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RESUMO

Apresenta-se uma descrição estatística dos processos de transporte em plasmas de fusão, em
alternativa à abordagem tradicional baseada no cálculo dos coeficientes efectivos de
transporte (coeficientes de difusão) e quantidades médias (comprimentos de correlação
médios). As experiências foram realizadas na periferia dos tokamaks JET e ISTTOK e do
stellarator TJ-II usando sondas de Langmuir. Esta descrição foi escolhida para evidenciar a
relação dinâmica entre flutuação em gradientes, transporte turbulento e campo eléctrico radial.
Estas quantidades estão fortemente acopladas e a sua relação é afectada pela presença de
correntes poloidais de cisalhamento, potência de aquecimento e proximidade a limiares de
instabilidade. Os resultados demonstram que, em plasmas de modo-L, o transporte e os
gradientes se organizam de forma a estarem no limiar de um ponto de bifurcação, sendo o
resultado consistente com o conceito de transporte turbulento auto-regulado por flutuações
próximas da estabilidade marginal. Foram também encontradas evidências que o transporte
turbulento está fortemente acoplado com flutuações nos fluxos paralelos, reflectindo que os
fluxos paralelos terão, parcialmente, a sua origem em mecanismos turbulentos.
Apresenta-se também o desenvolvimento do Detector Matricial Multicanal para o Diagnóstico
de Feixe de Iões Pesados do stellarator TJ-II. Este detector permitirá a medida de flutuações
de densidade permitindo a extensão dos métodos desenvolvidos ao interior do plasma.
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ABSTRACT

The importance of the statistical description of transport processes in fusion plasmas as an
alternative approach to the traditional way to characterize transport based on the computation
of effective transport coefficients (i.e. diffusion coefficients) and on average quantities (i.e.,
average correlation lengths) is emphasized. Experiments were carried in the periphery of JET
and ISTTOK tokamaks and TJ-II stellarator using Langmuir probes. The statistical approach
was chosen to highlight the dynamical interplay between fluctuations in gradients, turbulent
transport and radial electric field. These quantities are statistically strongly coupled and that
relation is strongly affected by the presence of sheared poloidal flows, heating power and the
proximity to instability thresholds. The results demonstrates that transport and gradients
organized themselves to be at the threshold of a bifurcation point in L-mode plasmas and are
consistent with the concept of turbulent transport self-regulated via fluctuations near marginal
stability. Also evidences that the turbulent transport is strongly coupled with fluctuations in
parallel flows were found, reflecting that parallel flows are, at least partially, driven by
turbulence mechanisms.
The development of a Multiple Cell Array Detector for the TJ-II stellarator Heavy Ion
Beam Probe is presented. This detector will allow the measurement of density fluctuations on
the plasma allowing the extension of our methods to the plasma core.
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“(…) Their achievement was sufficiently unprecedented to attract an enduring group of
adherents away from competing modes of scientific activity. Simultaneously, it was
sufficiently open-ended to leave all sorts of problems for the redefined group of practitioners
to resolve.
Achievements that share these two characteristics I shall henceforth refer to as
‘paradigms’, a term that relates closely to ‘normal science’. (…)”
Thomas Kuhn,
The Structure of Scientific Revolutions,
(The University of Chicago Press, Chicago, 1996)

‘(…) “ Cheshire-Puss,” she began rather timidly, as she did not at all know whether it would
like the name: however, it only grinned a little wider. “Come it’s pleased so far,” thought
Alice, and she went on. “Would you tell me, please, which way I ought to go from here?”
“That depends a good deal on where you want to get to,” said the Cat.
“I don’t much care where-“ said Alice.
“Then it doesn’t matter which way you go,” said the Cat.
“-so long as I get somewhere,” Alice added as an explanation.
“Oh, you’re sure to do that,” said the Cat, “if you only walk long enough.”
Alice felt that this could not be denied, so she tried another question. (…)’
Lewis Carrol,
“Alice’s Adventures in wonderland”
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Chapter I - INTRODUCTION

Population growth and economic development result in a constant growing need of electricity.
CO2 and sulphur emissions, emission of radioactive materials, traffic accidents are all
consequences of the world energy system. Furthermore the continued and increasing emission
of greenhouse gases might lead in the long term to a change of the global climate. The usual
scenarios forecast shows that the emission of greenhouse gases will increase even more this
century. If neither environmental taxes are imposed nor CO2 emission regulations are
implemented, it would lead, in the most optimistic scenario, to CO2 concentrations in the
atmosphere that doubles the pre-industrial value. Beside this global temperature rise, other
climate change induced impacts like sea level rise and changes in precipitation patterns are
possible with potentially dramatic impacts for individual regions. With this dark panorama
beyond, the sensitivity to the problem has increased in the last years, leading industrialised
and developing countries to a continuously looking for safer, cleaner and more efficient ways
of obtaining energy. In this search, not only the scarcity of resources is born in mind by policy
makers but also the environmental risks associated to the dominant use of fossil fuels,
conducting to an increase in the investigations and supports received by the renewable
sources. Society has a lot of doubts and strong discrepancies with the actual energetic models
on several and ample sectors: doubts about the scarcity of fossil combustibles resources, the
insufficient countermeasures to mitigate greenhouse effects and climate changes, competitive
pressures that lead to reductions on the investment on security. Doubts that emerge the
energetic enterprises on an environment where they have more difficult to develop their work
with tranquillity and social acceptance (all the energy sources always found detractors). The
final goal of energetic sustainability is to achieve accessible, available and acceptable energy.
Accessibility is directly connected to an adequate price policy; availability, to energy quality
on small term and supply security on large term; acceptability to environmental objectives
and public sensitivity.
The master guiding lines for the energetic sector need to correspond to these objectives,
and concretely to those defined by the energetic policies of most of the countries:
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•

Diversification of energy resources and security of supply;

•

Protection of environment;

•

Economical competitiveness.

It is predictable that energy prices will raise following oil prices, which will rise to
ensure prospecting, development and production of future reserves. The idea of internal cost
associated to energetic production can also produce a different structure on energy prices to
reflect the environmental impact of production.
It is necessary to have into account that the energetic sector is the one mostly negatively
coupled with the environment. Energy production perturbs the environment from the
extraction of the primary resources, during the transformation processes in final energy and
during the consume process. In this chain, atmosphere, water, soil and living beings are
affected. Although several important impacts exist, mostly is the atmosphere that is strongly
affected by the energetic sector.
A correct analysis of impact over the environment of energy related activities require an
identification of each impact from the cycle of production and consume. The main
preoccupations are around four major points:
•

Greenhouse effect and climatic change prevention;

•

Biological diversity and agriculture soil defence;

•

Air and water quality maintenance;

•

Residual management.

Undoubtly, renewable energy resources will significantly contribute to world power
supply. Numerous potential applications are being developed, and their real utilization will
depend on the economical competitiveness with the non-renewable sources. Presently,
renewable energy sources contribution is around 4-5%, but European Union has established
the ambitious goal of 12% of utilization in 2010. How renewable energies can contribute to
the future energy supply structure will depend on the aggressiveness and efficiency of
penetration policies as well, as in all ruled by market economy, on the price of other energy
sources.
Fusion power is also an energy option to be taken into account when planning a global
sustainable development since, even though it can not be considered as renewable, it has the
same advantages for inexhaustibility, safety, cleanliness and efficiency. However, fusion is
usually not considered to be a helpful CO2 mitigation technology, because it is not expected to
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be economically available before the second half of this century. This argument miss the fact
that it is rather likely that intermediate solutions like the substitution of coal by natural gas
will help to reduce the greenhouse gas emissions in the short and medium terms. If
commercially available in 2050, fusion power can considerably contribute to the reduction of
the greenhouse gas emissions in the long term.
Despite of the implementation of conservation measures and improvements in the
efficiency of new combustion technologies by industrialised countries, globally, even after
2050, a high increase in electricity demand is expected mostly due to the increase in energy
consumption from developing countries. These huge rates of energy consumption and carbon
emissions are based on fossil fuels, and particularly on oil, gas and coal. If we rely on the
exploitation of oil fields, there will be enough oil for the next century, but oil prices will be
difficult to estimate. Unlike oil, natural gas is not subjected to supply restrains that could
affect its price. Moreover, we do not know of many natural gas resources and this precious
fuel, which is now burned to produce electricity, may be exhausted by the end of the century.
This means that at the end of the 21st century we may face a situation very similar to the one
experienced one or two decades ago, when electricity production basically depended on coal
and nuclear energy (and, on a small percentage, on renewable energy sources). This situation
will in theory open the way to use of fusion energy to produce electricity. Emissions produced
by the burning of coal will certainly be restructured by that time, either by technological
means (which will increase the final kWh price) or by levying carbon taxes. In 2100 fusion
could represent 15% of the power generation [1]. It may be concluded that fusion power can
fit well because the fuel supply for the Deuterium-Tritium option is secured for many
centuries to come and, due to the fact that fusion based plants do not contribute to global
climate warming, it may even profit from tax levies on emissions.
Externality is the concept that encloses the costs and benefits associated to a given
economical activity, not included in the price structure of the product, which fall
indiscriminately over the society and the environment (like the prices of environmental
damage or loss of welfare). On energy production case, the externalities are the imposed costs
to the society not assumed or accounted by the producers or consumers. These damages are
not reflected on the final price and the resources are not efficiently assigned. The
determination of external costs is of crucial importance to determine whether the market price
of energy reflects all the socio-economic impacts. Most of the times, only on these evaluation
bases some renewable energy sources could be considered competitive with traditional
3

sources, reason why the next paragraphs were dedicated to this theme even though without
the aim to be extensive.
An attractive fusion power station will need to have major safety and environmental
advantages, and prove to be economically viable compared with other sources of baseload
electricity, to meet the conditions of the second half of this century. A pre-requisite to
determine the external costs are to understand the material and energy flows necessary to
construct a plant. A recent study [2] shows that the energy necessary to construct a fusion
power plant (from a complete evaluation of the process chains necessary to mine, process,
transport and assemble a special material) does not considerably exceed the energy necessary
to construct a fission plant, being the payback time, defined as the time after which the plant
has delivered so much electrical energy as energy was necessary to construct the plant, 68%
of a year on a 75% plant availability. While fusion can be practically compared with
renewable energy sources, especially regarding the unlimited resource base, material and land
requirements for fusion are less demanding than for the renewable energy technologies,
especially wind and solar. Roughly 300 m2/MW are needed, a modest value when compared
with most renewable energy sources that collect rather large land requirements (4000-90000
m2/MW). Material requirements of a fusion plant do exceed the requirements of conventional
plants, such as fission, by a factor of two, but stay below renewable energy conversion
technologies. It needs to be mentioned that all technologies will make considerable progress
until the year 2050 when fusion might enter the energy market.
The external costs of fusion are in the same range as those of the solar and wind, but
fission is also close too. Slightly higher fission costs are due to global emissions in the
reprocessing and uranium mining. The costs of a severe accident at a fission plant are a
thousand, or ten thousand, times greater than the corresponding costs of the worst fusion
accident, but this does not impact the comparison of the external costs due to the low
frequency of such accidents. With respect to the radiological impacts only global impacts
rally count, while local impacts even in the case of a severe accident are negligible [3-4]. A
few radioisotopes, which are of global impact since they take part in world wide material
cycles, can be used as estimators to study the radiological impact of an intense fusion
economy. The emission of 14C, produced in considerable amounts in fusion technology, is one
of the most critical issues because this isotope participates in global material cycles. These
releases especially for a final repository with only 10000 years of retention time would lead,
in the case of an intense fusion economy, to significant collective doses. External cost of these
4

emissions would be relatively significant. On the other hand, the individual doses would be
orders of magnitude below the natural background radiation. Geographical variation in
background radiation would be much larger than the increase due to fusion. Even in an
intense fusion economy, the changes in the global environment will not be significant. The
changes are, in the worst case, a few percent to the natural background radiation, but in many
cases much bellow this [5]. As far as the health and environmental impacts are concerned, one
of the interests of the fusion fuel cycle is the limitation of consequences associated with the
occurrence of a potential accident with releases into the environment. The external cost
associated with accident scenario (radiological exposures, restriction on agricultural food
products, economic consequences) for fusion power plant remains quite limited due to the low
radiological impact that would have to support the populations surrounding the power plant if
an accident occurs.
Energetic generation from renewable sources technologies have a lot of benefits that are
no enclosed on the conventional energy price structure. Plasma fusion is one of the few
technologies that are able to supply practically unlimited energy, and economically
competitive if external costs are considered, in the form of electricity for the centuries to
come.
A very good overview on energetic technologies and environmental impact can be
found in [6].

1.1 - Plasma fusion
For light atoms (up to mass number of A<56) there are an increase in the binding energy per
nucleon. Therefore, fusion reactions between them are generally accompanied by a net release
of energy. However, to achieve fusion between two nuclei, their kinetic energy must be high
enough in order that their relative velocity can overcome the mutual Coulomb repulsion due
to their positive charges. When heated to extremely high temperatures (108 K ~104 eV), the
atoms become fully ionised, existing as a quasi-neutral gas of electrons and ions known as
plasma, with enough kinetic energy to allow fusion to occur. The most promising reactions
for fusion involve the hydrogenic elements (H, D and T), once that the Coulomb barrier
increases as the square of the atomic number. Due to their high effective fusion reaction
cross-sections for temperatures/energies relatively low, the most probable candidates for an
industrial fusion cycle are:
5

2
1

D + 12 D→ 23 He (0.82 MeV )+ 01n (2.45 MeV )

2
1

D + 12 D→ 31T (1.01 MeV )+ 11H (3.02 MeV )

2
1

D + 31T → 24 He (3.5 MeV )+ 01n (14.1 MeV )

2
1

D + 23 He→ 24 He (3.6 MeV )+ 11H (14.7 MeV )

being the reaction Deuterium-Tritium the best candidate due to the higher effective crosssection at lower temperature (Fig. 1.1). Most of the energy released, i.e. 14.1 MeV is taken by
the neutron and the rest, 3.5 MeV, is left with the helium ashes. The optimal energy for the DT collision is relatively low, of the order of 10 keV. Deuterium can easily and cheaply be
extracted from water and enough resources for the deuterium supply for thousands of years
are available. The situation regarding tritium is more complex. Tritium is not available in
nature because it undergoes a radioactive decay with half-life of only 12.3 years. Most
designs of tokamak reactor include a blanket of lithium-rich material on the inner wall of the
vacuum vessel in order to breed tritium. Optimistic estimates points that there is enough
retrievable lithium to support global scale fusion energy for several hundred years at least.

