamics of periodic reactions [156,
157]. In 3.10 is included a generation or driving term, which is associated to Reynolds stress
and a damping term, linked to the viscosity [128].
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dAzr(t)

FTE R(t) — pAzr(t) (3.10)

where R(t) represents the temporal evolution of the spatial derivative of Reynolds stress, u is
the damping coefficient and A,z (t) is the amplitude of the Zonal Flow. Recently, the model
has been introduced to study Zonal Flow-like fluctuations in electron cyclotron heated plasmas
in the TJ-II stellarator [128, 129], showing that, although the turbulence-driven forces can
provide the necessary perpendicular acceleration, no evidence of causal relation between the
ZF drive and the locally measured Reynolds stress could be established.

Reynold’s stress drive: In the present thesis Reynold’s stresses have been simultaneously
measured in two localized radial positions using the 2D probe (see fig. 2.3). Poloidal velocity

Vg is calculated from the radial derivative of V; and radial velocity v, is obtained from the
variation of Vralong poloidal direction. Fluctuating radial electric field E, can be obtained at

four points along second and fourth column. At each radial position, the final value of E, is
taken as the average between the two values coming from the two columns as well as the
position is taken as the intermediate distance between the two probes. This average is taken in
order to avoid any possible phase shift effect in the calculation of Uy due to the mismatch in
poloidal position. The analogous procedure is followed for obtaining 7, at each radial position.
Then, from these data the radial derivative of Reynold’s stress is calculated at a fixed position.
E X B velocity is estimated from floating potential measurements as:

Vg = B
Eq

= — 3.11

vT' B ( )

The mean poloidal velocity of fluctuations is expected to respond to the Reynolds force as:

dv) __ d(E) __d(5 %) _

dt Bdt dr (3.12)

The negative sign is due to the fact that, assuming E,is driven by RS, the term R has to be
negative in order to propel the plasma in the negative sense of the poloidal direction.

Then, the Reynolds product (@, 7y) is calculated as the spatial and time averaging (over periods
of 1 ms) of a fluctuating quantity (¥, 7y ). Figure 3.22 shows the evolution of Reynolds stresses
and its gradient (R) with radial electric fields in NBI plasmas. The order of magnitude of R
calculated as (#, 7y ) in temporal windows of 1 ms is in the range of R ~ 107m/s? . This value
is not high enough to produce the necessary turbulent acceleration to drive radial electric field
(dE,/Bdt ~ 108m/s?), neglecting the damping term on the equation 3.10.
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Figure 3.22 Reynold’s stress measured at two radial positions and its dependence on the value of NC Er. In

the mst internal position, there is a slightly tendency to an increase in the magnitude of RS (negative value).

The magnitude of RS is in the order of 10°m?s~2.
In order to minimize the effect of time average on the value of R, the analysis has been
performed down to the scale under the millisecond (each E, excitation event has a duration of
about ~ 300 ps) using a conditional average technique. As a result, and in agreement previous
findings [128, 129], the order of magnitude of R during zonal E, excitations can be strong
enough to produce acceleration but, again, a causal relation between the empirical value of R
and its deduced value from E, has not been found.

These results suggest that ZF is not only related with turbulent acceleration (R) but also to other
factors that may affect ZF damping, e.g. viscosity (u). Effective viscosity was calculated by
using the aforementioned conditional average technique, proceeding as follows:

Identification of Zonal Flows: Conditional averaging of E,

The first step in the detection of Zonal Flows is to apply a low pass filter to EIv)f, which leaves
the remaining low frequency band (<20 kHz) of 5)]« to be analyzed. The effective detection of
Zonal fluctuations is accomplished by the use of conditional averaging technique, as used in
previous studies of plasma fluctuations [158, 159]. This technique is based on the use of a
trigger condition to detect relevant candidate fluctuations together with several variable
conditions. The triggering condition is used to detect those fluctuations which are candidates
to correspond to ZF and is defined as Ay (t) > RMS(®;), where Ap(t) is the instantaneous
amplitude of ZF and RMS (5f) is the root mean square of fluctuations. From previous works
[160] is concluded that plasma fluctuations follow exponential like decays and that decay times
have values between 10 and 80 us. So a second condition was set so that Ay(t + 100 us) <
RMS(®;), and Ap(t+ 10 us) > RMS(P;), being ¢ the triggering time. In this way, all
fluctuations whose decaying times are smaller than 10 us or larger than 80 us are discarded.
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Damping of Zonal Flows

The second term on the right hand side of equation 3.10, uA,(t), accounts the decay rate of
the fluctuation, which is given by the coefficient u, while A,g(t) is the amplitude of the
fluctuation. The decay coefficient u is considered as the effective viscosity and its empirical
value is calculated by fitting the tails of Zonal Flow excitations present in the fluctuating V¢
signals. The evolution of the ZF after the triggering peak is assumed to be dominated by an
exponential model, considering the driving Reynold’s stress forces negligible:

Ay = AjeHt (3.13)

where A, is the amplitude of the peak and u is actually the effective viscosity, expressed in
[s71]. The fitting is performed from the triggering time (peak) and until 150 us after. The
explained procedure is applied to CTDf signals. Effective viscosity is assumed to remain constant

during the time of the E,. excitation, which means that the calculated value of u fits the model
described in equation 3.10 during the surviving time the excitation. In usual plasma discharge
in TJ-II, this method detects several ZF events. The events can be processed and an average
evolution of ZF is obtained as a result (as shown in fig. 3.23).

Dependence of NC E,. on the damping term

For each ZF “excursion” detected, RS evolution is calculated for the same time interval. Then,

the RS and V; events are conditionally averaged in function of the value of NC E,. This last is
modulated by the external biasing. As result, the model described by equation 3.13 can be
evaluated for different values of NC E,.. The damping term can be calculated for the cases of
the biased discharges as well as the four shots without biasing.

The characterization of effective viscosity has been a major challenge until now. As explained
previously, effective viscosity is empirically derived from the calculation of the decay times of
zonal fluctuations in E,.. First resutls obtained show that decay times tend to increase with the
value of E,, however, the existence of large error bars did not allow to get a final conclusion
[161]. After taking a careful look to the raw data it was realized that most of the zonal
perturbations which fulfill the conditions described in this section actually don’t have a real
exponential decay. This leads to a huge error bar due to exponential fitting. This problem is
overcome by filtering the selected data in order to process only those tails whose decay is
exponential. This action is partially successful and finally the error bar is reduced for the higher
values of E,..

1

2

As shown in figure 3.23, the calculated effective viscosity (@), have values from 20 to 100 us™
which are asociated to decay times from 10 to 70 us. In the case of density ramp discharges,
the increase of E,- induces a tendency to decay in u within the error bar. Once external biasing
is applied the decrease of u for large values of E,. is more evident.
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As seen in figure 3.23, the large error bars appear when E,. is low (in both density ramp and
external biasing cases) being reduced once E, increases. The author considers that this
difference in the error bar is due to two facts. First, assuming that large values of E,. lead to an
enhancement of ZF activity and a reduction of spectral energy of broadband turbulence, the
probability of detecting zonal oscillations is larger than in the case of lower E,.. Second, when
E, is low, spectral energy is distributed between broadband (mostly) fluctuations and ZF.
Actually, for lower values of E,., the low or even inexistent level of LRC suggest that ZF are

weaker, which means that the processed decay times can correspond mostly to other kind of
local plasma fluctuations.

effective viscosity

140 :

o bias
120} 2 density ramp |
100}

nuf 1/s)*10°

801
m +
60 +

a0} D+4’ * }

B
1{} L m ¢ |
= did
% ) A 6 g
E],{ kV/m)

Figure 3.23 Dependence of effective viscosity on NC Er. In red, data corresponds to shots without
external biasing. Effective visocosity tends to decrease as radial electric field increases, however, this
dynamics is contanied within the error bar. Under biasing conditions, the decrease of effective viscosity
is more clear but error bars are still large.

I11.1.4. Conclusions

In this chapter, we have studied the influence of long scale length radial electric fields (NC E}.)
on zonal flow-like structures in the TJ-II stellarator with the following conclusions:

Influence of NC E, components on the dynamics of Zonal Flow

During NBI plasma discharges, a negative electric field well is formed in the plasma edge. It
was found that the level of LRC (taken as a proxy of ZF activity) increases strongly with the
NC E,, saturating once it reaches a value of 2 kVm™?! (negative). LRC are dominated by low
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frequencies (1<f<20 kHz). The frequencies associated with ZF-like structures increase with
increasing E,., which means that the ZF has a more fluctuating character when NC E,. is higher.

The radial electric field is composed of different radial scales and there is a strong relation
between the magnitude of the electric field structures with short (due to ZFs) and long
(neoclassical) radial scales. The E x B shearing rate corresponding to the short scale length
structures of E; may have sufficient magnitude to regulate turbulence.

The radial profile of cross-correlation is determined by both the extent of edge turbulence and
the radial width of Zonal Flows. The obtained L,.is a pure empirical value that actually accounts
for the radial size of turbulence in the absence of ZF. However, once ZF is present, the value
of L, includes the radial width of ZF in addition to turbulence. The only way to determine the
weight of each of these effects was to measure the radial profile of LRC. Once L, is fully due
to ZF an increase in the L, does not imply a deleterious effect on transport.

These findings are consistent with previous experimental results that shown that the amplitude
of LRC is amplified by externally imposed radial electric fields and in the proximity of the L-
H transition. In addition, GK simulations show the influence of NC E, in the residual level of
ZF [137]. It is important to point out that this section reports empirical relations between the
NC E,, radial turbulence, E X B shear flows and low-frequency zonal flow-like structures,
which means a dynamical connection between the macro-, meso- and micro-scales.

At high densities, the negative radial electric field satisfies the ion-root solution for ambipolar
particle fluxes, in accordance with results in heliotrons and stellarators [162]. The amplification
of ZF structures in plasma scenarios with reduced viscosity and its coupling with the NC E,.,
together with the reduction of turbulence reported in this section, are results of special relevance
for the coming future stellarators with reduced NC transport. This is due to the fact that the
shearing produced by ZF can determine the saturation level of turbulent transport.

Influence of NC viscosity and RS on the dynamics of Zonal Flows

The application of external negative biasing with respect to vacuum vessel in TJ-II NBI plasmas
results in the enhancement of LRC as an approximation of ZF activity. Keeping density constant
brings an interesting scenario where E,. becomes instrumental as driving mechanism of Zonal
Flows. The comparison of this new scenario with previous density driven E, plasmas is
interesting to clarify the role of E,in the appearance of Zonal Flows. E, is proposed to enhace
ZF activity through RS driving and /or increasing damping times of ZF (decreasing viscosity).