Fig. 1.1: Cross-sections for relevant fusion reactants.

On fusion plasma there would be a continuous loss of energy, therefore it is clearly a
minimum requirement that the thermonuclear power of the reactor should be sufficiently large
6

to replace these losses. The Lawson criterion is a statement of this condition. “Ignition”
occurs when the heating power supplied by the alpha particles can marginally compensate for
all energy losses of the plasma, and we speak of “burning plasma”. Roughly the energy
confinement time τE can be defined, in a simplified treatment, from the total power loss of the
plasma Ploss=Ethermal/τE. Comparing with the alpha power, which is proportional to ni2 , it
follows that the product niτE has to exceed a temperature dependent value. This value is
minimal at a temperature of about 20 keV and the ignition criterion for the “fusion product”
niTτE can then be written as:
ni Tτ E > 5 × 10 21 m −3 keV s

There are two technological approaches to satisfy Lawson’s criterion currently under serious
consideration: inertial confinement and magnetic confinement. On the inertial confinement
fusion a pellet of D and T ice is bombarded with laser or heavy ion beams of very high
intensity. An extremely high density is achieved when the fuel fuses before it expands again
in an extremely short time, determined by its inertia. In the second approach the reactants are
heated to the very high temperatures required, 20 keV, in the plasma form. The necessary
insulation from the container materials is provided by a combination of externally applied and
plasma-induced magnetic fields.
Since the 50s a large number of different configurations of the magnetic confinement
concept have been studied and can be extensively found on the literature. This thesis will deal
with results from a tokamak and a heliac which will be briefly described in the next sections.

1.2 - Magnetic configurations
Depending on the method used to create the poloidal magnetic field required for plasma
equilibrium, the toroidal configurations can be divided into two types:
Tokamaks: the poloidal field is created through a toroidal current on the plasma. This
current is generated by transformer effect (fig. 1.2). On the first experiments iron cores
were used. Presently, because of the high toroidal field values involved (5.2 T), a
superconductor material (Nb3Sn) cooled at 4.5K by a flow of supercritical helium at ~ 0.6
MPa is foreseen for ITER. The time variable current on the primary winding induces,
7

through the flux variation, a toroidal current on the secondary (plasma). These
configurations have axial symmetry (the plasma is invariant through a rotation over φ) and,
therefore are bidimensionals. The discharge duration is limited by the toroidal current that
is possible to maintain on the plasma due to the limited total flux variation, impeding the
continuous operation of these devices. Further information about the physics of tokamaks
can be found in [7].

Fig. 1.2: Magnetic field configuration

Stellarators: the poloidal field is created from a current on the external helicoidal coils.
These configurations are three-dimensional once that do not have axial symmetry because
of the three variable (r, θ and φ) dependence of the magnetic field. Despite of the bigger
complexity when compared with a tokamak, the absence of plasma current makes these
devices attractive candidates to a future fusion reactor. Information about the different
stellarator configuration can be found in [8].
Today, the tokamak configuration is undoubtly the faster way to ignition. The results
obtained, the lower cost of construction and the efficiency of inductive current heating, prove
that. However, stellarators have some major advantages respect to tokamaks:
•

No need of current generation;
8

•

The possibility of continuous operation;

•

The inexistence of disruptions due to plasma current associated instabilities
(current drive tearing modes and sawtooth instabilities);

•

Well defined magnetic surfaces even on plasma absence which simplifies the
operation;

•

MHD properties and transport optimization throughout discharge is optimized
through the control of magnetic configuration profiles, once that they are
determined by the current on the external coils.

The physics of these two configurations can be quite different in some aspects.
However, throughout this thesis, with results from JET (a tokamak) and TJ-II (a stellarator),
we will use the peculiarities of each device to highlight similarities on fundamental properties
of the plasmas which seem to be geometry independent. These similarities can give a glance
of the responsible mechanism.

1.3 - The Joint European Torus (JET)
The Joint European Torus is the largest single project of the Nuclear Fusion Research
Programme of the European Atomic Energy Community (EURATOM). The project was
designed with the essential objectives of obtaining and studying plasmas in conditions and
with dimensions approaching those needed in a fusion reactor. These studies are aimed at
defining the parameters, the size and working conditions of a tokamak reactor. The realisation
of this objective involves four main areas of work:
(i) The scaling of plasma behaviour as parameters approach the reactor range;
(ii) The plasma-wall interaction in these conditions;
(iii) The study of plasma heating; and
(iv) The study of alpha-particle production, confinement and consequent plasma heating.
Two of the key technological issues in the subsequent development of a fusion reactor
are faced for the first time in JET. These are the use of tritium and the application of remote
maintenance and repair techniques. Also important is the focusing on the engineering and
technical problems involved in progressing from an advanced experimental device like JET to
a prototype power reactor.
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Inner poloidal field coils
(primary winding)

Transformer
limbs

Vacuum vessel

Mechanical
structure
Toroidal field
coils

Outer poloidal field coils

Fig. 1.3: Model of the JET torus.

Fig. 1.4: Cross-section showing the toroidal, poloidal and divertor coils.

To meet these overall aims, JET uses the tokamak magnetic field configuration to maintain
isolation between the hot plasma and the walls of the surrounding vaccum vessel. The overall
dimensions are about 15 m in diameter and 12 m in height. A diagram of the JET apparatus is
shown in figures 1.3 and 1.4 and the main design parameters are presented in table 1.1.
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Parameter

Size

Plasma Minor Radius:
Horizontal, a

1.25 m

Vertical, b

2.10 m

Plasma Major Radius, R0

2.96 m

Plasma aspect Ratio, R0/a

2.37

Plasma Elongation Ratio, ε=b/a

1.68

Flat-Top Pulse Length

20 s

Weight of the Iron Core

2800 t

Toroidal Field Coil Power (Peak on 13 s Rise)

380 MW

Toroidal Magnetic Field at Plasma Centre

3.45 T

Plasma Current:
Circular Plasma

3.2 MA

D-Shape Plasma

7.0 MA

Volt-Seconds to Drive Plasma Current

54 Vs

Toroidal Field Peak Power

380 MW

Poloidal Field Peak Power

300 MW

Additional Heating Power (into torus)

~50 MW

Table 1.1: JET parameters

The toroidal component of the magnetic field on JET is generated by 32 large D-shaped coils
with copper windings, which are equally spaced around the machine. The primary winding
(inner poloidal field coils) of the transformer, used to induce the plasma current which
generates the poloidal component of the field, is situated at the centre of the machine.
Coupling between the primary winding and the toroidal plasma, acting as the single turn
secondary, is provided by the massive eight limbed transformer core. Around the outside of
the machine, but within the confines of the transformer limbs, is the set of six field coils
(outer poloidal field coils) used for positioning, shaping and stabilising the position of the
plasma in operation. The coils carry currents for several tens of seconds, and consequently
they have to be provided with a cooling system, using water as the coolant. During operation
large forces are produced due to interactions between the currents and magnetic fields. These

11

forces are constrained by the mechanical structure which encloses the central components of
the machine.
The use of transformer action for producing the large plasma current means that the JET
machine operates in a pulsed mode. Pulses can be produced at a maximum rate of about one
every ten to twenty minutes, and each one can last for up to 60 seconds. The plasma is
enclosed within the doughnut shaped vacuum vessel which has a major radius of 2.96 m and a
D-shaped cross-section of 4.2 m by 2.5 m. During operation of the machine, a small quantity
of gas (hydrogen, deuterium or tritium) is introduced into the vacuum chamber and is heated
by passing a large current through the gas (7 MA). This current is produced by transformer
action using the massive eight-limbed magnetic circuit. To reach conditions close to those
relevant to a fusion reactor, plasma densities of ~1020 m-3 at temperatures of 10-20 keV would
be needed. Even with plasma currents up to 7 MA in JET, this would be inadequate to provide
the temperature required using ohmic heating alone. Additional heating of the plasma is
provided by the propagation and absorption of high power radio frequency waves in the
plasma and by the injection of beams of energetic neutral atoms into the torus. The amount of
gas introduced into the vessel for an experimental pulse amounts to less than one tenth of a
gramme.
The problem of impurities must be solved for a fusion reactor, and in particular for the
International Thermonuclear Experimental Reactor (ITER) which is currently being designed
and expected to succeed JET. The problem of impurities and the power exhaust has been fully
recognised in the design of ITER for which a divertor has been incorporated for this purpose.
The JET programme is now studying divertor plasmas and in particular high power,
deuterium-tritium plasmas. This required the installation of a pumped divertor inside the
Torus. The construction of the pumped divertor was a major undertaking for the project, and
took nearly two years to complete. Subsequently, following successful experiments the design
of the divertor is being progressively optimised by further modifications. In 1997 a new
divertor structure has been installed. It allows remote handling installation of various divertor
"target" designs. Essentially the divertor consists of four large coils in the bottom of the Torus
on which the carbon-tiled (or beryllium) target plates are assembled. Alongside the outer coil
is a cryopump. Currents in the divertor coils modify the main tokamak magnetic field to
create a null point of the poloidal magnetic field above the target plate. The bulk plasma is
bounded by the last closed field line whilst the edge plasma, called the scrape-off layer
(SOL), flows along the outer field lines until intersecting with the divertor target plate. The
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impurity atoms resulting from the plasma interaction with the divertor target plates are forced
back towards the divertor and thereafter are "pumped" from the system by the cryopump.
More detailed information about JET and the engineering and science aspects of this
experiment can be found on [9].

1.4 - The TJ-II stellarator
The TJ-II stellarator (R = 1.5 m, a ≤ 0.22 m, B ≤ 1.2 T, schematically represented on figure
1.5) has a high degree of magnetic configuration flexibility [10]. It is a heliac projected with
an operational flexibility to cover a large range of values of the rotational transform, allowing
determining the optimal conditions of a heliac operation. The device can be briefly described
as a four period heliac (m=4) with eight toroidal field coils per period. The coil centre
describe a toroidal helices with major radius R0=1.5 m, minor radius rswing=0.28 m, obeying to
the relation θ = −4φ , where θ and φ are the poloidal and toroidal angles.

Vertical field
coils

Toroidal
field coils

Circular
Helicoidal
central
central
conductor conductor
Fig. 1.5: Schematic drawing of TJ-II stellarator

The three-dimensional geometry of the central axis is obtained trough a set of coils
which totally configure the magnetic surfaces before the plasma generation. The central
conductors are composed of a circular coil centred respected to the main axis (1.5 m) and 32
helicoidal coils around this one configurating the toroidal magnetic field. The currents on
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these two conductors are separately controlled, giving TJ-II a high flexibility and
differentiating this device from the heliac configuration. Two circular vertical field coils
complete this configuration. Those coils produce one field whose intensity is 5% of the
toroidal field and allow control the position of the magnetic axis. The ensemble action of
these magnetic fields generates “bean” shaped magnetic surfaces. TJ-II operational
parameters are described on table 1.2.

Parameters

Size

Major Radius

1.5 m

Minor Radius

0.2 m

Average Magnetic Field

1T

Number of Periods

4

Number of toroidal Field Coils

32

Toroidal Field Coils Radius

0.425 m

Plasma Volume

1.18 m3

Heating Power

4 MW

ι on the Magnetic Axis

0.96 to 2.5

Plasma Average Radius

0.1 to 0.25

Shear

-1 to 10 %

Magnetic Well Depth

0 to 6 %

Table 1.2: TJ-II parameters

The TJ-II is equipped with two heating systems: Electron-Cyclotron Resonant Heating
(ECRH) and Neutral Beam Injection (NBI) heating. The ECRH system consists on two
gyrotrons of 53.5 GHz with 1 MW total power. This system allows plasmas density of
ne(0)=1.7 × 1019 m-3, electron temperatures Te(0)= 1.0-1.5 keV, ion temperatures Ti(0)~300
eV and energy confinement time of about 4 ms. The system has two quasi-optical
transmission lines to achieve maximum flexibility on plasma heating as well on inductive
current generation experiment. The transmission lines are toroidally symmetric on low field
side port. In both lines the power is injected over a mobile mirror inside the vacuum chamber
which allows the focusing on the magnetic axis. Each mirror can move -10º to 10º on the
toroidal direction and 21º to 35º on the poloidal direction. The NBI system will begin
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operation on November 2002. It has 2 to 4 MW, allowing high densities as well as different
relations between ion and electron temperatures (ne(0) ~ 1020 m-3, β(0) ~ 3% and energy
confinement time around 6 ms). This variation has as consequence an ambipolar radial
electric field with predicable impact on transport properties. Two injectors, previously
operating on the advanced Toroidal Facility (ATF) experiment (ORNL laboratory), will be
used after the conditioning to TJ-II experiment.
The discharge duration on TJ-II is around 0.5 s each 5 minutes. The control and
acquisition data system have been developed by CIEMAT. TJ-II experimental program has
the aim to understand the physics of a helicoidal magnetic axis device with high flexibility on
magnetic configurations.

1.4.1 - Magnetic Well
Plasma stability is provided in TJ-II through the existence of a magnetic well in the whole
plasma radius (magnetic well depth is defined as

W=100x[U(ρ)-U(0)]/U(0),

(eq. 1.1)

where U(ρ) is the specific volume at a given effective radius ρ; ρ=0 refers to the magnetic
axis). Previous magneto hydrodynamic (MHD) studies have examined the stability properties
of the device and have shown the characteristics of the magnetic well term for ideal and
resistive interchange modes. Once that the magnetic well is the main stabilising term in
heliacs [11, 12], this property makes TJ-II an ideal device for studying the onset of
fluctuations and related phenomena close to instability thresholds. The TJ-II magnetic well
depth can be modified over a broad range of values from -1 to 6%. Indeed, radial profiles of
ion saturation current and floating potential, as well as their fluctuations, have been obtained
for magnetic configurations having the same rotational transform (ι(a) ≈ 1.8) but with the
magnetic well varied from 0.2% to 2%. It has been found that the level of fluctuations
increases for plasma configurations with the magnetic hill at the plasma edge (fig. 1.6). This
increase is due to fluctuations in the frequency range 1-30 kHz. Interestingly, the breaking
point in the frequency spectra (i.e. the 1/f region) is directly related to the level of
fluctuations. Finally, these experimental results show the important role of the magnetic well
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in stabilizing pressure gradient instabilities in the TJ-II stellarator and open the possibility for
investigating the properties of turbulent transport in the proximity of instability thresholds.