The use of a 2-dimensional array of electrical probe allows the characterization of local
Reynolds Stresses and combined with the operation of a distant probe allows the measurement
of LRC for low frequencies. Zonal fluctuations of E, are identified by using a conditional
technique and averages are obtained for different regimes of E,.. The study of decaying times
of these averaged long range correlated fluctuations in E,. gives the value of effective viscosity.

Effective viscosity was calculated by identifying oscillation decays and fitting by an

78



111 1 Experimental results Results and discussion: NC viscosity and Reynolds Stress

exponential in two sets of plasma discharges where the radial electric field was modulated by
the plasma itself and by electrode biasing respectively were selected. Results give viscosity
values in the order of 10* — 105 s™!with a tendency to decrease as E, increases in the NBI
regime with edge biasing with strong dependence of LRC with E,. (see figure 3.23). The value
of driving RS has been also calculated at these time scales, and it has not been possible to assert
that its value is related to the amplitude of Zonal field fluctuation.

These results are consistent with recent Monte Carlo simulations showing that radial electric
fields in the range of those experimentally measured have an effect in the edge neoclassical
orbit losses in the TJ-II stellarator [163]. Although the order of magnitude of turbulent
acceleration is comparable to the neoclassical damping of perpendicular flows, its dependence
with radial electric fields is not correlated with the evolution in the amplitude of LRC. In
addition, NC viscosity manifests as the global relaxation of the ZF fluctuation, but, the local
value of RS is not necessarily the magnitude of the driving RS, which has to be inferred from
its average along the flux surface [164].

These findings suggest that both mechanisms, turbulent acceleration driven by turbulence and
neoclassical particle orbit effects, are intertwined to determine the dynamics of Zonal Flows.
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III.2.  Role of isotope mass and evidence of fluctuating zonal
flows during the L-H transition in the TJ-II stellarator

The underlying mechanism behind the development of edge plasma bifurcations, leading to the
establishment of an edge transport barrier, is still one of the main scientific conundrums facing
by the magnetic fusion community after more than twenty years of intense research.

The results presented in this chapter show the critical role of both zero frequency (equilibrium)
and low frequency varying large-scale flows for stabilizing turbulence during the triggering of
the L-H transition in magnetically confined toroidal plasmas. No evidence of isotope effect on
the L—H transition dynamics was observed in the investigated TJ-II plasma scenarios.

It is concluded that there are different paths to reach the L-H transition with impact on the
conditions to access the H-mode. This chapter is based on the publication [165]:

I1.2.1. Introduction

The transition (L-H transition) of plasma to high confinement mode (H-mode) is one of the
most interesting object of study in both tokamak and stellarator scenarios. After some decades
since the discovery of H-mode, the experimental works have been focused on the study of the
mechanisms which lead to the transition from L-mode to H-mode as well as the conditions that
allow plasma to remain at high confinement mode and how these mechanisms and conditions
are affected by some plasma parameters. These conditions are related to radial electric field.
One of the variables which can introduce variations in the behavior of plasma (mainly
confinement time and power threshold) during L-H transition is the isotope mass.

Edge transport barriers are a key tool for the enhancing of the plasma confinement properties
in magnetic-fusion devices. The transition from L- to H-mode plasmas is characterized by the
development of an edge transport barrier, the suppression of turbulence, the formation of a
negative radial electric field well in the edge and the reduction of D, emission [166, 167].
During the L-H transition, the turbulence is decorrelated by E X B shear flows and by
inhomogeneities in radial electric field [168]. The understanding of H-mode regimes has led to
a more complete understanding of turbulent transport in high temperature plasmas for nuclear
fusion. The scientific interest generated by the study and exploration of improved confinement
regimes has led to a very extent and varied theoretical and experimental work, which are
properly reviewed in reference [165].

Understanding the impact of the isotope mass on transport during the transition from low to
high (L-H) confinement mode is determinant for the development of ITER base-line scenarios
with controlled edge localized modes (ELMs) and reduced L—H power threshold.
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At present, the nature of the mechanisms behind the E;. X B shear flow during transition L-H is

still an open question. One of the most important process under discussion is the relation

between turbulence driven flows (ZF) and pressure gradient driven flows during the triggering

of L-H transition and sustainment of H-mode plasmas [169] . The radial electric field in the

plasma edge is balanced by pressure gradients and plasma flows, as described in equation 3.14:
1 dpl

= — — Uy;B B 3.14
Zen, dr 000 T Upibs (3.14)

r

where VP; is the pressure gradient (also known as diamagnetic term), vy and v, are the poloidal
and parallel velocities of fluctuations and B; and By are the poloidal and toroidal components
of magnetic field. Thus, the pressure gradient as well as the poloidal and toroidal flows play a
crucial role in the development of radial electric fields and in the control of turbulence transport
via sheared flows.

The L-H transition is present in both Tokamak and Stellarator devices, which demonstrates the

ubiquitous character of L-H transition in fusion plasmas. It is also known that, in both tokamak
and stellarators, the turbulence driven zonal flows and the ion pressure gradients driven flows
play a synergistic role in the triggering of L-H transition. There are empirical evidences of
Zonal Flows triggering the L-H transition in Alcator C-mode [170] and in EAST [171, 172]
tokamaks. The presence of ZF during Limit Cycle Oscillations (LCO) is reported in tokamak
plasmas at the L-H transition [173, 174] and having shearing rates comparable to the mean
shearing rate [175]. The interaction between E, X B flows and turbulence has the form of
predator—prey model in the proximity of the L-H transition, which is known as limit cycle
oscillations (LCO).

Recent experimental work carried out in the HL-2A tokamak is of special relevance as it gives
a detailed description of how the growing up of pressure gradients in the plasma edge is
necessary to trigger the transition to H-mode in tokamak devices [176]. This result is based on
the observation of two types of LCO, with opposite temporal ordering between E,and
turbulence. The first type is the standard predator-prey cycle, where the turbulence leads the
generation of zonal flow, which in turn suppresses the former. With the second type, the E X B
flow grows first, causing the reduction of fluctuations. The latter points to the pressure gradient
as candidate for inducing the transition to the H-mode. This result is in agreement with
theoretical predictions for tokamak plasmas [177] as well as with empirical results [178]. So
from both theoretical and experimental results is concluded that the development of ion pressure
gradients is necessary to achieve L-H transition or at least to maintain the plasma in H-mode
confinement in Tokamaks.

In stellarators, it is still an open question whether E, is dominated by ion pressure gradients or
by Zonal Flows. The ratio of the main electric field to the diamagnetic contribution (directly
related to pressure gradient) is larger than one in the W7-AS stellarator during H-mode [179,
180]. In the TJ-II stellarator, the diamagnetic contribution from ion pressure gradient is
comparable to the measured E, in L-mode but it changes only very slightly after the L-H
transition. Also in the TJ-II stellarator was observed that, during the L-H transition, the strong
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reduction of density broadband fluctuations takes place before the increase of the mean E,. but
is simultaneous to the enhancement of low frequency (1<f<20 kHz) fluctuating radial electric
field [181]. In addition, experimental results on ZF carried out in the TJ-II stellarator prove
that the Zonal Flow activity reaches a maximum level when electron plasma density is close to
L-H transition density threshold [182]. Finally, it is known that both mean and low frequency
fluctuating E,. are capable of developing transport barriers, which are a key element present on
the L-H transition and H-mode plasmas.

Isotope effect

Understanding the underlying mechanism of plasma confinement scaling with isotope mass has
been a long-standing open issue in magnetic confinement fusion plasma research [183]. It has
been observed, in most tokamak experiments, that the plasma confinement time increases with
the increasing ion mass under similar plasma conditions.

The study of the isotope mass effect on L-H transition power threshold is determinant for the
development of ITER-base line scenarios with controlled edge localized modes (ELM’s) and
reduced L-H power threshold. In general, in tokamaks, experimental results show that L-H
power threshold is reduced by about 50 % when Deuterium or Helium are used instead of
Hydrogen [184]. Latest results obtained in mixed Hydrogen/Deuterium plasmas at JET indicate
anonlinear dependence of L-H transition power threshold, confinement time and stored energy
on the concentration of Deuterium with respect to Hydrogen [185]. JET has also shown in
recent 2016 experiments that an injection of a trace of Helium gas (below 10 %) in hydrogen
plasma leads to a reduction of the L-H power threshold by 25 %.

Motivated by the newest contributions on the role of E,. and its components in the triggering of
L-H transition, in both tokamaks and stellarators, as well as the influence of isotope mass and
magnetic configuration, new experiments were proposed. A detailed description of the
evolution of fluctuating Zonal Flows together with mean sheared flows during the L-H
transition in H-mode plasmas are discussed in this chapter.
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I11.3.3. Experimental set-up and methodology

I11.3.3.1. Plasma scenarios

Experiments have been carried out in ECRH and NBI heated plasmas. Heating consisted of two
gyrotrons delivering 300 kW each at X mode with a frequency of 53.2 GHz plus two NBI
injectors which launch co- and counter-beams with up to 700 kW por-through power with
neutral Hydrogen accelerated at about 33 kV. L-H transition is achieved in NBI heating phase
(under a power of 500 kW) and with a line averaged plasma density of =~ 2 - 101°m~3. Central
electron temperatures are about 350 eV. Two scenarios have been set up for isotope mass
concentration of Hydrogen and Deuterium: 100% Hydrogen and Deuterium dominated (70%)
plasmas were generated in the NBI heating regime. All the data shown here come from
experiments done in the standard magnetic configuration of TJ-II. This is, having the edge
rotational transform value close to 1.6, which corresponds to n/m=8/5 rational surface located
atp = 0.81.

I11.3.3.2. Plasma diagnostics

Large-scale coherent structures in plasma potential (Zonal Flows) are investigated by using a
dual system of Langmuir probe arrays, labelled as probe 1 and probe 2 (fig. 3.24). Probe 1 is
the 2-dimensional system and probe 2 “probe B” (see section II.1). The sampling rate of
Langmuir signals is 2 MHz and the radial region accessible is at p > 0.8. Radial electric field
(E;) and wavenumber spectra of turbulence are characterized by two-channel Doppler
reflectometer (fig. 3.24). It allows the measurement of perpendicular rotation velocity of
turbulence and density fluctuations with good spatial and temporal resolution. All the necessary
information to understand principles and applications of Doppler reflectometry (DR) can be
found in reference [186]. DR can cover a radial range of 0.6 < p < 0.8. Finally, Thomson
scattering was used to characterize electron temperature and plasma density profiles [187].

I11.3.3.3. Methodology

The L-H transition is characterized by sudden and strong decay of H, emission simultaneous
to the increase of line average density as well as plasma stored energy and confinement times.
Zonal Flow intensity is measured by using Langmuir probes (figure 3.24). The techniques used
to detect and quantify ZF are the cross-correlation and the cross-coherence calculated between
distant probes.
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The followed procedure is equivalent to that explained in the previous section. The level of
LRC can be measured by electrical probes during L.-mode, H-mode and during L-H transition.
As in all previous parts of this work, distant cross-correlation (LRC) and phase cross-coherence
are computed for low frequencies (1<f<20 kHz). This quantities are calculated in temporal
windows of 1 ms, with an overlap of 0.5 ms. L-H transition leads to a strong and global
modulation in the plasma parameters as well as in plasma-wall interaction magnitudes, which
induces strong changes in the signals obtained by plasma diagnostics. This global modulation
is present in Langmuir probe measurements and can be reflected as high level of LRC if signals
are not properly pre-processed. To avoid that matter, Chevyshev second order filter is applied
to the data which have been filttered previously in the band from 1 to 20 kHz. In this way, any
contribution of the DC component of Vy signals to LRC can be ruled out [188]. This
methodology is done for both Hydrogen and mixed (Hydrogen + Deterium) plasmas in order
to investigate any possible difference in the level of the LRC during the L-H transition.
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Figure 3.24 a) top view of TJ-II stellarator with the situation of the two probe arrays. In b) is shown a
draw of probe 2. In ¢) is shown a CAD image of probe 2D and the position of its Langmuir pins within
edge region of TJ-II. Finally, in ¢) is shown the relative position of Doppler reflectometer with respect
to plasma.
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111.2.3. Results and discussion

I11.2.3.1. L-H transition in the TJ-II stellarator

Previous experiments carried out in TJ-II under Li-coated vacuum vessel and NBI heating
power have reported the experimental evidence of spontaneous L-H transitions. In TJ-II, L-H
transition occurs at a threshold value of electron density. In NBI heating phase, plasma density
depends on NBI heating power and on the magnetic configuration. The results shown in this
thesis report have been obtained in standard magnetic configuration and with NBI heating
power of 500 kW [189]. As mentioned before, the threshold density values are of about 2 -
10 m™=3. Similarly to other devices, in TJ-II, the L-H transition is accompanied by a reduction
in the H,emission due to the decrease of outwards particle flux. It is reported also a reduction
of the level of broadband fluctuations by a factor of 2-3. In addition, L-H transition leads to an
increase of density gradients, stored diamagnetic energy and energy confinement time (tipically
of about 20% in TJ-II). Also as observed in other devices, at the L-H transition mean E,
becomes more negative and strong E, X B flow shear develops together with an abrupt
reduction of broadband turbulence. In TJ-II, all the described processes happen within a
temporal window of some tens of microseconds around L-H transition with the exception of
the mean E,., whose change towards more negative values takes place in temporal window of
the order of the millisecond.

For obtaining the present results, eleven plasma discharges have been studied. Five of them
have been carried out with pure Hydrogen plasmas (#42139, #42146,#42147, #42178, #42179)
and the other six have been done in mixed Hydrogen plus Deuterium plasmas (#42131, #42133,
#42134, #42135 and #42136), with actually 70% of Deuterium. In all these discharges, L-H
transition takes place at density values close to 2.10'®m™3 and the behavior of plasma
parameters during a temporal window around L-H transition time is highly reproducible. On
the other hand, the duration of H-mode, after L-H transition, does not follow a common or
reproducible pattern, as plasma remains in H-mode typically for a period of 5 to 10 ms but is
different for each plasma discharge. During the process of L-H transition H, and D, emission
decreases dramatically and energy confinement time increases, due to the increase of stores
diamagnetic energy as well as a clear decrease of H, emission, due to the reduction of particle
transport radially outwards.

I1.2.3.2. Zonal Flows during L-H transition

As pointed out in the introduction, experimental results obtained in W7-AS and TJ-II
stellarators suggest the presence of low frequency oscillating E, (Zonal Flows) in addition to
the mean radial electric field which is driven by ion pressure gradients, in the L-mode preceding
the L-H transition, during the L-H transition and after it in the H-mode. Zonal Flow-like
fluctuations are identified through the calculation of cross-correlation and cross-coherence in
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phase between distant electrical probe measurements (LRC). The highest level of LRC have
been found between the probe tips placed at the third row in probe 1 and the innermost probe
tip placed at probe 2. In terms of the TJ-II minor radious this situation corresponds to p~0.88.
The evolution of LRCs during L-H transition has high reproducibility in Hydrogen and
Deuterium plasmas. The figure 3.25 shows the time evolution of LRCs of floating potential
fluctuations during the development of L—H transitions in Hydrogen plasmas. The degree of
long-range coupling for potential fluctuations is significant in the low confinement regime,
increases in the proximity of the L-H transition and slightly decreases once in the H-mode.
LRC are strongly bursty both in time (figure 3.25.c) and space (figure 3.27). It should be noted
that the maximum cross-correlation is observed for time delays close to zero, consistent with
the existence of a toroidally/poloidally symmetric low frequency (<10 kHz) ZF structures. The
result shows the existence of high level of coherence (levels up to 0.9) for low frequency
(typically below 10 kHz) during the preceding L-mode as well as during the H-mode (figure
3.25.d).
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Figure 3.25 Typical temporal evolution of line averaged density and H, during L-H transition is shown in a). In
b), the reduction of spectral power for higher frequency fluctuations in H-mode with respect to L-mode. High
levels of LRC are present in L-mode, during the L-H transition and in H-mode plasmas (c). Equivalently, high
levels of cross-coherence are present at low frequencies during L-H transition and H-mode.

The highest correlated LP tips (identified as explained before) are selected as reference and
then the cross-correlation is calculated between the LP tip placed at probe 1 and all the LP tips
radially disposed along probe 2. This operation yields the radial distribution of LRCs.
Assuming a Gaussian distribution, the radial size of LRC is taken as the equivalent radial
distance between the reference tip and the radial position of the tip placed at probe 2 whose
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cross-correlation with reference tip is nearest to 1/e. Figure 3.27 shows the bursty radial
behaviour of LRC in Hydrogen plasmas, which also shows that the maximum levels of LRC
are concentrated at time delays close to zero, which is consistent with the existence of a
toroidal/poloidal symmetric low frequency ZF structures. The behaviour of LRC is similar for
D and H plasmas (fig. 3.26).
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Figure 3.26 Above, evolution of line averaged density and H, in both Hydrogen (a.1) and Deuterium
(b.1) plasmas. Below, cross-coherence present during the L-H transition.
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Figure 3.27 Spatial structure of LRC in the external region of plasma edge during L-H transition. LRC
exhibits a bursty behavior.
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II1.2.3.3. Influence of isotope mass on plasma turbulence

The information of the characteristics of micro-turbulence is contained in the wavenumber
spectra. The perpendicular wavenumber spectra is measured by steering the incidence angle of
the probing beam of the Doppler Reflectometer. DR is able to work in a perpendicular
wavenumber range from 1 to 15 cm™1. It is possible to characterize wavenumber spectra in
both ECRH and NBI heating regimes as well as in both L-mode and H-mode plasmas, for both
pure Hydrogen and mixed (H+D) plasmas. The results show that the heating scenario (ECRH
vs NBI) induces a change in the wavenumber spectra. Turbulence level is higher in ECRH than
in NBI plasmas, which is in agreement with previous results obtained in the TJ-II stellarator
[190]. The variations in the isotope mass ratio do not induce changes in the properties of the
turbulence, as seen in figure 3.28.

The wavenumber spectra shown in figure 3.28 is a combination of turbulence level measured
using a large set of probing frequencies in DR. The overlaping between the two data sets
(Hydrogen and mixed H+D plasmas) is evident in both NBI and ECRH plasmas, suggesting
that isotope mass ratio is not relevant. The differences in the wave number spectral power are
due to heating scenario (ECRH vs NBI), being the fluctuation level clearly higher in ECRH
phase than in NBI heating regime.

-5 | I. | ® 1 ‘ ‘ T T T T T ]
[V, 52 o8 ]
:ﬂ.ﬁ g {ﬂ% ‘.?b ) :
E = T -
07 #° o g .;. 0 i
| % Gh ﬁw ~ ;
== i {h%? . 110.. ]
o [ . s e _
° -15 T %?ﬁ%ﬂé & P oy -
i i 4: ] q;ml %0*3“. -
g i ngegﬂt*%@:} [ ] a
—a I 4}’%‘ oo]
@ 20 + gmgen *°]
B % @, ol
- e ECH Deuterium LR
B «  ECH Hydrogen g‘f"’;ﬂ

25 | e  NBI Deuterium g
- & NBI Hydrogen «®

30 L——1 L ! L | L

2 4 6 8 10
-1
kperp (cm™)

Figure 3.28 Distribution of spectral energy throughout the perpendicular wavenumber of turbulence in
TJ-II. The figure shows that the differences in spectral energy are mainly due to the heating scenario
instead of the dominant isotope mass. Courtesy of Teresa Estrada.
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DR system is optimized in TJ-II and is able to detect the back-scattered signal with a very high
signal to noise ratio, which makes the errors associated to Gaussian fitting of the Doppler
shifted spectra considerably small. The main error source comes from the power calibration
used to compare the fluctuation level measured at different probing frequencies of the

reflectometer. In figure 3.28, the spread of the data can be considered as the error in the
measurement.

I11.2.3.4. Influence of isotope mass on Zonal Flows during L-H
transition

L-H transitions have been achieved both in pure Hydrogen and mixed (D+H) plasmas under
the same magnetic configuration and NBI heating power. The density threshold in both cases
is close to n, = 2+ 10'®m™3. From previous results it is known that, across the L-H transition,
electron temperature profiles are constant while the density radial profiles become more
prominent and its amplitude and width increases. At the same time, an edge transport barrier is
established. Density and temperature profiles are obtained by an integrated data Bayessian
analysis system [148]. Density profiles are similar in Hydrogen and Hydrogen +Deuterium
plasmas both in L- and H-mode. This is shown in figure 3.29.
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Figure 3.29 Radial profiles of density in the plasma edge of TJ-II. The profile in H-mode clearly
steepens with respect to L-mode. The isotope mass has not a clear influence. Courtesy of Teresa Estrada.

The levels of LRC and the magnitude of E, in L- and H-mode plasmas have been studied in
detail. The results show that both LRC and E, are not affected by the isotope mass ratio. The
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results are highly reproducible and are shown in figure 3.30. The radial profile of E,. is measured
1 ms before and after the L-H transition and the temporal evolution of LRC is taken from 10
ms before to 10 ms after L-H transition, being LRC obtained at p = 0.88. The E,. well develops
during the L-H transition achieving values of the order of 10 kVm™! (negative) in both
Hydrogen and Deuterium plasmas. The amplitude of LRC reaches a maximum value at the L-
H transition and it does not show any dependence on isotope mass ratio. This is shown in figure
3.30.
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Figure 3.30 a) shows the radial profile of electric field measured by Doppler reflectometry. Er steepens
clearly after L-H transition. In b) and c) are shown, respectively, the evolution of the level of LRC
during the L-H transition in both, Hydrogen and Deuterium plasmas. LRC reach its maximum level
when L-H transition happens. Both Er and level of LRC are not affected by the isotope mass.