Fig. 1.6: Magnetic well scan and fluctuations: the level of edge fluctuations increases in the plasma configuration
with magnetic hill in the plasma edge.
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The absence of magnetic well gives rise in TJ-II stellarator to instabilities at any plasma
pressure [11, 12]. A sequence of configurations was selected with well depth ranging from 2.4
down to 0.2%, and having magnetic well in the bulk and magnetic hill at plasma edge, which
becomes, thus, unstable. Remarkable similarity exists between different configurations
according to their rotational transform profiles as well as to their magnetic surfaces.

1.5 – The tokamak ISTTOK
The tokamak ISTTOK is a small size, large aspect ratio tokamak [13]. The torus structure
consists of an inconnel vacuum chamber with a 0.15 mm width. The device main parameters
are expressed on table 1.3. A copper shell with a 2 cm width, divided in eight parts provides
external support for the vacuum. The discharge is produced usually in hydrogen gas (with a
pressure around 10-3 Torr), previously pre-ionized with a radiofrequency generator (1.8 MHz,
300 W). The plasma is created through a discharge of a capacitor bank (1mF, 5 kV) in the
2×20 coils of the iron core primary transformer. The discharge is maintained with the help of
an electrolytic capacitor bank (3.6 F, 350 V) that discharges on the primary of the
transformer. The poloidal magnetic field is produced by the plasma current while the toroidal
magnetic field is produced by 24 coils (10 mΩ, 188 mH), distributed in poloidal sections
around the torus where 4000 to 8000 A currents are applied providing a toroidal field from
0.3 to 0.6 T. The plasma column position is maintained by an external poloidal magnetic field
generated by 2×6 coils for the horizontal field and 4×8 coils for the toroidal field, both
connect to the electrolytic capacitors bank. The flattop of the discharge is characterized by the
parameters presented in table 1.4.

Parameters
Major radius
Copper shell radius
Minor radius
Plasma column radius
Aspect ratio
Plasma volume
Toroidal field

Size
46.0 cm
10.5 cm
8.5 cm
8.0 cm
5.4
0.06 m3
0.3-0.6 T

Table 1.3: ISTTOK parameters
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The role of the small devices like ISTTOK has been, mostly, the test of new concepts.
The plasma parameters are very similar to the edge plasma of bigger devices being the
comparison very useful to understand the phenomenology of this region.

Plasma Current (IP)
Plasma duration (τD)
Plasma central density (ne(0))
Central electron temperature (Te(0))
Maximum ion temperature ( Ti ( C III ) (0) )
Energy confinement time (τE)
βcentral
Safety factor:

≈7 kA
≈50 ms
≈8×1018 m-3
≈260 eV
≈250 eV
≈1.5 ms
≈0.6 %
q(0) ≈1.1 on the axis
q(a) ≈4.0 on the periphery

Table 1.5: ISTTOK plasma parameter.

Fig. 1.7: Tokamak ISTTOK
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Chapter II - PLASMA PHYSICS ON THE PhD FRAMEWORK

Throughout this thesis the edge plasma will be studied using electric probe data obtained from
the reciprocating Langmuir probe systems from different devices. Mainly we were concerned
on studying the electrostatic turbulent transport from a dynamical point of view, taking
advantage from the fast digitisers used. Also, the fact that those probes allow the
measurement of different plasma parameters simultaneously, open the way for a dynamical
interplay studies between different plasma relevant parameters. Mostly we will be working on
the paradigm of self-regulated transport near marginal stability and the reasons and evidences
will be clarified throughout the thesis. Of course, sometimes this might carry a biased
interpretation of the results. Therefore, alternative explanations are launched when pertinent.
There was also an attempt to go further inside the plasma. Some calculations were done using
the parameters in a way that other diagnostics could be used to obtain similar results from the
core. The Heavy Ion Beam Probe will be introduced on this context. Although, the project and
implementation of the Multiple Cell Array Detector are concluded, at the moment, only
preliminary results from the secondary detection can be presented, and these results should be
considered as a link for future work.
This thesis was organized with the aim to present the results as a whole in a contextual
framework. Therefore the second chapter will present an overview on edge physics and
different transport models. The concept of turbulence, self-regulated transport and marginal
stability will also be presented. Chapter III will be dedicated to the diagnostic systems used to
better understand of the possibilities and limitations of the presented results. On the fourth
chapter the mathematical methods used for signal analysis will be introduced. And finally, on
the last chapters are the core of this thesis presenting the results and conclusions. Also the
implications for future works will be discussed.
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2.1 - The plasma boundary region
In the periphery of plasmas in magnetic fusion devices the magnetic topology suffers drastic
changes. On the most internal region of the plasma, the magnetic field lines form closed flux
surfaces, while in the exterior those field lines are not closed and, in some point they intersect
the material structure, limiters or divertors.
A number of distinct regions in the plasma are defined:
(i) The ‘plasma core’: consisting of the region ρ<ρr where ρ is the normalized poloidal
flux coordinate, ρ=1 represents the poloidal flux at the separatrix or Last Closed Flux Surface
(LCFS), which is the natural point of reference in the plasma boundary region in a tokamak or
stellarator, and ρr is the inner limit of impurity radiation. In present devices, ρr ≈ 0.8, which
means that impurity radiation is edge localized. In the core region, the neutral density is
negligible, most impurities (low-Z) are fully stripped of their electrons and the radiated power
density is low.
(ii) The ‘core periphery’: consists of the region ρr<ρ<1, where atomic processes
strongly influence local particle and energy balance. In this region a small number of neutrals
may exist, low Z-impurities are not fully stripped and significant radiation can occur.
Therefore, this region is also referred to as the ‘radiating layer’. Often the core and the core
periphery regions are grouped together, and called the ‘main plasma’, to the region inside the
separatrix.
(iii) The ‘Scrape-Off Layer’ (SOL), refers to the region outside of the separatrix or
LCFS, where particles are “scrapped” from the core plasma and directed towards the targets.
A feature of this region is that the magnetic field lines are open, i.e., they end on some
material surface designated as the target plate or limiter, or at the vessel wall. The ‘plasma
edge’ is generally synonymous with the boundary plasma and consists of two zones: the core
periphery and the SOL. Significant radial electric fields are present in the vicinity of the
LCFS. Furthermore, a wide range of atomic physics processes is taking place both in the SOL
and in the plasma edge region. Under these conditions it would be expected that more than
one single mechanism would be needed to explain all the experimental features of the
turbulence in the plasma boundary region.
Looking at the consequences of the open magnetic field surfaces outside the separatrix,
the importance of the separatrix or last closed flux surface becomes clear. Radial density and
temperature profiles decrease rapidly outside the LCFS, with decay lengths typically of the
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order of 1 cm. In order to control the edge plasma profiles, the shape of the magnetic flux
surfaces outside the separatrix and of the intersecting material objects have to be optimised.
The separatrix can be defined by a material limiter, or by the magnetic field
configuration (divertor). The essential difference between the two approaches is that with a
limiter the LCFS is in contact with a solid surface, whereas with a divertor the solid surface is
removed some distance from the LCFS.
Near the LCFS, the density and temperature suffer strong decay with radius. The plasma
potential tends to be slightly positive on the most external part of the plasma and negative
inside.
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Fig. 2.1: JET ohmic plasma typical current saturation and floating potential profile obtained from Langmuir
probe measurements.

On the edge region, density, temperature and plasma potential suffer strong fluctuations,
although the average value of these magnitudes is essentially constant in time. Usually, the
standard deviation (RMS) of the fluctuations is used to quantify the level of fluctuation of
these parameters.
From Fourier analysis it is possible to compute the phase velocity of the fluctuations,
the wave vector (k) and the coherence between signals measured in near points of
observation. It was observed that in this region, the fluctuations propagates poloidally and the
propagation velocity suffers a signal change near the last closed flux surface (the knowledge
of the LCFS position usually relies on equilibrium code calculation and is usually uncertain
by at least ±1 cm), changing from propagation in the direction of the diamagnetic drift of the
electrons on the inner region to the direction of the diamagnetic drift of ions in the external
region (fig. 2.2). A change in the poloidal phase velocity of the fluctuations (velocity shear
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layer) has universally been observed in the plasma boundary region of magnetically confined
plasmas both in tokamaks and stellarators. The shear layer location provides a convenient
reference point for the characterization of the structure of the turbulence in the plasma
boundary region and this criterion will be used throughout this thesis.
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Fig. 2.2: Propagation velocity of fluctuations on the boundary region of JET with ohmic plasma
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Fig. 2.3: RMS of saturation current and floating potential fluctuations.
Figure 2.3 represents the radial dependence of fluctuation level of electronic density and
floating potential for JET edge plasma. The fluctuation level is almost 40% of the average
value of the density (fig. 2.4).
Broadband electrostatic and magnetic fluctuations have been observed in the boundary
region of magnetically confined plasmas. Edge fluctuations show well developed turbulence
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features with fluctuations dominated by frequencies below the 500 kHz [14]. Figure 2.5
represents the power spectrum of density and floating potential fluctuations measured with a
Langmuir probe on JET edge plasma. A broad Fourier spectrum, with considerable spectral
power for a large range of frequency is observed.
1.0

0.35

JET #50765

JET #50765

0.30

0.8

σ ( Vf ) / Vf

σ(Is) /Is

0.25
0.20
0.15

0.6
0.4

0.10
0.2
0.05
0.00

0.0
-4

-2

0

2

4

-4

-2

0

2

4

r-rLCFS (cm)

r-rLCFS (cm)

Fig. 2.4: Normalized fluctuations of saturation current and floating potential on plasma boundary region on JET
with ohmic plasma.
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Fig. 2.5: Power spectrum of saturation current and floating potential on JET boundary region with ohmic plasma.

The plasma potential suffers large variations in the plasma periphery, changing from
positive in the SOL to negative in the edge plasma on limiter plasmas (with divertor
configurations the potential structure can be slightly different). Due to the radial variation of
the plasma potential, a radial electric field appears. This field is responsible by a drift of the
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charged particles (electrons and ions) on the ExB direction, responsible for producing a
poloidal rotation of the plasma.
Particularly interesting on the plasma-wall interaction and plasma periphery region are
the experimental results showing a coupling between localized perturbation in the edge
plasma region and the plasma core in temporal scales smaller than diffusion characteristic
times. These results observed in tokamaks and recently on TJ-II stellarator puts in evidence
the necessity to identify the characteristic scale of transport in fusion plasmas. The concept of
self-organized criticality, where a system displaced from the thermodynamical equilibrium
can generate multiple transport scales, is one of the attractive explanations for the complex
interaction between the edge-core plasma in fusion devices.

2.1.1 - Limiters and divertors
Impurities constitute an important problem in plasma physics and engineering because they
radiate a large power quantity to the exterior (degrading the confinement) and dilute the
combustible (D-T), which sometimes can ‘kill’ the reaction.
Impurities come from sputtering or vaporization of the wall, possible leaks or residual
implantation (oxygen, hydrocarbon) and finally, in a reactor, from the core generation of
helium ashes. Impurity confinement is similar to D-T combustible confinement and can only
be eliminated breading all the plasma: continuous injection of D-T simultaneously with edge
pumping extraction of plasma (more cold). This procedure will be successful if impurities do
not remain trapped in the core plasma. Actually, most of the experiments show that particle
confinement time is 10 times bigger than energy confinement time (hot particles are lost faster
as expected), being turbulent transport and periodic ruptures of confinement (ELMs,
sawthooths) very useful to evacuate helium ashes, which are mostly generated in the plasma
core (hotter).
One way to limit impurity penetration in the plasma, instead of letting the particles
evolve naturally and collide with vacuum vessel wall, is to introduce a pumping element to
limit particle interaction with the wall (pumping limiter). Limiters have been used
successfully in experiments with modest heating power, where the plasma-wall interaction is
not a severe problem. The use of conventional limiters to define the LCFS encounters two
main defaults: (i) Impurities: much of the plasma wall interactions occur at the limiter, which
is in direct, virtually unshielded contact with the main plasma, i.e. neutral impurity atoms
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released from the limiter surface can enter directly into the confined plasma; (ii) Pumping: in
reactor operation, the helium ash must be continuously pumped. Conventional limiters
provide only limited opportunities for achieving edge pumping.
Presently the ‘magnetic divertor’ concept seems to be more reliable. This method
consists of an arrangement of coils such that the magnetic field lines are diverted to special
plates or wall areas relatively far from the core plasma. Instead of being scrapped off by a
material limiter, the outer plasma layer is put on open field lines, and thus scrapped of
magnetically. An additional magnetic field is applied, bending part of the original field lines
so that they intersect with the target and produce a poloidal magnetic null, which is called the
X-point. The magnetic flux surface that goes through the X-point is the separatrix. This way,
instead of being scrapped off by material limiter, the outer plasma layer is put on open field
lines, and thus scrapped off magnetically. The diverted magnetic field lines can be conveyed
some distance away from the core plasma, for example, into a separate divertor chamber.
Unlike the conventional limiter configuration, the plasma-wall interaction does not occur at
the immediate plasma surface but at a remote location- at the target. That can potentially clean
the plasma. In the divertor configuration impurities released from the target are ionized and
may be swept back to the target by plasma flow before they can reach the LCFS and enter the
confined plasma.
There are several possible magnetic configurations for divertors but, the most successful
has been the toroidally symmetric or poloidal field divertor. These divertors have the
advantage of preserving the essential axis-symmetry of the tokamak avoiding large thermal
load in the interaction region (divertor plates). If the plates suffer high deterioration and the
critical temperature is achieved, a large quantity of material can sublimate to the plasma.
For the divertor configuration two regions can be identified: (i) ‘divertor region’, where
ρ>1, but in the vicinity of the X-point and, in particular, below it. A region of high neutral
densities, impurity levels and radiation density; and (ii) the ‘private flux region’, the region
beneath the X-point, in fact a region where ρ<1, but with properties much like the divertor
region. This region shares no common surface with the main plasma and thus receives power
and particles only from the main SOL by cross-field transport. The SOL and divertor regions
are often referred to as ‘common flux region’ in opposition to the private flux region.
Another important aspect of the divertor configuration is the observation that for dense
enough plasmas the majority of recycle occurs in the divertor region, i.e. a high recycling
regime, resulting in cold and dense divertor plasma. Such divertor plasmas provides the
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following advantages: (i) because of strong density build-up the plasma can radiate
considerably higher power, which leads to a reduction of the heat load onto the divertor plate;
(ii) due to the high density, this sort of divertor is capable of effective particle exhaust; (iii)
the energy flow out of the plasma is distributed over many particles keeping the individual
particle energy low. The erosion of the divertor plates caused by ion sputtering becomes
therefore negligibly small reducing impurity production. If this high recycling regime occurs
in front of the targets the ion density increases and the temperature decreases along the
magnetic field lines towards the target. This gives rise to a very promising effect of a low
plasma temperature at the plate and a high plasma temperature at the separatrix.

2.2 - Transport
As stated before the nucleus must remain confined for a large amount of time and high
temperature (as defined in Lawson’s criterion) to have auto-sustained plasma fusion reactions.
In practice, in toroidal devices, the particles diffuse to exterior diminishing the density; also
the energy deposed by different means is loss to the exterior. Is usual to talk about
confinement time (τ) referring the average time that the particles (τp) or the energy (τe) remain
confined by the magnetic field. Due to the very rapid transport of particles, momentum and
energy along magnetic field lines in comparison to the radial transport, plasma properties over
a magnetic surface will quickly become uniform. The radial transport is caused by collisions
and turbulence phenomena. The later seem to dominate the radial transport, but are not yet
well understood. Outside the last flux surface, magnetic field lines still lie on magnetic flux
surfaces, but intersect with material boundaries. Physics aspects in this region are totally
different. Therefore, understanding the role of fluctuations in a tokamak is relevant to fusion
research when fluctuations can be related to plasma confinement being a major goal to
demonstrate experimentally how fluctuations are connected with plasma confinement.

2.2.1 - Transport and MHD stability
Confined plasma is necessarily out of thermodynamic equilibrium. The most obvious
relaxation mechanism is through Coulomb collisions. The electrons and ions that compose the
plasma move helicoidally along trajectories over flux surfaces defined by the magnetic field.
Those trajectories result from the superposition of guiding centre displacement along the field
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lines and the rotation around that guiding centre. Apart from collisions, the only perturbation
to the trajectories would be the guiding centre drift induced by the electric field, and no
deterioration of the confinement would appear. However, due to collisions, the particles
change trajectories between magnetic surfaces. As the particle density varies spatially (bigger
around the axis of the torus and suffering strong decay to the exterior), the collisional effect
results in a strong diffusion in the perpendicular direction to magnetic field.
Classical transport models take into account Coulomb binary collisions, which have as
effect a jump on the orbit around the guiding centre by a distance comparable with the particle
Larmor radius. Under this hypothesis and with relatively simple arguments (random walk
arguments), the diffusion coefficients can be estimated, approximately, in the parallel and
perpendicular directions to the magnetic field

vT2
υ
D⊥ ≈ ρ e2υ ei
D|| ≈

(eq. 2.1)

where D|| is the diffusion coefficient on the parallel direction, D⊥ is the perpendicular
diffusion coefficient, vT is the thermal velocity ( vT = kT m , ν is the collision frequency, ρe
the Larmor radius of electrons and νei the electrons-ions collision frequency.
The perpendicular diffusion coefficient depends on νei directly once that is the collision
between particles that originate the diffusion. Without collisions no diffusion would take
place. On the parallel direction the diffusion coefficient is inversely proportional to the
collision frequency once that, in this case, the collisions obstruct the diffusion in this
direction. The collisions between particles of the same specie (ion-ion and electron-electron)
result on an interchange of particles between near orbits and do not produce perpendicular
diffusion of particles leading, however, to an interchange of energy.
Concerning the transport of energy, the parallel transport is orders of magnitude
superior to the perpendicular transport. Due to the interchange of energy during collision, the
collisions between particles of the same specie contribute to the transport of energy. Due to
the bigger Larmor radius of the ions respect to the electrons, those dominate the transport of
energy on the perpendicular direction. The electrons due to their bigger mean free path in the
parallel direction dominate the parallel transport of energy.
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The estimation of the diffusion coefficient strongly depends on the toroidal geometry.
The magnetic field in a toroidal device is not uniform; in a tokamak the toroidal field is more
intense in the inner part of the torus, such that the particles moving in the magnetic surface in
the inner side experiment an increasingly intense field. Those with lower parallel velocity are
reflected (magnetic mirror), describing an orbit known as banana orbit. The particles with
higher parallel velocity are not reflected and follow their helicoidal trajectories; those are
known as passing particles and the previous one as trapped particles. Trapped particles are
strongly deviated from the magnetic surfaces and can have a strong impact in confinement
properties, particularly in stellarator devices. In the tokamak case, the fraction of trapped
particles is

ε 1/ 2 = r R ,

(eq. 2.2)

where r is the distance to the torus axis. For the stellarator’s case, the magnetic well that trap
the particles are due, not only to the inhomogeneity of the toroidal field but also to the
toroidal periodicity of the field, being more difficult to estimate the fraction of trapped
particles.
The banana orbits have radial width given by
∆r ≈ ε 1 / 2 qρ ,

(eq. 2.3)

where q is the safety factor and ρ is the Larmor radius). The bounce frequency on the
extremes of those orbits is υ b ε 1 / 2 vT qR . When a trapped particle suffers collisions also
moves radially however, in this case, the effective displacement equal to radial width of the
orbit (∆r). The diffusion coefficient for those particles is given by D N = (∆r ) 2 υ b .
Depending on the relation between νb and ν, electrons and ions can have three different
transport regimes:
•

No collisional or banana regime (ν<<νb): for small collision frequency between
particles, the trapped particles have enough time to describe many orbits before
collide. The passing particles have effective collisional frequency ν/ε. In this case the
diffusion coefficient is
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D b ≈ D c ε −3 / 2 q 2

(eq. 2.4)

where Dc is the classical diffusion coefficient.
•

Plateau regime (νb < ν < vT/Rq): The collisions are much frequent to allow trapped
particles complete one banana orbit however, passing particles can realize many orbits
before collide. In this case the transport is dominated by the passing particles that have
effective collision frequency comparable to the transit frequency around the torus. The
diffusion coefficient is given by
D p ≈ ρ 2 vT q / R

(eq. 2.5)

and do not depend on the collision frequency.
•

Collisional or Pfirsch-Schluter regime (ν>>νb): When the frequency collision between
particles is high, the frequent collisions impede the passing particle from having a
complete orbit around the torus. In this case the diffusion coefficient is
D PS ≈ q 2 DC .

(Eq. 2.6)

The transport resultant of Coulomb collisions is usually known as classical transport.
The relaxation mechanism to account for the non-uniform magnetic topology of the tokamak,
the neoclassical transport theory, was developed as an extension of the classical approach.
Particular effects of the tokamak geometry in particle transport including the trapping of
particles in “banana” orbits and the ∇B and curvature drifts of particles across field lines are
included in those transport models. In transport neoclassical models, it is assumed that
variables such as density, electric and magnetic fields or temperature remain constant in time,
what is not true since that those magnitudes fluctuate around those average values. The
correlated variation of different magnitudes can affect the transport of particles and energy
and, consequently, the plasma confinement. Fluctuations of the magnetic field can
temporarily connect magnetic surfaces, increasing particle diffusion. Fluctuations of the
electric field can produce transport of particles due to ExB drift. Experimentally, significant
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levels fluctuations in the electric field, temperature and density are observed in the plasma
edge. However, the measured fluctuations of the magnetic field are not sufficient to explain
the transport level in the plasma edge. Transport analysis has demonstrated that cross-field
thermal diffusivity and particle diffusivity coefficients exceed neoclassical values. This socalled anomalous transport is not well understood but in generally attributed to microscopic
plasma turbulence. The discrepancy degree is different whether the energetic electrons or ion
channel is observed. Energy transport rates for electrons can be two orders of magnitude
bigger than the expected value for neoclassical processes. For the ion case, the difference
between neoclassical predictions and experiment is a factor of 5-10. These discrepancies have
been interpreted with the turbulence influence in transport processes.
The magnetohydrodynamic (MHD) describes the macroscopic plasma properties in the
presence of a magnetic field. Two types of instabilities were identified:
(i) The so-called ideal instabilities that occur even when the plasma behaves as a perfect
conductor. On the framework of those instabilities the magnetic surfaces can be deformed
without changes in the topology. The growth rate of those instabilities is in the
microseconds range and those effects can be extended to all confined plasma volume
(macro-instabilities). Those properties make ideal instabilities particularly virulent and to
control them is crucial to avoid disruption processes. Considering resistive effects in the
plasma (typically on the range 10-8 Ω×m, comparable with copper resistivity at ambient
temperature) another type of instabilities appear, having slower growth rates in the range of
10-4-10-2 s. Those times are, however, small when compared with the characteristic energy
confinement time (in the range of 1 s). The resistive instabilities do not conserve magnetic
topology and can originate magnetic islands in the plasma;
(ii) In the plasma core region, instabilities generated by ion temperature gradient (ITG)
have been historically considered as one of the dominant mechanisms in high temperature
plasma transport physics. Those instabilities could be particularly relevant in fusion
reactors where the deposited energy from charged particles resulting from fusion reaction
(alpha particles) could generate strong ion temperature gradients. Although some indices
on the degradation of transport related to the influence of ITG modes have been
experimentally observed, the identification of the impact of these instabilities on transport
and confinement is still an open question.
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Recent advances on computation allows to include in non-linear plasma instabilities
simulations, not only realistic magnetic geometry, essential for toroidal experiments
simulation, but also simulations on 3D magnetic configurations, crucial for the project of the
new generation of stellarator devices.
Optimise the beta values (ratio between plasma and magnetic pressures) is one of the
primary objectives of the international programme on plasma fusion by magnetic
confinement. The fusion power (Pth) is given by
Pth ≈ β 2 B 4

(eq. 2.7)

where B is the magnetic field. Economical viability implies a beta (β) in the range of 10 to
100. Such objective requires a careful modelling of the magnetic configurations and plasma
profiles to avoid instabilities generated by pressure gradients one of the limiting processes on
the maximal beta achievable.
Turbulent transport models are divided in two groups respectively based on electrostatic
and magnetic field fluctuations. The characterization of fluctuations resulting from plasma
turbulent nature impact in particle and energy transport and requires of experimental
techniques capable of quantify density, temperature and electric field fluctuations with high
temporal and spatial resolution. Sophisticated observation systems have been developed. The
presence of electromagnetic turbulent phenomena has been identified in the core as well in the
edge plasma region. In the plasma periphery the density fluctuation level is n~ n ≈ 0.1 − 0.3 ,
~
with magnetic fluctuation level Br / B ≈ 10 −4 − 10 −5 and characteristic frequencies in the range
1-500 kHz. The measurements in plasma periphery have demonstrated the electromagnetic
turbulence impact on plasma transport properties. However, despite of the theoretical and
experimental advances on the last years on turbulence characterization, the dominant free
energy source of turbulence is still unidentified.

2.2.2 - Turbulence
The turbulence can be seen as ‘a state of continuous instability’. It is often represented as a
superposition of many eddies of different scales all contributing to the advection process. The
flow is random because the transfer of energy between scales is constantly changing the
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configuration of eddies. Motion at a given scale loses coherence, i.e., any given eddy decays
due to advection by other eddies in an eddy turnover time. By the time an eddy rotates, its
energy has been transferred to other eddies and it has decayed. This representation is useful
because the different scales play rather different roles in the dynamics of the motion.
However, a turbulent ‘eddy’ is a rather ill-defined concept, although very useful for the
descriptions of turbulence. The name does not necessarily imply a simple circulatory motion,
but one can often identify characteristic features, particularly on the large eddies (sometimes
those are also called ‘coherent structures’). An eddy differs from a Fourier component. A
single Fourier component, no matter how small its wavelength (how large the value of k),
extends over the whole flow. An eddy is localized, that is, its length scale indicates its extent.
However, small eddies contribute to larger wavenumber components of the spectrum; the
spectrum curve is often interpreted loosely in terms of the energy associated with eddies of
various sizes.
Eddies of various sizes are represented as blobs stacking in decreasing sizes (fig. 2.6).
The smallest eddies have the Kolmogorov dissipation scale. The number of eddies per unit
volume is assumed to grow to ensure that small eddies are as space-filling as large ones.
Energy introduced at the top at a rate ε (per unit mass) is ‘cascading’ down in this hierarchy
of eddies at the same rate ε. The picture is, of course, not intended to be taken too literally:
eddies could be much flatter then shown and the smaller ones are actually imbedded in the
larger ones.
Kolmogorov had the intuition to realize that the energy fed into the turbulence goes
primarily into the larger eddies [15]. From these smaller eddies are generated, and then still
smaller ones, resulting in a cascade of energy from the larger eddies to the smaller ones. The
process continues until the length scale is small enough for viscous action to be important and
dissipation to occur. At high Reynolds number the cascade is long, i.e. there is a large
difference in the eddy size at its ends. There is then little direct interaction between the large
eddies governing the energy transfer and the small dissipation eddies. The dissipation is
determined by the rate of supply of energy to the cascade by the large eddies and is
independent of the dynamics of the small eddies in which the dissipation actually occurs. The
rate of dissipation is then independent of the magnitude of the viscosity. An increase in the
Reynolds number to a still higher value (conveniently visualized as a change to a fluid of
lower viscosity with all else held constant) only extends the cascade at the small eddy end.
Still smaller eddies must be generated before the dissipation can occur (since the total energy
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associated with these small eddies is small, this extension has a negligible on the total energy
of the turbulence). All other aspects of the dynamics of turbulence are unchanged.

Flux of energy ε

Injection
of energy ε

Dissipation
of energy ε

......