Assuming that Zonal Flows are driven from turbulence free energy, the use of bicoherence
techniques has been proven to be useful in order to identify coupling between the broadband
turbulence and the low frequency fluctuating structures through three wave coupling
mechanism [191]. Bicoherence analysis has been succesfully applied also to TJ-II data and the
strongest coupling have been found between E, and 7, [192]. In this case, bicoherence
annalysis has been done between E, and I,;, both obtained at probe 1. The evolution of total
bicoherence is similar for both pure Hydrogen and Deuterium dominated plasmas in L-mode
and during the L-H transition.
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In the figure 3.31 is shown the evolution of total squared bicoherence during L-H transition for
both isotope mixture cases. The result is an average of the temporal evolution over all the
discharges. Both in pure Hydrogen and Deuterium dominated plasmas the integrated
bicoherence indicates a modification in the non-linear phase-coupling in the proximity of the
L-H transition.
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Figure 3.31 Total squared bicoherence, as indication of non-linear coupling between low frequency
zonal flows and higher frequency turbulence. The level of bicoherence increases as plasma approaches
L-H transition in both Hydrogen and Deuterium dominated plasmas. Once in H-mode, for Hydrogen
plasmas exhibit considerably larger values of total bicoherence. Data shown in this figure is a result of
average trough discharges.

II1.2.3.5. Observation of decoupling between density and potential
fluctuations.

The reduction of the fluctuation level is obvious from the time-resolved frequency spectrum of
ion saturation current and floating potential during the L-H transition (see figure 3.32).

The intensity of fluctuations below 250 kHz in ion current collected by Langmuir probes is
significantly suppressed during L-H transition. However, floating potential fluctuations are
compressed to a low frequency range (f<10 kHz) during the L-H transition. These very low
frequency fluctuations appear only in potential signals and are the ones which exhibit a global
character (LRC), so Zonal Flows. The different behavior of the frequency spectra of potential

91



111.3 Experimental results Spatial structure of ZF': Introduction

and density fluctuations during the L-H transition indicates that LRC are mainly present in
potential but not in density fluctuations, which is consistent with the charateristics of Zonal
Flow structures.

Finally, as hown in figure 3.32, transient high frequency fluctuation feature is present at around
85 kHz after the L-H transition in both potential and current signals. Its origin is unknown at
the moment but it is presumably due to the H-mode equilibrium E,. X B Doppler shift.
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Figure 3.32 Above, temporal evolution of power spectra of floating potential thorugh L-H transition
for discharge #42131 (Deuterium). Below, evolution of power spectra of density fluctuations. After the
L-H transition, level of density fluctuation decreases for the whole spectra, while, for the case of
potential, low frequencies maintain large spectral power.

I11.2.3.6. Reduction of radial particle flux during L-H transition

The particle flux due to electrostatic fluctuations can be resolved in frequency from the
simultaneous measurement of the spectral components of density (approximated by ion
saturation current), potential fluctuations (floating potential) and the poloidal wave number of
potential fluctuations, as explained in previous reference works [193]. This calculation is
achieved by using three Langmuir tips placed at the head of probe 1 (two V¢ and one I4.). In
figure 3.33 b is shown an example of how the particle flux is reduced for frequencies below
100 kHz while the frequencies that dominate the remaining particle flux are shifted to higher
values during H-mode. Before the L-H transition, in L-mode transport is dominated by
frequencies in the band of 20 to 250 kHz and is modest in the frequency range dominated by
Zonal Flows (f <20 kHz). This result shows that particle transport is reduced at low frequencies
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as large scale (ZF) structures have symmetric characteristics. In H-mode plasmas turbulent
transport is strongly reduced for frequencies below 100 kHz due to the reduction of density and
potential fluctuations. High level of Long Range coherence is present in L-mode plasmas as
well as during the L-H transition and H-mode plasmas (figure 3.33 b).
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Figure 3.33 In a) is shown the evolution of cross-coherence during L-H transition. In b) is shown the
frequency solved radial particle flux. Coherence for low frequencies remains in large values during L-
H transition. Radial particle flux dominating frequencies are shifted to higher values in H-mode.
Previously, in L-mode, particle flux is dominated by a frequency band in the order of 10 to 50 kHz
(approximately). The lowest frequencies (1 to 10 kHz), dominated by Zonal Flows, do not contribute to
radial particle transport in either L- and H-mode plasmas.

I11.2.3.7. Discussion: turbulence control by Zonal Flows

Different mechanisms are proposed in order to understand how Zonal Flows control and reduce
turbulent transport during the L-H transition:

a) Turbulence control by Zonal Flows: Due to its spatial structure, Zonal Flows do not
contribute to radial transport. In addition, driven by turbulence, Zonal Flows constitute an
energy sink for turbulence, which cause a reduction of radial transport. This hypothesis is
consistent with the result shown in figure 3.33.b.
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b) Turbulence control by mean and fluctuating sheared flows: Shearing rates induced by low
frequency fluctuating Zonal Flows can be estimated by using Langmuir probes. Effective
shearing rate due to Zonal Flows is calculated from yZFVfZF /A%, where Y, is the value of long
range coherence for low frequency fluctuations, A, is the typical radial scale where Zonal Flows
are damped and VfZF is the peak to peak amplitude of floating potential fluctuations for
frequencies below 20 kHz. Following typical values found in TJ-II for the described magnitudes
the inferred value of the shearing rate in L-mode is in the order of 0.5-10°s~1. This value is
lower than the decorrelation level of floating potential fluctuations, which is calculated as the
inverse of the auto-correlation time measured in the laboratory frame of reference and results
in ~3+10°s~1. The obtained value for shearing rate due to fluctuating sheared flows is also
lower than the value of the mean shear flow, which is estimated to be in the order of 105571,
Then, present results suggest that low frequency fluctuating flows play a marginal role to
stabilize turbulence by decorrelation mechanism caused by shearing.

¢) Consequences of the synergy between NC E, and fluctuating E, X B sheared flows: The
influence of NC E, on Zonal Flow-like structures has been reported in TJ-II. Also, in JET
tokamak, fine structures in the radial electric field have been observed in consistency with
stationary Zonal Flows. Actually, the mechanisms which sustain the observed relation between
NC E, and the amplification of low frequency Zonal Flow-like structures have been
investigated and results are shown in this thesis [chapter I11.1].

d) Effects of curvature and spatial scale of radial electric fields: The curvature of radial electric
field (second spatial derivative of NC E).) can be stronger than the effect of shear over the
turbulence [194, 125]. However, for the case of the experiments shown here, the analysis of
curvature of radial electric field is not possible due to instrumental limitations. Further work is
needed in this direction.

111.2.4. Conclusions

In this section have been described experimental findings obtained in the TJ-II stellarator on
the evidence of Zonal Flows during the L-H transition and H-mode plasmas as well as the role
of isotope effect in the conditions of L-H transition in TJ-II.

LRC, as approximation of Zonal Flow-like oscillations, have been characterized in the edge
plasma of TJ-II during the L-H transition making use of a dual system of electrical probes.
Large levels of LRC for low frequency band (1<f<20 kHz) are present during the preceding L-
mode, reaching a maximum level during the L-H transition.

Under the presence of Zonal Flows and during the L-H transition, the radial particle flux is
strongly reduced in TJ-II, as reported in previous works [125, 195]. Considering the evolution
of ZF-like fluctuations and the mean radial electric fields during the L-H transition, it is
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concluded that Zonal Flows control turbulent transport by acting as energy sink for the low
frequency turbulence and leading to the development of zero frequency sheared flows. Shearing
rates due to Zonal oscillating radial electric fields (1<f<10 kHz) are clearly smaller than the
shear due to the mean flow (zero frequency). This empirical findings point towards considering
low frequency fluctuations in radial electric field as a triggering mechanism of L-H transition
and as driving mechanism of electric fields during H-mode plasmas in stellarators.

Wavenumber spectra and mean radial electric fields measured by using Doppler Reflectometry
system, level of LRC quantified by using electrical multi-probe arrays, turbulence level
reduction and electron plasma temperature and density are similar for pure Hydrogen plasmas
and Deuterium dominated plasmas during the L-H transition in TJ-II NBI plasmas.
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II.3.  Spatial structure of ZF in TJ-II: role of plasma heating,
isotope effect and oscillation frequency

In this chapter we describe the spatial structure of a low frequency global potential oscillation,
which is likely ascribed as the low frequency zonal flows, in TJ-II plasmas. Time-space
properties of the global potential oscillation are investigated in plasmas produced by ECRH and
NBI heating schemes that are characterized by different mean radial electric field structures.
The radial width of the oscillating structure strongly depends on the heating scheme.
Preliminary results roughly suggest that the radial width of LRC increases with the ion mass in
NBI scenarios. A scientific publication has been written based on these results [196]:

I11.3.1. Introduction

The low frequency zonal flows (LFZFs) and the geodesic acoustic modes (GAMs) have been
intensively studied to utilize their intrinsic capability of turbulence transport regulation in
fusion plasmas. A great deal of studies including experimental identifications both of the LFZFs
and of the GAMs as well as theoretical modelling and numerical simulation have been
performed to achieve a better understanding of the LFZFs. However, the physics of the spatial
structure of the LFZF, important to estimate the efficiency of the turbulent transport self-
regulation, is not still understood and validation studies are still needed.

Understanding the influence of isotope mass effects on plasma confinement is one of the most
relevant open issues in magnetic confinement fusion. In most of the tokamak experiments the
plasma confinement time increases with increasing ion mass under similar plasma conditions
[183]. Interestingly, the isotope effect was reported to be weaker in stellarators than in tokamaks
[181]. However, standard transport theories don not predict the isotope effect. Diffusive-like
transport theories consider diffusivity as D ~ L% /1., where L, is the characteristic radial scale
length and 7. is the characteristics time scale of turbulence. If L; scales as L,~p;, then an
increase of ion mass implies an unfavorable effect on plasma confinement. A multi-scale
mechanism has been proposed to explain the isotope effect [197, 198]. The basics idea is that
the smallest plasma scales (controlled by the Larmor radius) can affect the development of
large-scale zonal flows thus affecting plasma transport.

The isotope dependence of local plasma turbulence scale and long-range coherent structure has
been studied in the TJ-II stellarator and the ISTTOK tokamak. In both ISTTOK and TJ-II, the
local turbulent scale increases with isotope mass. This observation would be consistent with
gyro-Bohm scaling [199, 200].

In this chapter, the influence of TJ-II plasma heating and ion mass on the spatial structure of
LRC are investigated.
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I11.3.2. Experimental set-up and methodology

II1.3.2.1. Plasma scenarios and diagnostics

Experiments were carried out in ECRH and NBI heated plasmas in TJ-II standard configuration
with the edge rotational transform (a)/2n ~ 1.65. Hydrogen and Deuterium (100 %) in the
ECRH phase; Hydrogen (100%) and Deuterium dominated plasmas (up to 70%) were generated
in the NBI heated regime.

A typical time evolution of the target discharges is shown in Fig. 3.34. At the first half of the
discharge, the plasma is sustained by two electron cyclotron resonance heating (ECH) systems
of the port through power of 250 kW each, deposited at the plasma center. At the middle of the
discharge t = 1.15 s, the heating scheme is switched to the co-directed neutral beam injection
(NBI) heating having the equivalent port through power to the two ECHs. The ECH heated
plasma has a lower density and a larger particle transport (reflected in the Hg, emission) than
the NBI heated plasma.
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I11.3.2.2. Methodology: characterization of radial width of ZF

The Floating potential profile and its fluctuation are diagnosed by a couple of the Langmuir
probes (probes 1 and 2) separated poloidally ~ 155 deg. and toroidally ~ 160 deg and located
in sectors B and D. The probe 1, the so-called poloidal probe, consists of sixteen Langmuir
probe tips, separated radially 5 mm and poloidally 3 mm. The probe 2, the so-called rake probe,
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consists of twelve radially separated tips ~ 3 mm each, whose radial position is scanned within
eight discharges shot-to-shot basis. The radial scan covers the range 0.82 < p < 1.02, where p
is normalized averaged minor radius. Position of the 1-probe (poloidal probe) is typically fixed
at p = 0.9, for the use as the reference probe for evaluating the long range correlation with
respect to the B probe (rake probe) as shown in Fig. 3.35.
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Figure 3.35 The typical shape of plasma region in TJ-II stellarator obtained by VMEC code for standard
magnetic configuration and the red arrow shows the position of Lagnmuir array (probe 2) along plasma
radius (left figure). In the right hand side is shown the correspondence between reference pin in probe
1 and all the pins placed at probe 2.
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Figure 3.36 Several radial profiles of LRC obtained during the realization of a set of consecutive and
highly reproducible discharges. As shown in the figure, the profile is characterized from p = 1 until
p = 0.8. The case shown here corresponds to ECRH plasmas..

In the order of ten discharges have been used to measure the radial profile of LRC in both
Hydrogen plasmas Deuterium dominated discharges. Then a comparison of radial width of
LRC:s is done for the two different cases of isotope mass ratio and for different heating scenarios
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(ECRH vs NBI). In addition, the effect of E,. induced by external biasing on radial width and
amplitude of ZF is also assessed in both Hydrogen and Deuterium plasmas.

I11.3.3. Results and discussion

I11.3.3.1. Radial profile of Zonal Flows: dependence on ion mass

Plasmas reported in this paper were obtained in two heating regimes: in the first phase plasmas
were sustained by ECRH and in the second phase plasmas were sustained by co-NBI heating.
In the ECRH phase line averaged plasma density is in the range 0.5-10'%m™3 In both
Hydrogen and Deuterium plasmas, whereas in the NBI phase plasma density increases up to
0.8 - 10*°m~3 in Hydrogen plasmas and up to 0.9 - 10°m~3 in Deuterium plasmas.

Figure 3.37 shows the radial profiles of floating potential corresponding to ECRH phase and

NBI phase respectively for both Hydrogen and Deuterium dominated plasmas. The points
appearing in the figures result from the measurement of radial profile of Vy in sucessive
discharges by probe 2 (9 Langmuir pins separated by 2 mm, in sector D), which is in fact an
equivalent feature to that shown in figure 3.36 for LRC. As seen in the figures, the probe radial
scan leads to a high overlapping between profiles.
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Figure 3.37 Radial profile of floating potential measured by the two distant probe systems in ECRH plasmas
(left) and NBI plasmas (right). Profiles are obtained from averaging trough several discharges. In blue are
represented pure the Hydrogen plasma discharges #43702/.../#43709 while in red Deuterium are indicated the
dominated plasma discharges: #44202/.../#44212.

In figure 3.37 are also depicted the three values of V; measured by probe 1, which is the
reference fixed probe, for both Hydrogen and Deuterium dominated plasmas. The most internal
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pin of probe 1 is used as reference signal to calculate the radial profile of LRC with all the other
pin measurements from probe 2.

The floating potential is positive in the plasma edge of ECRH heated plasmas, in agreement
with the electron-root solution of neoclassical predictions and negative in the plasma edge of
NBI heated plasmas in agreement with the ion-root solution of neoclassical predictions. Both
in ECRH and NBI scenarios, floating potential profiles show comparable values in Hydrogen
and Deuterium plasmas, being floating potential values systematically lower (in the range of
20 V) in the plasma edge region (p = 0.85 - 0.9) in D dominated plasmas.

In figure 3.38 is shown the spatio-temporal evolution of LRC in TJ-II Hydrogen plasmas. The
values are obtained from the radial scan of 10 reproducible discharges. In ECRH plasmas the
radial width of LRC is clearly larger than in NBI case, which is completely measured. For the
case of Deuterium dominated plasmas, similar results were obtained.
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Figure 3.38 Spatiotemporal evolution of LRCs in the plasma edge of Hydrogen plasmas in the TJ-
II stellarator. Radial width of LRCs strongly depends on the heating scenario. (ECRH vs NBI).

Figure 3.39 shows the radial profiles of LRC for both Hydrogen and Deuterium dominated
plasmas. The radial profiles are time averaged along the duration of ECRH phase. The values
of LRC are slightly higher in Deuterium than in Hydrogen in all radial positions. This leads to
larger radial amplitude of LRC for Deuterium dominated discharges. In NBI plasmas, the effect
of isotope mass is clear than in ECRH case. While the amplitude of LRC (maximum) is almost
unaffected by changes in isotope mass, the radial width of LRC in Deuterium dominated
plasmas is about a factor 1.5 larger than in the case of Hydrogen plasmas. In NBI regime, the
LRC structure in Deuterium dominated plasmas shows a spatial displacement in the inward
direction with respect to the structure in Hydrogen plasmas (fig. 3.40).
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Figure 3.39 Average radial profile of LRCs in ECRH plasmas for both Hydrogen and Deuterium
dominated plasmas.
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Figure 3.40 Average radial profile of LRC in NBI heated plasmas for the cases of both Hydrogen
and Deuterium dominated plasmas.
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I11.3.3.2. Radial profile of Zonal Flows: dependence on heating regime
(ECRH versus NBI)

In figure 3.41 are shown the radial profiles of LRC for both ECRH and NBI Hydrogen. In NBI
heating phase the radial width of LRC has been fully characterized in the external edge region
and has a value of the order of 1 cm. In ECRH plasmas, while the radially outwards decay tail
is fully explored, probes have not been able to measure the complete profile radially inwards.

NBI plasmas ‘ ECRH plasmas
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Figure 3.41 In red, average of radial profile of LRCs in ECRH Hydrogen plasmas. In blue is shown
the average radial profile of LRCs in deuterium dominated plasmas.
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The heating scenario strongly determines and modifies the radial width of Zonal Flow-like
structures, much more clearly than the difference in isotope ion mass. For both Hydrogen and
Deuterium dominated plasmas, the radial size of LRCs is larger in ECRH plasmas with respect
to NBI case. On the other hand, again, the amplitude (maximum of LRC) is not affected by the
heating regime.

I11.3.3.3. Spatiotemporal characterization of Long Range Correlations

The spatial and temporal characteristics of the LRC have been calculated in the plasma edge
(p = 0.8- 1) for a range of time delays (7 = 50 microseconds) between distant floating
potential signals measured by probes 1 and 2. Measurements were carried out both in ECRH
and NBI plasmas scenarios and in H and D dominated plasmas (Fig. 3.42 and 3.43).
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LRCs show a maximum when the time delay is close to zero and decays when t increases,

describing the cross-correlation a Gaussian-like curve with respect to 7. LRC times are

comparable in H and D plasmas. In NBI regimes the maximum in the amplitude of LRC is
significantly shifted radially inwards (about 0.5 cm) in D plasmas with respect to H plasmas
(fig. 3.43 right). The influence of isotope mass on the radial structure of LRC could be due to
different mechanisms like the influence of ion mass on Larmor radius, neoclassical particle

orbit effects and differences in wall conditioning.
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Figure 3.42 Spatiotemporal structure of LRC in ECRH plasmas for both Hydrogen (left) and
Deuterium dominated (right) plasmas. Survival time of LRC is similar in both cases but there are
differences in the radial width of LRC.
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Figure 3.43 Spatiotemporal structure of LRC in NBI heated plasmas for both Hydrogen (left) and
Deuterium dominated (right) plasmas. There is a shift in the radial position of the structure of LRCs.
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111.3.4. Conclusions

In conclusion, we have investigated how the radial structure of low frequency Zonal Flows
depends on plasma scenarios (heating and ion mass). Results reported in here show, for the first
time and with unprecedented detail, how sensitive are the properties of zonal flows to plasma
conditions, providing a key experimental guidance for model validation. Whether this
sensitivity is due to the magnitude or sign of radial neoclassical electric fields affecting
Reynolds stress driven ZFs neoclassical mechanisms or/and plasma collissionality remain an
open question.
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III.4. Transport at the JET plasma boundary region

111.4.1. Introduction

The JET tokamak is currently operating with the so-called ITER-like wall that mimics the one
of ITER (ILW), which is meant as the plasma operation with an all-metallic wall. It has been
demonstrated that this configuration is compatible with the operation in relevant high power H-
mode scenarios, as scheduled for ITER (ITER baseline scenarios). Under these conditions, the
wall fuel trapping in the vacuum vessel has been reduced by about one order of magnitude with
respect to that in Carbon-based divertor materials [201, 202, 203, 204]. The latter led to a
prohibitively large tritium accumulation due to the high reactivity of Carbon with Hydrogen
isotopes (The underlying physics of retention is explained in section 1.3.4).

Moreover, the high power operation H-mode regimes reached in the last JET experimental
campaigns show new particularities which have not been faced during Carbon wall phase. The
confinement in H-mode is reduced by at least 20 % in the so-called ITER baseline scenario
with respect to the previous Carbon phase [203]. The large amount of puffing necessary to
reduce the plasma edge temperature at the divertor, in order to avoid tungsten sputtering and
accumulation in the plasma centre, was considered as the responsible mechanism of
confinement reduction.