Kolmogorov
dissipation scale

Injection
range

E ~ k-5/3

dissipation
range

E(k)

Inertial range

k
kd

k0

Fig. 2.6: a) The cascade according to the Kolmogorov theory. At each step the eddies are space filling. The
picture is not intended to be taken too literally: eddies could be much flatter then shown and the smaller ones are
actually imbedded in the larger ones; b) Qualitative picture of the energy transfer among scales from the
injection range to the dissipation range (inertial cascade).

The energy transfer process is conservative, i.e. in the absence of viscosity, advection
causes no loss of energy, only transfer of energy from motion on one scale to motion on
another. Therefore, the invariance of energy leads to self-similar spectral energy transfer. The
turbulent flow velocity at each scale adjusts itself so that the energy transfer rate is invariant
for all scales in which viscosity has a negligible effect in the dynamics (Kolmogorov model).
The viscous dissipation is associated with high wavenumbers, i.e. it is brought about by small
eddies. This is a consequence of the fact that turbulent flows normally occur at high Reynolds
number, the action of viscosity is slight on a length scale of the mean flow. Yet much more
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dissipation occurs than in the corresponding laminar flow. This requires the development of
local regions of high shear in the turbulence; i.e. the presence of small length scales.
Eddies of a certain size l are expected to have some typical velocity v associated with
them. The corresponding Reynolds number R=lv/υ, with l and v being respectively a
characteristic scale and velocity of the flow, and υ its kinematics viscosity, should be large for
the larger eddies, as we anticipate the viscosity to be not very important for them. The energy
is cascaded from these large eddies to smaller and smaller eddies. However, eddies of
indefinitely small size cannot exist. For sufficiently small eddies of size ld and velocity vd, the
Reynolds number is of order unity, i.e. ldvd ~ υ and the energy in these eddies is dissipated by
viscosity. Hence, this expression sets a rough limit to the smallest size eddies possible.
Energy must be fed at some rate ε per unit mass per unit time at the largest eddies of size L
and velocity V, for which the Reynolds number is R~LV/υ >> 1. This energy then cascades to
smaller and smaller eddies until it reaches eddies that satisfy the unitary Reynolds number,
which dissipate this energy ε per unit mass per unit time in order to maintain the equilibrium.
The intermediate eddies merely transmit this energy ε to the smaller eddies. These
intermediate eddies are characterized only by their size l and velocity v. since they are able to
transmit the energy at the require rate ε, Kolmogorov postulated that it must be possible to
express ε in terms of l and v. From the dimensional point of view, there is only one way of
writing ε in terms of l and v, ε ~ v3/l from which v ~ (εl)1/3. This means that the velocity
associated with eddies of a particular size is proportional to the cube root of the size
(Kolmogorov’s scaling law). Since the relation should be valid for eddies down to the
smallest size,
ε ~ v d3 l d ,

from which the characteristics of smallest eddies are given

 v3 
l d ~  
ε 

1/ 4

, v d ~ (vε )1 / 4

From the previous equations the following result is obtained
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(eq. 2.8)

L
~ R3/ 4
ld

,

V
~ R1/ 4
vd

Meaning that the Reynolds number associated with largest eddies determines how small the
smallest eddies will be compared to them. It follows that a larger Reynolds number associated
with the biggest eddies will give rise to a larger inertial range.
Since the largest eddies have the size L corresponding to some wavenumber kL~1/L, a
cut-off is expected at wavenumbers small than kL as indicated in the sketch of the spectrum
(fig. 2.6b). On the other side also, there will be a cut-off at wavenumbers larger than kd~1/ld
associated with the smallest eddies, the range of wavenumbers from kL to kd is called the
inertial range. Within this range, the energy ε per unit mass per unit time is transferred to
smaller eddies (i.e. larger wavenumbers). Hence E(k) in the inertial range is expected to
depend only on the two quantities ε and k. Dimensional considerations dictate that this
dependence can only be of the form

E ( k ) = Cε

2/3

k −5 / 3

(eq. 2.9)

in the inertial range. This dependence of E(k) on the –5/3 power of k is known as the
Kolmogorov -5/3 law. Many experiments have established C as a universal constant with a
value close to 1.5. The kinetic energy density v2 associated some wavenumber around k is
E(k)dk, which can roughly be written as E(k)k. Then
E(k)k~v2

(eq. 2.10)

Substituting v by one of the previous expressions with l replaced by 1/k, we get
E(k)k~ε2/3k-2/3

(eq. 2.11)

which is similar to the previous E(k) expression.
The arguments for the Kolmogorov energy spectrum are the same for 2- and 3-D flows
and are independent of whether the energy forward cascades from large to small scales or
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inverse cascades. The argument depends only on the assumption that the energy transfer in
Fourier space (k) is local and conservative
E (k ) = C kg ( E& up ) 2 / 3 k −5 / 3

(eq. 2.12)

∞
where the kinetic energy per unit mass is E ≡ ∫ E (k )dk , and E& up is the rate of transfer up (or
0

down) the spectrum. The dimensionless Kolmogorov constant Ckg in 3-D flow is
approximately 1.5. If energy is injected into the flow at a constant rate ε at some intermediate
scale, an inverse cascade of energy will take place until the largest scales available are
attained. The eddy viscosity needs not to be positive. It has been shown that, at least in two
dimensions, the eddy viscosity is frequently negative, leading to large-scale instabilities.

2.2.3 - Turbulent transport
The large amplitude of transverse transport coefficients in tokamaks, both for particles and
energy, has been known for a long time to result from turbulence. However, despite of the
many successes of quasilinear theories and numerical simulations to account for
experimentally observed transport, there are still important experimental features that remain
unexplained by the models. The transport problem has several elements [16]: sources and
sinks of energy, moment and particles, magnetic surface geometry, transport coefficients
determined by the dynamic of microscopic mechanisms responsible for the transport, plasma
boundary conditions, including atomic physic processes influence and the impact of plasma
interaction with material surfaces and the structure of the transport equations. Although from
the two first questions solid theoretical-experimental information can be obtained, the three
last questions are particularly difficult. The knowledge of diffusion coefficients requires
understanding of the dynamic of plasma turbulence (such as sources of free energy and nonlinear saturation mechanisms).
Even with all existing measurements it is difficult to definitively answer if the
anomalous plasma transport caused by plasma turbulence. One way of answering is by
calculating the different fluxes induced by turbulence and comparing them with particle and
energy fluxes determined from the power balance. The fluctuation induced fluxes are listed in
table 2.1, where only quadratic contributions in the fluctuations quantities were considered. In
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the table tilde stands for fluctuating quantities, the brackets <> indicates ensemble averaged,
J|| is the parallel current, Q|| is the parallel energy flux, and vr is the radial component of the
E×B velocity.
There are auto-consistent relations between plasma free-energy sources, electric fields
and turbulent transport. Gradients in distinct plasma parameters (pressure, temperature,
current), as well as atomic physics mechanisms, gives place to instabilities that, through nonlinear saturation mechanisms, generate turbulence on plasmas. This turbulence can be
controlled, and in some cases eliminated, through the action of electric fields such that the
resulting transport can, partially, determine the gradients (i.e. the instabilities energy source).
Experimentally these mutual interference processes can be observed, for example, in the RF
heating of plasma where there is an extra energy supply in the resonant plasma region without
modification of the particles source. This heating leads to an increment on the central
temperature and also changes on velocity and density profiles. This result shows that there are
interference processes between energy fluxes, particles and plasma moment. Formally, this
result implies that the fluxes depend on all the thermodynamically relevant parameters
(temperature gradients, density and velocities).

Turbulent fluxes Electrostatic contribution Magnetic contribution
~~
< J || Br >
~
~
< n vr >
−
Particle flux
eBϕ
Energy flux

~
n < v~r T > +T < v~r n~ >

~~
< Q|| Br >
Bϕ

Table 2.1: Fluctuation induced fluxes

Turbulent transport is usually understood and described as a diffusive process, with a
coefficient D=λc2/τc, where λc and τc are, respectively, the correlation length and correlation
time of the fluctuations. The fact that the average profiles are much more peaked than
expected from a simple diffusion process is interpreted in terms of an inward convective term,
called the pinch term, with an unclear thermodynamical origin. This experimental behaviour
is not recovered by the standard diffusive description of turbulent transport. It must be pointed
out that, this description, in terms of diffusion, implicitly assumes that lc is small compared to

37

the size of the system (machine). More precisely, the correlation length of the fluctuations is
supposed to be much smaller than the typical size of the equilibrium, namely, the average
gradient lengths. This allows the scale separation between fluctuations and equilibrium, the
later remaining constant, or at least evolving on an adiabatic time scale.
The fluxes that quantify fluctuation-driven losses depend on quadratic correlations of
particular fluctuating fields. For example, the flux of electrons is governed by the continuity
equation for the electronic density ne,

∂n e
+ ∇ ⋅ ( uen e ) = 0
∂t

(eq. 2.13)

where ue is the electron flow, specified either in a fluid description by a continuum equation
for the flow, or in the kinetic description by the velocity moment of the single-particle
probability distribution in the phase space of electron position and velocity. Toroidal and
poloidal flows effectively lie on nested tori and therefore lead to no loss, provided the torus of
interest intersects no material surface. Net losses are consequently governed by a radial
derivative of the product of density and radial flow. Separating the density into ensembleaveraged and fluctuating components <n > and ~
n , and considering equilibrium in which the
e

e

average radial flow is zero, <ure>=0, we find that the average density is governed by
∂n e ∂Γe
+
=0
∂t
∂r

(eq. 2.14)

r
where the fluctuation induced particle flux Γe is Γ e =< v re ~
n e > . In a turbulent flow, the
advection of random density perturbations by the random motions of turbulent flow must be
correlated. Otherwise, blobs of density are moved in all directions with equal probability.
Such correlations naturally occur when density perturbations are produced by the random
advection of a gradient of the average density <ne>. If the density perturbations are
proportional to the gradient, substitution of the proportionality relationship into the flux yields
an expression of Fick’s law (i.e., Γe = −D e dn e dr where De is the electron diffusion
coefficient).
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This thesis will deal with fluctuating flows produced by ExB motion: in a plasma with
magnetic and electric fields, individual particles undergo a circular rotation around magnetic
field lines and drift across the field with a velocity
r r
r
E×B
ve =
B2

(eq. 2.15)

The ExB drift is independent of charge and identical for all charge species. It therefore
represents a fundamental plasma flow. Under fairly general conditions (the density response
is assumed to be adiabatic, n=eφ/Te, and the pressure and magnetic perturbations are assumed
to be small) the ExB flow is the sole advecting flow for fluctuations of density, temperature
and flow [17]. In a tokamak, the mean magnetic field is B0 is primarily toroidal and the
r
r
electric field is approximately an electrostatic fluctuation, i.e., E = −∇φ . The radial
r
~
component of the fluctuating ExB drift is therefore u Er = B 0−1∇ θ φ where ∇ θ is the
derivative in the poloidal direction.
The electron heat flux due to electrostatic fluctuations can be estimated by correlation
techniques as well, if the mean and fluctuating components of the electron temperature are
measured in addition to the density and potential fluctuations. The convected heat flux in this
case is
5
kTe ΓE×B
2

(eq. 2.16)

3 ne
~ ~
< kTe E > − kTe ΓE×B
2 B

(eq. 2.17)

q conv =

and the conducted heat flux

q cond =

where higher order perturbations are neglected.
Characterization of fluctuations and fluctuation driven particle and energy fluxes
require experimental techniques for measuring the variations in parameters such as density,
temperature and magnetic and electric fields with good temporal and spatial resolutions. With
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the present state of the art of plasma diagnostics, this kind of measurements is mostly limited
to the plasma edge where material probes can be used, giving a good opportunity to identify
the driving forces of the turbulence. For electrostatic fluctuations the particle flux ΓE×B can be
estimated with a triple correlation technique

[

1
ΓE×B =< ~
n e ~v E×B >= ∑ Re i < n*f k θf φ f >
B f

]
(eq. 2.18)

It requires the simultaneous measurement of the spectral components of density fluctuations
nf, the poloidal wavenumber of potential fluctuations kθf, and the potential fluctuations φf. The
technique can be applied to any diagnostic that provides the simultaneous and local
measurement of density and electric field fluctuations. Langmuir probes and HIBP can
provide the measurements necessary to estimate the particle flux.
Electrostatic fluctuations induced particle transport, computed assuming a negligible
level of temperature fluctuations, is large enough to account for the total particle transport in
the plasma boundary region in tokamaks and stellarators. However the presence of
asymmetries may affect this agreement. The level of magnetic fluctuations is too small in the
plasma boundary region in tokamaks and stellarators to play a significant role in transport.
A more complete picture of particle and energy transport due to fluctuations requires a
better knowledge of the level of electron temperature fluctuations. It is now fully recognized
that the clarification of some of the key questions confronting the understanding of turbulence
in the boundary region of magnetic confinement devices, such as the measurement of the
~ ~
~
fluctuations induced conducted ( < Te E θ > ) and convected ( < ~
nE θ > ) heat fluxes, awaits
more extensive measurements of electron temperature fluctuations.
An overview of turbulence in plasma physics from the point of view of transport
modelling can be found in [16-18].