Recent experimental findings obtained at JET in ITER baseline scenarios (high power and best
performance) show that, for specific magnetic configurations with the strike points (SP) located
at the divertor corners (near the pumping conducts), the global confinement could improve
[205, 206, 207]. This observation could help to clarify the role of neutrals on the degrading of
the pedestal properties. It is known that the presence of neutrals in the SOL plasma could lead
to the generation of a high density cool plasma at the inner divertor, which affects the dynamics
of pedestal recovery after ELMs. However, there is not still a clear understanding of the physics
behind it.

On the other hand, Carbon (C) and the new all-metallic wall exhibit different characteristics
when are exposed to Deuterium and the physics of Recycling considerably varied [208, 209].
The absorption capacity of D in ITER-like tungsten divertor is much lower than in the previous
Carbon wall phase with the exception of absorption in Berilium co-deposits, which can lead to
local thermal desorption due to the power deposited during ELM’s [210]. The re-emission of
the neutralized ion flux by the plasma facing material, given by the Recycling coefficient, and
fuelling during scenarios with ELMs determine the transport of neutrals in the SOL as well as
its link with the recovery of the pedestal. The Recycling, gas injection and volume
recombination are the neutral sources. During ELM’s, considering that the Recycling
coefficient remains close to the unity is generally accepted as a good approximation [211].
However, the time evolution of R (along temporal scales of the order of several miliseconds)
has been empirically studied in Carbon wall devices [212] as well as simulated for the case of
W divertor [213] and measured specifically in the case of W divertor exposed to ELMs [214].
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We present here results that show indications of Recycling coefficient varying along the ELM’s
instabilities during JET H-mode plasmas.

111.4.2. Results and discussion

II1.4.2.1. Relation between Neutral fluxes and Divertor configuration
in JET H-mode plasmas

In figure 3.44 are shown two different divertor magnetic configurations to study: vertical (V),
with the inner SP at the inner vertical divertor target and corner (C), in which the inner SP is
placed in the divertor corner, close to the pumping conducts. During the discharge #86533
(toroidal magnetic field of 2.4 T, toroidal plasma current of 2.5 MA, 17 MW of NBI heating
power and 1.5 MW of ICRH heating power) the plasma starts first with the C-configuration
and is moved after 2 seconds to the V-configuration during the H-mode.
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Figure 3.44 JPN 86533. In red, vertical (V) configuration and distance from the LCFS to the inner
divertor plate. In blue, the same for the corner (C) magnetic configuration.

In figure 3.45 is shown the influence of magnetic configuration on the time evolution, of some
global plasma parameters and characteristics (#86533). Specifically are represented, NBI power
Pyg,, fuelling Q,, plasma average density (n,), pedestal electron temperature T?, total Bell
emission at the inner divertor, enhanced confinement factor Hqgy (indicator of the confinement
quality) and integrated inner and outer divertor D, radiance. The transition of magnetic
configuration from corner (C) to vertical (V) is done at t = 49 — 50 seconds. As shown in figure
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3.45.a) even when the puffing rate is reduced during V-configuration with respect to C- one,
plasma density increases. The confinement is clearly degraded in V-configuration with respect
to C- one as shown by a decrease of about 20% in the confinement factor and a reduction in T
of about 30%. Considering only the inter-ELM phase, during the C-configuration the global ion
fluxes at the inner divertor are a factor of 2 higher than the fluxes at the outer divertor. Once in
the V-configuration, global D, radiance in the inner divertor are roughly ten times higher than
in C-configuration, which suggests that are indications of a stronger neutral flux is reaching the
inner part of divertor, while in the outer part of the divertor the flux is increased by a factor of
3 (see figure 3.48).
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Figure 3.45 Time traces of the main plasma parameters of JPN 86533 (See text).

Figure 3.46 (left hand side) shows two frames of the divertor taken with the KL8 Fast camera
during the V-configuration of #86533: left before the ELM and right after the ELM and below
the view of the camera to the divertor. The lines indicate schematically the different emission
regions showing in red the outer SP, in blue the inner SP and in yellow the upper inner divertor
region where a strong emission-cloud appears at the HFS just after the ELM. The spatial
localization of these emission regions where done applying the “Cross-correlation technique”
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between different ROIs (Region of Interest) of the Fast Camera videos and the spatially-well
defined D, -chords looking from the upper port to the divertor [143]. The camera had no filter
for this discharge but the dominant emission at the divertor is by far D,-line emission. A proof
of this is the high cross-correlation yield with the D,-spectroscopy channels once the correct
lines were obtained. Also, videos of similar discharges with and without D,-filter are nearly
equal, except a higher intensity level without the filter by a factor of about two because of the
filter transmission losses. The camera was operated with 10 us exposure time and 25 kHz
recording speed. Figure 3.46 (right hand side) shows two video-clips that can be reproduced by
clicking on the pictures, above the one of the Corner- and below of the Vertical-configuration.
The clips show two ELM cycles, corresponding to about 50 milliseconds of plasma time. The
movement of the image is due to the ELMs that produce vibrations on the camera supporting
structure fastened to the Tokamak vessel. In the C-configuration the ELMs are faster recovering
the inter-ELM equilibrium pattern much rapidly than in the V-configuration, where a strong
dominating emission cloud appears at the HFS just after the ELM-crash. This cloud is located
at the upper inner divertor region on top of Tiles 0 and 1 as shown in figure 3.46 (left hand side

top).
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Figure 3.46 Left hand side figure shows the area of the ROI recorded by the KL8A fast visible camera
(bottom) and two frames of pre-ELM and ELM phases captured during JPN 86533. The right hand side
figure shows two frames recorded during the ELM in both C (top) and V configuration (bottom)
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Links to videos:
CORNER:

http://www-fusion.ciemat.es/fileshare/doc exchange/camaras/JET2018/Fig3b Corner.mp4

VERTICAL:

http://www-fusion.ciemat.es/fileshare/doc_exchange/camaras/JET2018/Fig3b_Vertical. mp4

The ELM D, -dynamics during the stationary phases of the C- (t <49 s) and V- configuration
(t > 50 s) is shown in fig. 3.48 (up right) for channels 1, 3, and 5 (see figure 3.47) and below
the total inner divertor WI radiance.
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Figure 3.47 Scheme of the position of D, radiance chords along the inner divertor.

The ELM frequency is of about 40 Hz in both phases. In the C-configuration all D,-channels
have positive peaks during the ELM crash. Also a secondary peak appears for the views that
look to the SP. In the V-configuration the emission patterns completely change. The innermost
two channels that look to the inner upper horizontal divertor (Tile 1, only Channel 1 is plotted)
show a strong and slow emission peak that lasts about 5 ms, similar or even larger in intensity
than the primary one corresponding to the ELM-crash. It corresponds to the post-ELM emission
cloud seen with the Fast camera. Channel 3 that looks to the inner divertor corner shows no
clear peak during the crash but also sees the secondary peak. Near the inner SP, the emission
decreases just at the ELM time and during about 8 ms (Channel 5, red arrow). These so-called
“negative ELMs” are characteristic of a (partly-) recombining, cool and high-density SOL
plasma that develops near the SP [215].
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Figure 3.48 Spatial profile of D*emission in Corner (blue) and Vertical (red) magnetic configuration. In the
left, the emission during inter-ELM phase, and in the right hand side the emission profile during ELM crash.

The present study indicates that surface heating of Tiles 0 and 1 by high power plasmas with
certain divertor magnetic configurations produces significant deuterium desorption there. This
additional neutral flux may be an actuator that affects the SOL plasma properties producing at
the HFS a high-density, low-temperature plasma that can be the origin of the global
confinement degradation, in addition to the neutral pumping efficiency change that is linked to
the SP position with respect to the divertor openings as disclosed in prior works [216]. We
propose that the Clearance reduction at the upper inner divertor corner of Tile 1 triggers the
power load and subsequent surface temperature increase there. This induces the local fuel
desorption in this area where thick Deuterium containing Beryllium co-deposits exist.
Laboratory analysis showed that these layers emit the trapped Deuterium if threshold
temperatures are exceed that have been observed in the analysed plasmas [217]. With the
increased neutral fluxes, the SOL plasma increases its density and cools down, making
recombination possible (Negative ELMs, fig. 3.48) and even could be detached from the
divertor targets.
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Neutral Flux estimation and global particle Balance at the inner divertor

Figure 3.49 shows the S/XB coefficient for D, (number of ionizations of neutral D and D, per
emitted photon, section I1.2) as a function of ne and T, [95], being the red marked region the
typical operation window of JET SOL Divertor plasma for attached conditions in H-mode (10"
<n, (m?)<5x10'Y; T, >5eV). For these plasma parameters, 8 < S/XB <20 (see red marked
region in figure 3.49) and to simplify, we remove the ne- and T,-dependence and we take an
average value S/XB = 15 and the maximum error is +/- 50%. This is done because the exact
n, and T, distributions are not known and therefore only a rough estimation of the fluxes is
possible. Then, we assume that under these conditions recombination is insignificant and does
not contribute to the neutral fluxes. In the following lines we demonstrate the validity of this
hypothesis for the case of the C-configuration.
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Figure 3.49 S/XB dependence on the electron density and temperature [94]. The red box indicates the range
of S/XB of a plasma in attached conditions, dominated by ionizing processes.

Figure 3.50 shows schematically the Neutral and Ion fluxes in the SOL Divertor. Fr%Cy is the
neutral flux from recycling, E2 ., is the neutral flux created by volume recombination, Fl?u Fr 18

the neutral flux from puffing at the divertor and Fpoump is the pumped neutral flux.
The global neutral flux in the SOL divertor region is given by:
F® = E‘%cy + F;"Oeco + F;?uff - Fpoump (3.17)

As seen in the figure 3.45, during the C-phase, dn,/dt = 0, then the discharge is in steady-
state and Fz?uff ~ Fpoump. In consequence, the global neutral flux in the divertor is the

summation of the Recycling and recombining neutral fluxes.
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Figure 3.50 Divertor region in High Recycling Regime.

The ion flux arriving at the divertor target Ftiarg, is:
Fiarg = Ficrs + Faiw = Feco (3.18)

Where F} s gives the ion flux escaping the confined plasma diffusing out of the separatrix and
entering in the divertor SOL(fig. 3.48 right hand side), F.;,, is the ion flux created in the divertor
SOL plasma by ionization of neutrals and E2, counts for the ion losses in the divertor Volume
due to recombination.