2.2.4 - L-H mode transition
One of the most important problems in current fusion research is to understand the H-mode of
improved confinement in tokamaks, discovered by the ASDEX group and subsequently
confirmed and elaborated upon by many other groups in other tokamaks and stellarators.
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During L-mode discharges, the energy confinement time degrades with increasing input
power. However, above a certain threshold level of heating power, the plasma confinement is
observed to improve by approximately a factor of two and the so-called H-mode is achieved.
This confinement enhancement is not yet fully understood but it appears to be associated with
the development of a transport barrier near the plasma edge. During H-mode, phenomena
known as edge-localised modes are frequently observed. These are rapid bursts of MHD
activity accompanied by large heat and particle fluxes to plasma-facing surfaces. However,
small frequency ELMs are considered to be desirable for steady state tokamak operation as
they expel impurities, including helium ash and stabilize the core plasma density.
In the absence of a rigorous predictive framework for tokamak transport, a variety of
scaling laws try to forecast. Such scaling laws are of some use in extrapolating to reactor
operation, provided that the magnetic field configuration is similar. However, they provide a
little help in solving the edge transport problem and new physical phenomena (such as Hmode) usually result in alternative scaling.
Because the H-mode confinement improvement appears in many magnetic
configurations and has been produced by many means, it is clear that the explanation of the
results requires some mechanism with significant universality. A theory that is specific to a
given magnetic configuration or to a specific heating mechanism would not be consistent with
the experimental results. The reduction in turbulence-driven transport by ExB velocity shear
has this universality [19]. While the general consensus is that enhanced electric field shear is
responsible for the transport barrier and improved confinement, the detailed mechanism of
bifurcation and transition remains a mystery. Nevertheless there is mounting evidence that the
transition is a consequence of the dynamics of momentum particle and heat transport intrinsic
to the turbulent edge plasma rather than due to magnetic effects or orbit effects. This view is
supported by the universality of H-mode, the deep radial penetration of the enhanced
confinement zone associated with the very high confinement mode, VH-mode, and the
apparent insensitivity of the transition phenomenon to edge collisionality.
There is a set of common features that are seen in all devices that obtain H-mode. The
first to be identified was the formation of a transport barrier at the plasma edge where the
density and temperature gradients steepen after the transition. The transition of this barrier is
associated with a drop of the Dα radiation all around the plasma, indicating a significant
decrease of the particle outflux and an increase in a factor of 2 or 3 of the confinement time.
In addition, later work showed that the density fluctuation amplitude decreases in the region
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where the transport barrier forms. Finally, at the same time as the formation of the transport
barrier and the reduction in fluctuations, a steep gradient region develops in Er at the plasma
edge. This spatial and temporal correlation between increased ExB shear, turbulence
reduction and transport reduction demonstrates qualitative consistency between the theory of
ExB velocity shear stabilization of turbulence and the experimental results. The sudden
change of the edge conditions suggests a bifurcation, but theoretical understanding of it has
been elusive. The transition from L to H-mode is rapid (less than 2 ms) and happens for input
powers above a threshold Pth. This threshold scales as Pth ∝ B T n e , where BT is the toroidal
magnetic field. The transition seems to be independent of heating method and magnetic field
geometry, although the type of heating used (neutral beam, ion cyclotron resonance, electron
cyclotron resonance or Ohmic) does not seem to matter.
Spectroscopic measurements of poloidal and toroidal plasma flows in the DIII-D
tokamak have shown that the poloidal rotation increases suddenly and significantly during the
L to H-mode transition, and remains large in the H-mode. This has lead to speculation that
poloidal rotation or the electric field associated with it may be playing a causal role in the
transition.
Biglari et al. [20] have shown that the establishment of rotational shear has a quenching
influence in the ambient turbulence, i.e., flow shear and geometric effects associated with
curvature, where the former is argued to be the dominant one in most cases of interest.
Coupling between poloidal shearing and turbulent radial scattering of fluctuations is shown to
result in a hybrid decorrelation process. The turbulence quench mechanism is insensitive to
the sign of either the radial electric field or its shear. An interesting consequence of the theory
is that it may explain the scaling of the H-mode power threshold with magnetic field, as
observed in many tokamaks.
More recently a simple theory, referred to as the phase transition model, was proposed
to explain the L to H transition in toroidal devices [21-23]. The model consists of coupled
envelope equations for the fluctuation intensity and the mean electric field shear. In this
theory the L to H transition appears as a supercritical bifurcation or second-order phase
transition with order parameter the poloidal velocity shear v ′θ . The physics of the transition is
a flow shear dynamo instability that amplifies v ′θ until fluctuation self-regulation by E ′r′
suppression asserts itself. In this theory the H-mode is a state of marginal stability to the
dynamo instability. The power threshold for transition, Pcrit, is determined by the requirement
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that g0, the energy input rate in the absence of E ′r′ , exceed the damping rate due to magnetic
pumping or charge exchange. The threshold defines a steepening criterion for the pertinent
edge gradient.
Several mechanisms more have been suggested for the L- to H-mode transition,
typically involving a momentum source/sink or bipolar loss:
• Orbit loss: near the plasma edge, ions in banana orbits are lost and, as a result, a radial
electric field is created. Bifurcation is caused by the nonlinear dependence of the
neoclassical viscosity on the radial electric field.
• ∇Pi is the main electric field contribution, once coupled to the E×B shear suppression,
it leads to a bifurcation in the transport equation. The transition is like a first-order
critical transition, that is, the flux is discontinuous at the critical point.
• Poloidal rotation is the dominant contribution to Er. Plasma turbulence changes the
poloidal flow profile via the Reynolds stress and increases E r′ . This causes a transition
to a state dominated by a global poloidal flow with reduced-turbulence fluctuations.
This transition is like a second-order critical transition, that is, the flux is continuous
across the transition, but its derivative is discontinuous. Also, poloidal asymmetry in
the turbulent transport (Stringer spin up) as well as external biasing, can induce
poloidal rotation.
• Poloidal rotation coupled with ∇Pi effects can be the dominant contribution to Er.
Reynolds stress is the cause of the poloidal-flow profile modification. This model
gives two phases in the transition, a slow second-order-type transition, where the
poloidal rotation is the dominant term in Er, followed up by a fast first-order transition
(if power is high enough above the threshold). In the second phase, the electric field
shear is dominated by ∇Pi. The poloidal velocity decays because there is no longer the
turbulence causing the amplification of the shear flow.

2.2.5 - Transport barriers
Since the discovery of the high confinement regime (H-mode) in fusion plasmas, many
theories have pointed out to the possibly decisive role of edge radial electric fields Er in the
creation of transport barriers (i.e. zones of finite radial extent where D, the particle diffusivity
and/or χ, the thermal diffusivity, are depressed) and in the bifurcation mechanism through
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which they often arise. The radial electric field was also invoked as a key ingredient for the
setting up of internal transport barriers.
Flow shear induced transports barriers in plasmas are created as part of a transition in
which mean quantities transiently undergo an adjustment to new values in response to an
internally or externally driven change within the plasma. Prior to the transition, the ExB flow
is not strongly sheared, and the fluctuations are large. After the transition there is a very large
shear in the ExB flow and the fluctuations have diminished. Other quantities involved in
momentum balances, such as ion rotation rates, can also change dramatically at the transition.
Because the plasma state undergoes a fundamental change in properties as it passes through
the transition, the transition is generally labelled as a bifurcation process. Direct
measurements of transport and fluctuations during the generation of edge transport barriers
show that concurrent changes in turbulence amplitudes, spatial scales, and multi-field phase
angles lead to reduction of turbulent particle flux during the formation of the H-mode
transport.
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Fig. 2.7: Dα signal during ELMy events on JET

2.2.6 - Transient phenomena and ELMs
Experimentally, it is found that new physics such as edge localized modes (ELMs) or
impurity influx may become important after the transition and before a high gradient
equilibrium is reached. The ELMs are fluctuation activity that does not cease after the
transition and appears in addition to residual small-scale turbulence. There are several types
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of ELMs distinguished by gross features, including amplitude, frequency, and temporal
characteristics relating to intermittent behaviour. Large- amplitude ELMs can eject a fraction
of the particles and heat stored in the plasma edge region without terminating the plasma
discharge. They thus provide some control of edge gradients. In the future they may be useful
in removing helium ash from the burning plasma. Under some circumstances ELMs behave as
a transient return to L mode. This has led to modelling studies of ELMs based on limit-cycle
solutions of transition models. It is also possible that ELMs are a global instability driven by
the steep gradients caused by transport reduction. Sometimes ELMs are characterized by their
Dα signature (fig. 2.7). However, this characterization is not unambiguous, because it depends
on the divertor conditions. An extreme example for this is that in H-mode discharges with a
detached divertor, where the energy and particle pulses are buffered in the divertor and do not
reach the divertor plates, there is no significant change in the recycling during an ELM and,
consequently, no peak on the Dα emission. Further information can be found in [24-26] where
the systematic analysis from different devices was used to establish an ELM general
classification.
To classify ELMs according to the occurrence of the magnetic precursor and the
dependence of the ELM frequency on the energy flux through the separatrix, Psep, was
proposed in the reference. The shape and magnitude of the Dα signal in the divertor was not
used to identify a specific ELM type and type II ELMs were omitted because at the present
they were only been found on special DIII-D discharges. Following the reference:
•

Type I ELMs: the ELM repetition frequency υELM increases with the energy flux
through the separatrix:
dν ELM
>0
dPsep
At present, no clear magnetic precursor oscillation has been identified, although
indications for a precursor oscillation of Te and, in some cases, for magnetic
precursors exist. It is not clear whether the absence of a magnetic precursor
oscillation is due to a lack of diagnostics. Prior to type I ELMs, the overall
fluctuation level increases. During the ELM, there is a high level of incoherent
magnetic fluctuations. Typical type I ELM repetition frequencies are reported in the
range 10-200 Hz.
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•

Type III ELMs: the ELM repetition frequency decreases with the energy flux
through the separatrix:
dν ELM
<0
dPsep
The type III ELM frequency is characterized by the heating power in excess of the
power threshold, i.e. Ptot-Pthr. A coherent magnetic precursor oscillation of toroidal
mode number n ≈ 5-10 and poloidal number m ≈ 10-15 is observed on magnetic
probes located close to the plasma, especially in the outboard midplane. During the
ELM, there is a high level of magnetic fluctuations. Typical type III repetition
frequencies are in the 2 kHz range (i.e. frequency of the order of the inverse of the
duration) down to 200 Hz in steady state ELMy H-mode discharges.

•

Dithering cycles: For Psep≈PthrLH, repetitive L-H-L transitions may occur. The
repetition frequency shows a slight decrease with increasing Psep. Dithering cycles
show no magnetic precursor oscillation; the level of turbulence during the temporary
L-phase does not significantly exceed that of L-phase at Psep ≤ PthrLH.

For both type I and type III, the ELM itself is an MHD event lasting 0.3-1 ms. In particular,
the duration does not seem to vary significantly with the machine size. For the lowest ELM
frequencies, when the inverse of ELM frequency is of the order of the confinement time, it
remains a matter of definition whether one speaks of ‘ELM free-phases’ between the single
ELMs.

2.2.7 - ELM effects on transport
An ELM leads to a loss of energy and particles from the plasma edge and degrades the global
particle and energy confinement time. However, as only the edge region is affected by the
ELM transport, the reduction is much more severe for the particle confinement, as the loss
region equals the source region, whereas for the energy, only part of the centrally deposited
energy that has been transported into the edge region, is affected. Thus, ELMs provide density
control for only a modest reduction of τE.
It is found that individual ELMs decrease the plasma energy and particle content
roughly 5-10% [27]. There is a tendency for the effect of type III ELMs to increase with
decreasing ELM frequency whereas, at least at high heating power, when the ELM duration is

46

roughly constant, the absolute value of the energy loss per type I ELM is nearly constant. In
contrast, ELMs that last for longer times (so-called ‘compound ELMs’, i.e. ELMs with a
subsequent L-phase of 5-15 ms duration) may have a more severe effect on the stored energy
and particles. These results will have to be examined in a more systematic manner to yield
predictions for future machines such as ITER. The analysis also shows that during ELMs,
high heat and particles fluxes may occur that may lead to unacceptable loads on the target
plates in a reactor. Thus, tailoring of ELM type and frequency may be necessary in a reactor.

2.3 - Radial electric field in the work context
The self-organization of flows from turbulence has, in the plasma context, gained much
attention over the last years and the control of turbulent transport in plasmas has become a
reality. Experimental results show a reduction on transport to the expected levels of
neoclassical mechanisms (e.g. based on Coulomb collisional effects under toroidal geometry),
which can be explained with the influence of the electric field and magnetic topology. It has
been widely accepted that not only is the turbulence responsible for the observed anomalous
fluxes, but poloidal flows generated via the turbulence are accountable for some of the
transport barriers or even the L-H transition observed in modern plasma fusion devices.

r

r

vr=Er / B

vr=Er / B

Fig. 2.8: The presence of sheared radial electric fields can modify the structure of turbulence. When the electric
field gradient achieves a critical value, there is a reduction on the turbulence characteristic radial scale and
improvement on confinement properties.

The physical mechanism responsible for the impact of electric fields in transport can be
qualitatively understood: the presence of radial electric fields with shear produces radial
gradients in particle drift velocity which moves in the presence of perpendicular electric (Er)
and magnetic (B) fields. This drift is given by vr=Er/B and do not depends on the mass or
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particle charges, which guarantees an universal character. When this shear velocity achieves a
certain critical value, it can fragment structures generated by the presence of plasma unstable
modes (fig. 2.8). This effect can be expressed by a decorrelation time that is proportional to
the inverse of the radial gradient of the electric field

 1 dE r 
τc = 

 B dr 

−1

(eq. 2.19)

The decorrelation time due to diffusion processes induced by the plasma environmental
turbulence can be expressed as τ d = ∆2 D where ∆ is the radial scale of turbulent transport
and D is the diffusion coefficient. When the condition τc<τd is verified, there is a reduction in
the radial scale of turbulent transport and, as consequence, a reduction in the turbulent nature
transport level.