The total ion plasma flux diffusing out from the confined plasma across the separatrix is given
by Ficrs:

. %4
Foep = (ne) — (3.19)
Ip
where V is the plasma volume, 7,is the particle confinement time (about 300 ms here) and (n.)
the average density. In an H-mode plasma, this ion flux is an average over the whole ELM-

period. However, it can be demonstrated, that the time integrated inter-ELM period ion flux
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dominates over that of the ELM-crash [110]. Further, we can say that roughly one half of this
value is directed to each of the divertor targets (inner and outer).

Also, following the general assumption that the Recycling coefficient is R = 1, we have:
F;‘Oecy = RFtiarg = Ftiarg (3.20)

Finally, the fuelling efficiency, labelled as f, is defined as the fraction of the total neutral
flux, F°, escaping the SOL and entering into the confined plasma and becomes ionized. Making
use again of the stationary conditions (dn,/dt = 0), this fraction of the neutrals needs to be
balanced by the ion losses of the confined plasma region, given by F}¢ps:

fFO = FLiCFs (3.21)

Depending mainly on the electron temperature, T,, divertor, which is directly linked to the
atomic reaction rates, we can identify basically two regimes:

First, if T, > 5 eV in the divertor, recombination is negligible and we are in Ionizing conditions
and the divertor SOL plasma is attached. In these conditions, the dominant neutral flux term
is Recycling. In these conditions we can estimate F° using the S/XB method (see section I1.2):

1P AQS
FO~FS,, = —ex;(B (3.22)

Second, if T, < 5 eV recombination processes may begin to be significant (depending on the
electron density), and we have partly Recombining conditions and both neutral flux terms
F, ,‘Qecy and E2 .., must be considered or even completely Recombining conditions, when no ions
at all arrive to the targets (Ftiarg ~ 0), this being only possible if T, < 1eV. In thee two cases

the S/XB method cannot be used and the estimation of neutral flux is much more complicated
(out of the scope of this work).

The particular case of JPN 86533

As already said, Ftiarg is a known parameter and for JPN 86533 it is Ftiarg > 0, which ensures
that we have lonizing or partly recombining conditions. We first assume that we are in ionizing
conditions and calculate F® from equation 3.22. If the estimated value is close to Ftiarg, then
equation 3.20 is fulfilled, which confirms that we are in lonizing conditions with no
recombination. However, if F* > Ftiargwe have partly recombining conditions and we ca not

use the neutral flux estimation from equation 3.22.

In the case of the C-configuration we get, from equation 3.22, that F® ~ 5 - 1022s~1, with the
measured L2« ~ 8- 10°phs~tcm™2sr~1. On the other hand we have, in the inter ELM. The
measured Fiy.g ~ 5-10%2s™1. Then, Fl;, = F°, so it is confirmed that we the divertor is
under ionizing conditions (attached divertor). Note that, since Fp ;s ~ 2.5+ 10%%s7", the
neutral recycling flux is larger by a factor of two than the fuel puffing rate. On the other hand,
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assuming a particle confinement time of 300 ms and that about half of the confined plasma ion
losses crossing the separatrix are directed to the inner divertor target, from 3.19 we get that the
ion flux directed to the inner divertor volume is Ff g = 10?2s~1. Then, the ion flux arriving
at the target becomes amplified by a factor of 5 with respect to the ion flux lost across the
separatrix. This amplification is basically due to the ionization of the recycled neutrals and the
subsequent parallel transport of these ions to the targets, which corresponds in equation 3.18 to
Fl,, = 4-10%2 s7'. These recirculating flow in front of the target generates there a local
plasma that has an increased n.”* much higher than the upstream SOL plasma #7.” and a local
temperature 7. much lower than the upstream 7.*”. This scenario is known as High Recycling

Regime.

Concerning the fuelling efficiency at the inner Divertor, £, a higher limit can be established.
The total neutral fluxes entering inside the LCFS is the summation of the contributions from
the inner and outer Divertor plus that of the puffing. In stationary plasma density conditions,
which is the case here, the sum of these three terms must balance the ion fluxes escaping the
LCFS (see eq. 3.21). Since FiLcrs = 2.5 x10%22 57! and F'= 5 x10%2 571 we get f < 0.5. This is
however just a higher limit, since the other two fuelling contributions (outer Divertor and
puffing) were not considered.

Finally, in the V-configuration, we have a ten times larger LP« radiance (LP« ~ 8-
10*°phs~tcm™2sr~1) and only a factor of four larger ion flux to the targets (F'rarg = 2x10%3
s™1). Therefore F° > Ftiarg and we have partly Recombining conditions so the estimated
neutral flux cannot be calculated with the S/XB method. The fact that recombination is
important indicates that a cool plasma with high neutral and plasma density is formed at the
inner Divertor, a clear signature being the “negative ELMs” in D, —channels. The origin could
be a reduction in the pumping speed caused by the SP change that moves away from the Corner
or an increased local outgassing from surface heated regions, e.g. Tiles 0 and 1, as proposed
above. The result is a roll-over from the High-Recycling Regime towards so-called partial
Detachment when going to V-configuration.
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II1.4.2.2. On the possible temporal variation of Recycling during ELMs

In this section we will analyse in detail the dynamic behaviour of ion and neutral fluxes during
the EL-cycle. As demonstrated before, during C-configuration, in the inner divertor SOL
plasma is attached and atomic processes in the divertor SOL are dominated by ionization and
e collision excitations processes and high recycling conditions. The recycling coefficient R,
which has been defined as the ratio between the total neutral flux re-emitted from the surface,
Fr%cy, and the incident D*ion flux, Ftiarg, has been calculated in the time scales in which ELM
happens.

Ftiarg is directly inferred from Langmuir probes through I, and Froecy can be estimated from

LP« using equation 3.23, as we are in ionizing conditions:

_ By  4mAS/XB-LPa

o i
F, targ F, targ

(3.23)

where 41 and A are known constant values, and F/,,. 4 and LPa are directly measured quantities.

On the other hand, the value S/XB depends on n, and T,, whose value is actually unknown. In
attached ionizing divertor plasmas, in where this technique is valid, electron density and
temperature have values of n, ~ 10®m~=3 and T, > 5eV, respectively.

In this section we will analyse in detail the dynamical behaviour of ion and neutral fluxes during
the ELM cycle. The observed differences in their time behaviour leaves us to the discussion
whether the Recycling coefficient varies within this time scale. There are some recent
experimental [212] and theoretical [213] studies that deal with the same question. We present
here preliminary results on the evolution of the recycling coefficient during ELMs in JET H-
mode plasmas.

Analysis of ELMs: Conditional averaging

In the discharge #86533, during the C-configuration, ELMs have frequency of about 40 Hz. In
the figure 3.51 is shown the temporal evolution of the following magnitudes during a period of
~ 100 ms which contains six ELMs: First, Bell impurity emission line localized at a region
locate at the upper divertor corner (Fig. 3.51 top). Second, D, radiance collected by
spectroscopic line which looks to the innermost LP located at the same region (Fig.51 centre).
And finally, the ion flux inferred from the ion saturation current collected by a Langmuir probe
which is placed in the same region of the divertor (Fig 3.51 bottom). The three quantities are
obtained during a time interval of about 500 ms within the C-configuration. The ELM crash is
perceptible in the impurity signals such as Berilium (Be II) and Tungsten (not shown here) from
the sputtering generated by the energetic particle flux due to ELMs. At the peak of the ELM
crash the global ion flux reaches values of 1023 s~1 and then it decreases again to its previous
value during the pre-ELM phase.
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Figure 3.51 In the top, the evolution of Bell impurity emission. In the center, D,radiance evolution from the
inner upper divertor during ELMs in corner configuration. The bottom figure shows the evolution of ion
saturation current during ELMs. The signal is discontinuous.

As seen in figure 3.51, the Bell signal will be used as time reference for the ELM beginning.
While the LP« radiance is a continuous signal, the ion flux time trace (middle figure) is
discontinuous because it is obtained from the ion saturation I, branch of a Langmuir probe,
which describes -V curves with a frequency of 100 Hz (figure 3.51 bottom). In addition, I,
signal contains turbulence information and noise. In addition, ELMs are quasi-periodic events
which show, within their respective family or type, some differences when comparing one by
one.

In order to reconstruct an average and continuous signal of I, (F°) and F° of the ELM we use
a Conditional Averaging method. This analysis is done as follows:

1) We select a time period with stable plasma parameters (47.5 <t <48 s) and sufficient number
of ELMs, 20 in the present analysis..

2) Bell emission signal in the inner divertor is used to identify the exact instant of each ELM-
crash tg;) by imposing a double condition based on the detection of a change on its time
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derivative above a certain threshold together with the existence of a maximum within the
immediately later time interval of 2 ms.

3) Points placed within an interval from 5 ms before tg;, to 25 ms after tg;, of F' and
LPesignals are stored in two matrixes whose number of columns corresponds to the number of
ELMs existing within t =47.5 - 48 s.

4) The time traces corresponding to LP« signal are multiplied by S/XB and geometrical factors
in order to convert it to neutral flux (equation 3.24). We will assume that S/XB = 14 and is
constant over the whole ELM-cycle, so we define F°* as the neutral flux with this assumption.
At the end of this section we are going to analyse its possible variation.

Fo* = LP«-S/XB-10* - 47 (3.24)
The result of the Conditionally Averaged ion and neutral fluxes is shown in Figure 3.52 a).

Let’s look at figure 3.52 in detail, where we have zoomed the first 5 ms (3.52.b) and the
subsequent 15 ms (3.52.c). We define the following phases of the ELM-cycle:

- The ELM-crash: It lasts about 1 ms and is characterized by the steep peak of F* and
F°*, and also of the Bell (and WI, not shown) emission. It corresponds to the time where
the energetic ions from the Pedestal region are expelled and diverted towards the
divertor targets (and also to the First Wall). In this period F! > F°*.

- The post-ELM: In this period of about 5 ms after the ELM-crash we observe significant
changes in the ion and neutral fluxes and F' > F°*. At the end of this phase F! ~ F°*.

- The Equilibration phase: It is characterized by small variations of the fluxes (<20 %)
and finishes with the arrival of the next ELM. In this period F! < F°*.

As seen in the figure 3.52.b, in the pre-ELM phase, the local value of ion flux measured at the
location of the Langmuir probe is of about 5 - 102151, On the other hand, the radiance has a
value of LP« = 3 - 10 phcm~2s~1sr~1(Figure 3.51). This value is converted to neutral flux
making use of equation 3.23, resulting is FO ~ 5.4 - 10%s~1, which is a close value to the
received ion flux. This is in agreement with High recycling conditions that have been previously
demonstrated, where F%, = Fly, .
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Figure 3.52 Above, evolution of the incident ion flux F! (blue) and the neutral flux F°(red) in divertor tile I.
Bottom left figure shows the pre-ELM phase, ELM crash phase and the equilibration phase. In the righ hand

side bottom figure is shown the post-equilibration phase (shadowed in red), in where the neutral flux is clearly
above the ion flux.