2.3.1 - Shear flow and self-regulated transport
Although a variety of flows appear in plasma continuum descriptions, the ExB flow is
responsible for the observed suppression of turbulent fluctuations in plasmas. The effect of
ExB velocity shear on the growth of and radial extent of turbulent eddies in the plasma is the
fundamental physics involved in transport reduction. Empirical observations and theoretical
calculations show that the ExB flow is the sole advectant of fluctuations in density,
temperature and flow. It is clear that the ExB velocity shear model has the universality needed
to explain the formation of transport barriers in plasma confinement devices.
In plasmas, an increase in free energy can lead to a decrease in fluctuation energy
because the free energy that normally drives turbulence can drive flow shear instead. The
result is a decrease in turbulence and turbulent transport, which leads to a further increase in
the gradients providing the free energy (the free energy itself does not necessarily increase
because of the suppressing and stabilizing effect of the flow shear). The generation of mean
ExB flow shear involves any of a number of processes affecting momentum, including
external momentum sources from the injection of energetic beams of neutral particles or
intense RF waves, the Reynolds stress, mean electric and magnetic fields, through the Lorentz
force, the pressure and dissipative processes. Turbulence directly participates in the
momentum balance governing the generation of ExB flow shear through the Reynolds stress,
48

but also enters indirectly, because turbulent transport affects the pressure profile and fields.
Both non-linear decorrelation and linear stabilization effects are important. The non-linear
effect is the reduction of the radial transport owing to a decrease in the radial correlation
length and the change in the phase between density, temperature and potential fluctuations.
There are a multitude of linear effects specific to various modes; however, one general feature
of linear stabilization is coupling to more stable modes caused by the ExB velocity shear.
Turbulent transport can be greatly reduced in the presence of stable shear flow. When a
fluid eddy is placed in a stable laminar background flow whose speed varies transverse to the
flow direction, the eddy is stretched and distorted as different fluid parcels in the eddy are
advected (carried along) at different speeds. If the eddy is isolated, it can be stretched to many
times its original scale length. When the eddy is part of a turbulent flow, however, it loses
coherence when stretched to the eddy coherence length along the direction of the background
flow. The eddy coherence length is the distance over which the eddy remains correlated and
can be thought as roughly the distance between two adjacent eddies of comparable scale, a
distance on the order of the eddy diameter in a fully developed turbulence1. Fluids parcels that
move an eddy coherence length become subjected to the advecting flows of other eddies and
are no longer identifiable with their original eddy movement. In the absence of background
shear flow, the time scale for this loss of coherence defines the eddy lifetime. Dimensionally
the eddy lifetime is the eddy rotation period, commonly called the eddy turnover time.
In the presence of a background shear flow whose rate of differential advection exceeds
the eddy turnover rate, eddies stretch to a flow-wise eddy coherence length in a fraction of the
time they would normally take to turn over were there no shear. Consequently, the eddy
lifetime is shortened. Assuming turbulence whose driving source is unaffected by flow shear
(such a source might be external stirring or an instability associated, for example, with a
thermal gradient), the decrease in the correlation time implies a decrease in turbulent intensity
(eddy velocity). This follows because the rate of turbulent energy dissipation, given roughly
by the turbulent energy divided by the correlation time, temporarily exceeds the forcing rate
when the correlation time is reduced. This leads to a transient decay of turbulent energy until
a new balance is established with lower energy. Also, because of the rapid flow-wise

1

Turbulence at very high Reynolds numbers, when all or some of the possible symmetries are restored in a
statistical sense, is known as fully developed turbulence. For this it is necessary that the flow should not be
subject to any constraint, such as strong large-scale shear, which would prevent it from ‘accepting’ all possible
symmetries.
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stretching along the direction of the flow, fluid parcels traverse only a fraction of the original
eddy diameter in the shear-wise direction (across the flow in the direction of the gradient of
flow speed) before the eddy loses coherence. Eddy scales in the shear-wise direction are thus
reduced as a consequence of the background shear flow. If an advected scalar is present, its
rate of turbulent transport across the background shear flow is also reduced. This follows
because the turbulent intensity and shear-wise eddy coherence length are reduced, thus
reducing the speed and step size of a random-walk transport process.
For ExB shear decorrelation of turbulence ωExB must be comparable to ∆ωD, the nonlinear turbulence decorrelation rate in the absence of ExB shear. Although ∆ωD can be
calculated for some cases, it is not routinely available for comparison with experiment.
Recent non-linear gyro-Landau fluid simulations have shown complete turbulence
stabilization when ωExB is comparable to γmax, the maximum linear growth rate of all the
unstable modes in the plasma. This rule ωExB= γmax has thus been used in several comparisons
between theory and experiment.
The breaking of turbulent eddies has as consequence, the reduction of the radial
correlation length. This effect is visualized in a comparison of the poloidal contour plots of
the fluctuation potential in the non-linear phase from a broad pressure profile simulation
carried out with ExB flows included with one with the flows suppressed (fig. 2.9). In both
cases the amplitude of fluctuations is highest at larger major radius where the drive of
instabilities is strongest due to a bad magnetic curvature. Similar structures are observed in
the linear phase for both cases. In the non-linear saturation stage ExB flows, which are
linearly stable, are generated through an inverse cascade of spectrum and begin to tear apart
the turbulent eddies. In steady state, the fluctuations are observed to be nearly isotropic in the
radial and poloidal directions when ExB flows are induced in the simulations, whereas the
turbulent eddies are elongated along the radial direction when the flows are suppressed. The
reduction of the radial correlation by the breaking of turbulent eddies by ExB flows is also
reflected in the observed flow induced broadening of the radial spectrum kr of fluctuations.
Recent gyrofluid and fluid simulations [28-29] have observed small scale fluctuating ExB
flows. These flows are driven by fluctuations and, it is concluded that they can substantially
reduce turbulent transport with relatively small radial scale (several ion gyroradius).
Experimental data from the core region of tokamaks have revealed the presence of small
radial scale ExB flows that cannot be explained by the existing neoclassical theory [30].
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These observations point to the possibility that ExB flows are generate spontaneously and
regulate the turbulence. Turbulent transport is believed to arise from electrostatic pressure
gradient driven instabilities. Also important can be the synergistic effect of the ExB velocity
shear and magnetic shear. Although the ExB velocity shear appears to have an effect on
broader classes of microturbulence, magnetic shear can mitigate some potentially harmful
effects of ExB velocity shear and facilitate turbulence stabilization.

Fig. 2.9: Fluctuations in simulations of ion-temperature-gradient turbulence in a torus: (a) contours of ion density
fluctuation with no rotational shear present, and (b) with rotational shear. Structures have a smaller radial extent
in case (b). From reference [31]

2.3.2 - The role of the radial electric field
If radial electric field is spatially non-homogeneous, plasma volumes in neighbouring
magnetic surfaces rotate with different ExB velocities. Such a shear in the rotation velocity
tears apart turbulent eddies elongated in the radial direction and reduces the turbulent
transport level. The shear rate ωExB in the ExB flow vExB induced by Er is given by

ω ExB =

dv ExB
( RBθ ) 2 ∂ E r
=
dr
B ∂ψ RBθ

(eq. 2.20)

where R is the major radius, Bθ is the poloidal field and ψ is the poloidal flux. So, the
problem of determining the mean ExB flow in most plasmas consists on the measurement
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(calculation) of the radial component of the mean electric field. The mean magnetic field can
generally be treated as a known and fixed parameter, because most of the field is produced by
external windings or is part of a relaxed state with a known and robust magnetic field. The
radial component is the relevant component because for the plasma to be radially confined,
both the magnetic field and ExB flow must be perpendicular to the radial direction.
The

fundamental

equation

governing

the

electric

field

is

the

Poisson

equation, ∇ ⋅ E = ρ q ε 0 . The large polarizability of plasma and the difficulty of directly
measuring charge density in fusion plasmas have led to the development of other methods for
inferring the electric field. The Poisson equation is closely related to the momentum, because
flow is the primary arbiter of charge density through the charge continuity equation.
Consequently, to determine the radial electric field, it is often sufficient to specify and solve
the ion radial force balance because ions dominate the plasma momentum because of their
large mass relative to electrons. The equilibrium radial force balance for ions is given by

Er =

m ∂ ~ ~
1 ∂
pi + i
< u ri u ri > − u θi B ϕ + u ϕi B θ
Z i en i ∂r
Z i e ∂r

(eq. 2.21)

where Zi is the charge state of the ions, e is the electronic charge, ni is the ion number density,
pi is the ion pressure, mi is the ion mass and the subscripts θ and ϕ indicate the components of
the mean poloidal and toroidal ion flow and magnetic field. In the equation 2.21 all the
quantities have been averaged over magnetic flux surfaces. The equation is comparable to the
Reynolds momentum equation except for the absence of dissipation, which is negligible for
the radial momentum component, and the addition of the electric and Lorentz forces. Two
components of the Reynolds stress are fluxes of radial momentum on magnetic-flux surfaces
and, for incompressible flow, vanish upon averaging. All terms from the advective derivative
of the mean flow vanish because, by design, there is no mean radial flow in magnetically
confined plasmas on the time scales of dynamical evolution (transport produces mean radial
displacements on longer time scales but the effect enters in higher order). The diagonal
Reynolds stress contribution to the radial force balance is often also neglected, neglecting of
the Reynolds stress in the radial force balance is justified in most situations, although it could
be important in cases in which fluctuations are of large amplitude and short wavelength, and
the poloidal flow is small.
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Ignoring the Reynolds stress term it is evident that the radial electric field is governed
by the ion pressure force and, in conjunction with the mean magnetic field through the
Lorentz force, by the toroidal and poloidal ion flows. Depending on the circumstance, any of
these forces, either individually or jointly, can play an important role in generating and
sustaining the large radial electric fields of transport barriers through several feedback loops
where Er and its shear can change, allowing the plasma access different confinement regimes.
The fluctuations can generate poloidal rotation through energy transfer between small and
large scales of turbulence (energy cascades).
Measurements indicate that both the pressure gradient and the poloidal ion flow become
large in the H-mode. From experimental observations it was concluded that the ion pressure
gradient is unimportant in the initial stages of the H-mode but subsequently becomes the
dominant driver of the radial electric field as reduced transport fluxes steepen the pressure
profile. In core transport barriers, depending on the device, the radial electric field is either
negative, consistent with a large pressure gradient, or positive because of large toroidal
rotation. Observations indicate that poloidal flow is the dominant driver of the electric field in
the initial stages of the H-mode. Poloidal flow is also the dominant driver of the electric field
in externally induced transport barriers. In barriers induced with biased electrodes, a radial
current responding to an induced voltage drives a poloidal flow, which in turn drives the
radial electric field. The toroidal flow is observed to play an important role in the core
transport barriers. This multiplicity of feedback loops ultimately provides a number of
possibilities for active control of the transport. The generation of poloidal flows via the
Reynolds stress and the poloidal spin-up of plasmas from poloidal asymmetry of particle and
momentum sources have been pointed out as plausible mechanisms. Turbulent Reynolds
stress plays a linking role between the turbulence and averaged flows. It has been suggested
that sheared poloidal flows can be generated in fusion plasmas due to radially varying
Reynolds stress, which may also play a role in the L-H transition.

2.3.3 - Critical E×B flow shear
The critical E×B shear [32] corresponds to the electrical field gradient for which the poloidal
turbulence shearing rate τ s−1 is equal to the turbulence decorrelation rate τ co−1 . Assuming the
turbulence to be isotropic, the critical electric field gradient can be defined as

53

(

)

∇E crit = 2 k ⊥2 D Bt (r )
0

(eq. 2.22)

The critical field gradient is a measure for how efficient an induced E×B flow shear can
quench turbulent transport. Higher values for ∇Ecrit indicate that more shear has to be applied
in order to achieve the same amount of turbulence suppression. Even for infinite shear a
certain level of transport will remain whereas the part of the particle transport subject to be
quenched by the E×B shear is considered to be the anomalous diffusion.

2.3.4 - Time dependent ExB shear flow
One of the great achievements of the fusion community in the last years has been the
development of techniques to control plasma turbulence based in ExB shear stabilization
mechanism. Both edge and core transport barriers are related to a large increase in the ExB
shear flows and the best performance of existing fusion plasma devices has been obtained in
plasma conditions where ExB shear stabilization mechanisms are likely playing a key role.
The generality of this mechanism is based on the fact that the drift of charged particles in the
presence of electric and magnetic fields does not depend on the mass or charge of the
particles. When the ExB shearing rate (ωExB) approaches the growth rate of the dominant
instability (γ), ωExB≈γ, a reduction in the radial correlation length is predicted. The theory of
ExB shear suppression was first developed in cylindrical geometry. It is valid when the time
variation of Er is much slower than the eddy turnover time (the correlation time of the ambient
turbulence). Extension of the theory to shape tokamak geometry was useful for comparison
with experimental data that indeed show such a relatively slow time variation of the
macroscopic Er. The theory of ExB shear suppression of turbulence has been recently
extended to include time dependent ExB flows [33-34]. Quickly time varying components,
while they contribute significantly to the instantaneous ExB shearing rate, are less effective
than the slowly varying components in suppressing turbulence, since the flow shear pattern
changes before the eddies get distorted enough. Results show that the radial correlation length
∆r is reduced by the flow shear relative to its value ∆r0 determined by the ambient turbulence
2

alone: ( ∆r0 ∆r ) = 1 + ωeff2 ∆ωT2 where ∆ωT is the decorrelation rate of ambient turbulence
and
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1/ 4

ωeff = ω

(0)
E

(1 + 3F )2 + 4 F 3 
(1 + F ) (1 + 4 F )

(eq. 2.23)

is the effective shearing rate. Here, F ≡ ω 2f / ∆ωT2 and ωE(0) ≡ Ωψ RBθ ∆r0 / ∆φ is the
instantaneous shearing rate, where R∆φ is the toroidal correlation length. A reduction of the
fluctuations of the order of unity is expected to occur if ωeff ≥ ∆ωT . When Er varies slowly
such that F = 1 , ωeff : ω E(0) . When Er varies rapidly such that F ? 1 , ωeff = ω E(0) and
turbulence suppression is difficult to achieve. This means that a significant reduction in the
radial correlation length of turbulence is predicted when ωeff becomes comparable to the
decorrelation rate of the ambient turbulence. The effective sheared rate of fluctuating ExB
flows is less effective than the slowly varying component in reducing turbulent transport. This
reduction in the effectiveness is particularly important when the ExB flow patterns changes in
a time scale faster than the eddy turnover time.
From this perspective, two open (and connected) questions follow for experimentalists:
What is the level of fluctuations in the radial electric field? Is the effective shearing rate of
fluctuating radial electric field high enough to control transport? In order to answer these
questions, it is important not only to measure the radial electric field but also to investigate
the coupling between fluctuating radial electric fields and ExB transport. Recent experimental
results [35] show the development of both DC and fluctuating radial electric fields with
decorrelation rate (ωExB) comparable to the growth rate of plasma instabilities (105-106 s-1) in
plasma regimes well below the power threshold for the transition to improved confinement
regimes. This result will be presented in chapter IV and strongly suggests the role of turbulent
driven fluctuating radial electric field (through Reynolds stress or other fluctuation driven
regulation mechanisms).