Analysis of the Recycling coefficient

Using the neutral flux F°*, where we assumed a constant S/XB=15 during the ELM-cycle we
define the following ratio R*:

_FO* _47TA'15'LD“

R =—=
Ft Ft

(3.24)
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Note that after equation 3.23 we can relate R* to the Recycling coefficient R in the following
way:

R*=R > 3.25
~  S/XB (3:25)

Figure 3.53 shows the time evolution of R* as obtained from the conditionally-averaged fluxes
F'and F%*.

We observe following features during the three ELM-cycle periods as defined before:

- ELM-crash: In this phase R*sharply decreases and stays at a value of R* = 0.5 for
about 2 ms.

- Post-ELM: R* increases up to a value of R* = 1.

- Equilibration phase: R*continues increasing for a few milliseconds up to a value of
R* = 1.3 and then slowly decreases towards R* =~ 1, which is the pre-ELM value.
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Figure 3.53 Ratio between neutral flux and ion flux. It is known as R*.
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Discussion: Possible change in the S/XB: S/XB depends on electron temperature and density,
as explained before. In previous works [110] are described the changes in T,, T; and n, during
ELM and it is concluded that the electron temperature remains at about constant value in the
SOL (higher than 5 eV so then keeping ionizing conditions). However, T; has a localized and
strong increasing at the ELM crash. On the other hand, electron density depends on ion
saturation current and temperature as: n, = f(Isq, To %°). As shown in the figure 2.54,
changes in T,do not lead to strong variations on the value of D/XB [218].
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Figure 3.54 Dependence of the S/XB coefficient (number of ionizations per photon) on electron density and
temperature. For T, > 10 eV S/XB and densities of ~ 101° m~3does not vary significantly.

We discuss now about the value of S/XB at two different instants during the ELM due to the
value of n,:

- ELM-crash: Since T; is unknown and can strongly influence I,,; and we cannot deduce
nothing of the n,-evolution in this period.

- 10 ms after the ELM-crash: D/XB has a linear dependence on the electron density:
D/XB = 10 + 5n,/(10*° m~3) [218]. In the pre-ELM phase n, ~ 10° m~3, then
we have that D/XB =15. On the other hand, at t = 10 ms, the ion saturation current is
of about 0.8 its value during the pre-ELM phase. Then, n,(10 ms) = 0.8n,(t = 0). In
consequence D/XB(t=10 ms) = 14 and from equation 3.25: R*(t = 10 ms) = 1.07 - R.
However, in the figure 3.53.c is shown that R*(10 ms) = 1.25. Then, it is not possible
to explain the value of R*at this instant by a change in D/XB and, following 3.25, there
are indications that R is increased of about 20 % in t = 10 ms with respect to the pre-
ELM phase.
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Possible variation of R during ELM: generally it is assumed that the recycling coefficient R is
does not vary at short time scales as here [213]. However, in this case, during the equilibrium
phase, the observed R* > 1could be explained by R > 1 due to retarded neutral desorption from
the surface.

Considerations of an evolving R basing on the Conservation of the Deuterium inventory

We have therefore obtained that in the equilibration time, R > 1, which means that in this period
there is a larger neutral recycling flux than the incident ion Flux. In accordance with the model
model disclosed in [213] we propose following qualitative picture of the Recycling dynamics:
The ELM—cycle can be seen as schematically shown in the figure (here F'= FP and F' = @N ).

Tl TZ
——> € |
I Adsorption Desorption phase !
: phase : I

R(t) =D,/ T,

Qn =- Qo

|
I
I
|
Stationary conditions :
|
|
|
I

Figure 3.55 Evolution of the Recycling coefficient (red line) during ELM instability. The blue line represents
the evolution of the desorbed photon flux. Courtesy of Eduardo de la Cal.

There are two main phases during the ELM: an net absorption phase where R < 1 during the
ELM-crash and a posterior net desorption phase with R > 1 that corresponds to the equilibration
phase that we have observed experimentally. The absorption phase would correspond to the
ELM-crash and the post-ELLM phase, which could not be resolved due to the uncertainties in

the ne evolution.
dn,

In stationary plasma conditions as here where —= = 0, during one ELM cycle, the integrated

dt
absorbed neutral flux by the surface and the time-integrated fluxes of both phases should

compensate.

Q(t) = QF + f ([, — @y)dt = f [,(1—R)dt (3.26)
t t
where t = T; + T, is the duration of the ELM .
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111.4.3. Conclusions

Recent results obtained in different studies in JET-ILW link the global plasma confinement to
the magnetic configuration of the divertor. These studies proposed that, through the SP position,
the pumping efficiency of neutrals. In the present study we suggest that the distance between
the separatrix and the inner divertor (known as Clearance) could also play a role. We have
observed that with a reduced Clearance a strong neutral flux is present at the upper inner
divertor region after ELMs. This is attributed to the over-heating of the surface there that
induces fuel outgassing. We have further demonstrated that, for the cases where the neutral
fluxes are not enhanced and global confinement is highest, the divertor is under High-recycling
conditions and the ion flux to the divertor target is clearly dominated by the ion flux created in
the divertor SOL, without recombination. In addition, the result of the detailed analysis of the
temporal evolution of Ion and Neutral fluxes during the ELM-cycle indicates that the Recycling
coefficient vary within the ELM time-scale. This could be important for the understanding of
the pedestal recovery cycle and thereby for the H-mode performance.
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IV. GENERAL CONCLUSIONS AND OUTLOOK

This thesis contributes to the study and understanding of relevant phenomena governing and
controlling transport in the plasma boundary region of stellarator and tokamak fusion plasmas.

From the perspective of plasma physics, synergies between stellarators and the main-line
tokamak are particularly meaningful to address fundamental open questions like the physics of
transport in the plasma boundary region. The experimental research programme reported in
this thesis has been developed in Low and High-mode plasma scenarios in the TJ-II stellarator
and in the JET tokamak. The most important conclusions are described below following the
main research pillars of this thesis work.

Zonal Flows and turbulence control in stellarators:

Zonal Flows (ZFs) in magnetically confined plasmas manifest themselves as global coherent
low frequency electrostatic fluctuation. ZFs characterization is important for a critical test of
transport models in fusion plasmas.

It has been proved that is possible to identify and characterize ZFs by exploring the properties
of long-range-correlations (LRCs) of low frequency electrostatic fluctuations in the TJ-II
stellarator. This characterization was possible using a unique experimental set-up based on
multiple electrostatic probes and edge biasing system.

A comprehensive characterization of the response of ZFs to the presence of spontaneous and
biasing driven radial electric fields has been carried out in the plasma edge region of the TJ-1I
stellarator. Experimental findings have shown the role of neoclassical radial electric fields to
control the amplitude of ZFs resulting in the development of both long (neoclassical) and short
(due to ZFs) radial electric field scales. First attempt to unravel the mechanisms underlying the
observed interplay between neoclassical radial electric fields and the amplification of low
frequency zonal flow-like structures indices the role of Er to reduce the effective damping of
zonal flows.

The development of radial electric fields with multiple radial scales involving both neoclassical
and anomalous mechanisms would have direct implication in the physics understanding of
transport self-regulation and model validation in fusion plasmas.

Zonal Flows during L-H transition in stellarators

Improving confidence in transport predictions for burning plasma conditions and scenario
development to access improved confinement regimes is crucial for ITER and stellarator reactor
development.

For the first time, the characterization of low frequency fluctuating ZFs and mean radial electric
fields has been experimentally studied during the L-H transition in the in Hydrogen and
Deuterium plasmas in the stellarator TJ-II. No evidence of isotope effect on the L-H transition
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dynamics was observed.

These observations emphasize the critical role of both zero frequency (equilibrium) and low
frequency varying large-scale flows for stabilizing turbulence during the triggering of the L-H
transition in magnetically confined toroidal plasmas and show that there are different paths to
reach the L-H transition with impact on the conditions to access the H-mode regime.

Radial structure of Zonal Flows in stellarators

Despite the intensive investigations on the driving and damping mechanisms of ZFs, the physics
mechanisms underlying their spatial structure, which is crucially important to estimate the
efficiency of the turbulent transport suppression, is not fully understood and validation studies
are still missing.

We have investigated how the radial structure of low frequency Zonal Flows depends on plasma
scenarios (heating and ion mass) in the TJ-II stellarator. Results reported in this thesis show,
with unprecedented detail, how sensitive are the properties of zonal flows to plasma conditions,
providing a key experimental guidance for model validation.

Whether this sensitivity is due to the magnitude or sign of radial neoclassical electric fields
affecting Reynolds stress driven ZFs and neoclassical mechanisms or/and plasma collisionality
remain an open question.

Particle transport in edge and SOL plasma at JET H-mode plasmas

Following JET-ILW recent results which conclude that the global plasma confinement is
affected by the magnetic configuration of the divertor, we have studied the effect of the SP
position on the dynamics of neutrals. We conclude that there are evidences of that the distance
between the separatrix and the inner divertor (known as Clearance) could also play a role on
the enhancement of neutral flux in the inner Divertor region after ELMs. This is attributed to
the over-heating of the surface there that induces fuel outgassing. In addition, for the cases
where the neutral fluxes are not enhanced and global confinement is highest, the ion flux to the
divertor target is clearly dominated by the ion flux created in the divertor SOL, without
recombination. This regime is known as “High-recycling regime”. Finally, the result of the
detailed analysis of the temporal evolution of Ion and Neutral fluxes during the ELM-cycle
indicates that the Recycling coefficient vary within the ELM time-scale. This could be
important for the understanding of the pedestal recovery cycle there by H-mode performance.

The main open questions are related to the interpretation of experimental results and improving
of instrumental techniques:

1) Diagnostics for Zonal Flows: The present thesis has shown the unique capabilities of
Langmuir probes to identify and to characterize ZFs in fusion plasmas. In order to
characterize ZF in the high temperature plasmas (like JT60-SA, W7-X) the use of other
diagnostics should be addressed (like HIBP and Doppler reflectometry)

124
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2) Physics of Zonal Flows: Whether the sensitivity of ZFs to plasma conditions reported
in this thesis is due to the magnitude or/and sign of radial neoclassical electric fields
affecting Reynolds stress driven ZFs and neoclassical mechanisms or/and plasma
collisionality remain an open question. Further studies are needed to address this issue
and validation studies are still missing.

3) Recycling studies in JET: The effort should be focused in the following lines:
- Continue the studies on the time evolution of the Recycling during ELMs.
- Analyze the D,- emission and ion saturation current data used in the present work
statistically in order to understand how the turbulence is affected when changing the
SOL regime.
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