2.3.5 - Reynolds stress
The average poloidal flow profile can be modified by the plasma turbulence via the Reynolds
stress [36], which is a mechanism of turbulence auto-regulation that can generate small-scale
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stable zonal fluxes, being the effect of these fluxes a radial decorrelation of turbulence and a
reduction of transport of energy and particles to the exterior of the plasma.
The poloidal flow profile evolution equation is derived by taking the flux surface
average of the momentum balance equation

∂ < vθ >
∂ 
1
~ ~ 
= −  < ~
vr ~
vθ > −
< B r B θ >  − µ < v θ >
∂t
∂r 
ρmµ0


(eq. 2.24)

Here, ρm is the mass density, µ0 is the permeability of the vacuum and a tilde over a field
indicates the fluctuating component of the field. The first term in the right hand side (rhs) is
~ ~
the Reynolds stress (sometimes the term < B r B θ > is called the Maxwell stress being the
Reynolds stress only the first term) and the second term is the poloidal flow damping and
originates from the anisotropic pressure force. It is also known as magnetic pumping or
neoclassical viscosity and arises from ion-ion collisions and the asymmetry of poloidal
variation in a torus. In a torus with toroidal symmetry, there is no viscous damping of toroidal
flow. The first term on the Reynolds stress tensor

τ rθ =< ~
vr ~
vθ > −

1
~ ~
< Br Bθ >
ρm µ0

(eq. 2.25)

results from the convective non-linearity and the second term from the magnetic non-linearity
in the parallel derivative of the parallel current density. For the Reynolds stress to have a
nonzero contribution requires radial wave propagation and the radial inhomogeneity of the
turbulence (a gradient in the mean pressure, a gradient in the mean flow leading to viscous
losses, or the mean transport (advection) of fluctuating momentum), i.e. via mean flow <vθ>
tilting the eddies. Turbulence thus rearranges mean momentum, modifying its profile (spatial
variation) without changing the total (spatially integrated) momentum. In the plasma
boundary region, strong gradients in the level of fluctuations can provide the radial-poloidal
non-isotropic turbulence. In the plasma core region a modification in the degree of anisotropy
in the radial-poloidal structure of fluctuations is expected at the rational surfaces where
fluctuations show maximum amplitude.

56

In the equation one of the terms depends exclusively from the fluid velocity
( ∂ < v~r v~θ > / ∂ r ) and the other from magnetic field fluctuations. In the supposition of
electrostatic turbulence, the fluctuating velocities are originated by ExB drift in the presence
of fluctuating electric fields being the previous equation rewritten as
∂ < v~θ >
1 ∂
~ ~
=− 2
< Eθ E r >
∂t
B ∂r

(eq. 2.26)

Reynolds stress results from a correlation between poloidal and radial fluctuations of the
electric field. It should be noted that only in the case of poloidally homogeneous turbulence
are the Reynolds stress computed as the time averaged product of fluctuating radial and
equivalent the poloidal velocities and the flux surface average Reynolds stress. Also, from the
ion momentum balance equation, the average poloidal flow is directly related to the Er,
ρ c dP
Er
= − < vθ > + s s i
B
Pi dr

(eq. 2.27)

Measurements of the Reynolds stress using Langmuir probes are presented in [37]. This
mechanism is often advocated as the responsible for the generation of zonal flows.

2.3.6 - Zonal flows
Global gyrokinetic simulations of ion temperature gradient (ITG) turbulence, with accurate
descriptions of flow damping, observed that fluctuating small scale ExB shear flows can be
generated by turbulence and regulate turbulence in return, significantly affecting the transport
level and playing an important role in the turbulence self-regulation.. Zonal flows are poloidal
and toroidally symmetric (qz = qθ = 0) potential perturbations with a finite radial scale qr-1
significantly larger than the scale of the underlying small-scale turbulence, qr<<kr, where q is
the wave vector for the large-scale perturbations; k is the wave vector of the background
small-scale turbulence; r, θ and z are the radial, poloidal and toroidal directions of a tokamak.
Therefore, they are toroidally and azimuthally symmetric shear layers with a spectrum of
radial scales (n=m=0, krρI finite). Since kθ of the electrostatic potential associated with zonal
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flows is also zero, there is no radial motion associated with them and zonal flows cannot tap
the expansion free energy associated with the radial gradient of pressure. Therefore, they are
linearly stable, and the only means to excite them is via a nonlinear energy transfer process
such as Reynolds stress (see previous section) with finite kθ and k||, associated with the
inverse cascade of the turbulence. As previously seen, fast time varying components of zonal
flows are less effective in shearing turbulent eddies. The fundamental reason for this is that
the zonal flow shear pattern changes before eddies can be completely decorrelated. The
turbulent eddies can then recover some of their original shape, having the shear a reduced
effect. The effective shearing rate is analytically derivate in [34].
Since it may not be feasible to measure the zonal flows directly in the core plasma using
the present diagnostic capabilities, it will be useful to look for signatures of the zonal flows on
the ambient turbulence. Several solutions are proposed in [38].The signature of zonal flow on
Phase-Contrast Imaging (PCI) diagnostic measurements in the DIII-D tokamak was reported
on [39]. Since the zonal flow cannot tap the expansion free energy directly, the energy lost by
turbulence by random shearing is gained by zonal flows. The duality of random shearing and
flow generation is just a statement on the linear mode coupling, specifically a distant
interaction between finite kθ and zero kθ modes. Therefore a bispectral analysis of fluctuating
data (the method will be seen in one of the following sections) could be useful in
demonstrating the existence of zonal flows and measurements made with this technique were
reported in [40-41].

2.3.7 - Eddy viscosity
As previously seen the average momentum flux or total stress consists of Reynolds and
Maxwell stress. If not uniform, this total stress exerts an effective force on the mean shear
flow and subsequently will modify the mean profile of background shear. This effective force
can be put in the form of a turbulent viscous force by introducing the turbulent viscosity νT
(also called eddy viscosity) as

<~
vr ~
vθ > −

∂ vr 
1
~ ~
∂v
< B r B θ >= −ν T  θ +

ρmµ0
∂θ 
 ∂r
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(eq. 2.28)

This viscosity is, in general, nonuniform and can take any sign, becoming negative in the case
of inverse cascade of energy leading to large-scale instabilities. In MHD, the effect of Lorentz
force is a reduction of turbulent viscosity and, under certain circumstances, there is a
possibility of cancellation between Reynolds and Maxwell stress [42] leading to a reduction
in momentum transport.
The eddy viscosity represents the overall effect of momentum transport by small-scale
fluctuations (turbulent momentum transport) in a mean sheared flow, and has played a crucial
role in the problem of momentum (or angular momentum) transport. In two-dimensional
hydrodynamic turbulence (2-D HD), eddy viscosity is negative, as a consequence of the
conservation of enstrophy2, with energy cascading from small to large scales (inverse
cascade). That is, a small-scale fluctuating velocity acts as a source for the generation of a
large-scale flow. In contrast, the energy cascade is direct in three dimensions (3-D), since the
vortex stretching breaks the conservation of enstrophy. In this case, the amplitude of eddy
viscosity becomes small due to cancellation of total stress, and the sign of eddy viscosity can
even become negative. In that situation (as may be the case with a magnetic forcing), a largescale flow can still grow, but at much slower rate because of the eddy viscosity smaller
amplitude, on the other hand, if the eddy viscosity becomes positive (as in the case of a fluid
forcing), a large-scale flow will decay.
In [43] it is suggested that, if the modulation of the total stress is the mechanism for the
generation of zonal flows, the reduction in the generation of zonal flows and even the decay
of zonal flows by the reversal of energy cascade directions could occur.

2.3.8 - Stringer spin-up
Tokamaks can spontaneously develop large poloidal velocity shears. The generation of such
spontaneous rotation is favored at tokamak edges and the rotation may extend inward over
macroscopic scale sizes. This spontaneous spin-up is a direct consequence of particle
transport, a feature which makes the theory highly appealing because of the well accepted

2

The enstrophy is defined as Ω ≡ 1 2 ω 2 being ω=∇×v. The energy balance equation is dE dT = −2vΩ
where E is the mean energy per unit mass. The mean energy dissipation per unit mass ε ≡ − dE dt is one of
the most frequently used quantities in turbulence. When the magnetic field effect is incorporated on eddy
viscosity to consider the magnetohydrodynamic turbulence (MHD) the enstrophy is no longer an ideal invariant
of MHD, even in 2-D, on account of the Lorentz force.
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experimental fact that the H mode is intimately related to edge particle confinement and is
believed to be due to a large shear or curvature in the radial electric field. This shear or
curvature leads to turbulence suppression and, consequently, to the formation of a transport
barrier in the plasma edge. The mechanism that generates the field is unclear. The so-called
Stringer spin-up [44-45], generated by poloidally nonuniform anomalous transport, has been
proposed as a possible mechanism. The nonuniform transport leads to plasma flow inside the
surface. The radial transport of toroidal angular momentum and circulation in a tokamak
resulting from diffusion, which is poloidally asymmetric, is shown to produce instability of
the poloidal rotation due to the electric field E, and causes an instability in which the electric
field grows. It was pointed out, that poloidal rotation is strongly damped by magnetic
pumping. With the Pfirsch-Schlüter transport rate being generally much smaller than the
magnetic pumping rate, the Stringer spin-up [46] was considered unimportant. It has been
argued that the fluctuation-driven fluxes of present day tokamaks are o sufficient magnitude
(larger than that predicted by neoclassical theory) to drive robust poloidal rotation in the
presence of neoclassical viscosity. A closer examination of the theory of poloidal spin-up
reveals that the key ingredient necessary for instability is that the particle transport is
poloidally asymmetric. That instability sets in where the local particle confinement time is
smaller than the damping time of the poloidal flow and leads to poloidal velocity shear.
Poloidal flow arises as part of collective plasma mode that couples to the asymmetry of the
particle flux and is uncovered in an ordering scheme based on the smallness of the inverse
aspect ratio a/R0. At lowest order there is a poloidally uniform equilibrium density but no
steady poloidal flow. Higher order yields an exponentially growing normal mode with
poloidally non-uniform perturbations in u|| and n, matching the variation of the particle flux,
and a uniform perturbation in uθ. The growth rate is proportional to the 1/3 power of the
asymmetric part of the particle flux. This process represents a collective excitation coupling
multiple equations, and it is more complicated than any single force like the Reynolds stress.
It has not been determined from experiment if this collective mode is excited in fusion
plasmas.
The nonlinear interplay between the poloidal spin-up and turbulence-driven anomalous
transport is shown to lead to bifurcated equilibrium of the type observed in the L to H-mode
transition in the tokamak. Experimentally, a poloidally asymmetric particle transport is
indicated in most tokamaks and, for the present day, hotter devices, the local rate of particle
transport, especially at the edge, can exceed the local rate of poloidal damping.
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There is an intimate relation among the spin-up, a consequence of particle loss, the fact
that poloidal velocity shear can quell instability and microturbulence, thus reducing particle
loss, and the transition to the H mode. The existence of an L-H type bifurcation of the density
profile, arising as a dynamic consequence of the interplay between the tendency of particle
fluxes to initiate spin-up and the tendency of spin-up to quell the particle flux has been
demonstrated [44]. The theory suggests that spin-up is favoured at the edges but may
penetrate inward over macroscopic scale sizes, depending on the parameters of the experiment
(for present day experiments, a penetration of order a few cm is indicated). The theory also
has the feature that it does not depend on the tokamak collisionality parameter ν*i but may
occur over a wide range in ν*i.

2.4 - Interplay between gradients, fluxes and radial electrical field
The experimental observations that describe plasma energy transport properties shows
characteristic behaviours of non-linear systems far from thermodynamical equilibrium. In
particular, the experimental relation between gradients and energy fluxes has a direct impact
on the global properties description of confinement plasmas.
Once that the characteristic propagation time of perturbations along the magnetic field
lines are much smaller that confinement time (τE), is possible to assume, in first
approximation, that plasma parameters are constant on the magnetic surface, such that the
perpendicular flux to the magnetic surfaces, is the confinement relevant magnitude. The ratio
between energy flux (qr) for particle and temperature gradient is denominated thermal
diffusion coefficient (χ), qr=-nχ∇T, where r describes the radial coordinate of the system and
the minus sign indicates that the energy flux direction is inversely proportional to the
temperature increase.
The relation between qr/n and ∇T was deeply investigated in several experimental
devices. Figure 2.10 illustrates the typical non-linear relation experimentally observed
between qr and n∇T and identifies the degradation of plasma confinement with the heating
power. An increment on temperature (e.g. heating power) implies an increase on energy
fluxes and thermal conductivity when the temperature gradient increases. Once that the
confinement time is related with the thermal diffusion coefficient through the expression
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1
<χ>
=
τE
a2

(eq. 2.29)

where <χ> stands for the average over the plasma volume, and a is the plasma radius, an
increment of thermal diffusion is equivalent to a decrease on confinement time.
However,
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experiment the diffusion coefficients are far
higher then those predicted by the neoclassical
theory. The non-linear dependence between
fluxes and gradients reflects the complex nature
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Fig. 2.10: Relation between gradients and fluxes
on diffusive models showing de degradation of
confinement.

of transport processes in fusion relevant confined
plasmas and these models failed on predict
transitions to improved confinement regimes
such as H-mode, where a decrease on the

turbulent flux appears when the gradients increase. Different models were advanced as an
explanation to those regimes where the concept of marginal stability was put forward as a
paradigm. This concept is an often-used paradigm in tokamak confinement physics [47]. The
marginal stability hypothesis is simply the notion that when a local gradient exceeds a critical
value set by a stability criterion, the fluctuation-driven flux increases rapidly, and thus drives
the gradient back to marginality. As a consequence, energy content, (and thus confinement
time) is determined by the marginal stability criterion alone, and is not sensitive to the
detailed non-linear evolution of the instability process. These models were advanced as an
explanation to the transition to improved confinement regimes and the appearance of transport
barriers.
Experimental conditions could be such that the plasma is near a “critical point” (either a
transition or a marginal stability). Under such conditions, the model used to interpret the
experiment should include the dynamics of the critical point. If the transport model does not
include transition dynamics, one can hardly expect to explain the propagation of the effects of
the transition. In the case of transition, the structure of transport equations when nonlinearities
are included is similar to a reaction-diffusion equation. These equations have front
propagation solutions with time scales that are a hybrid scale of the diffusive propagation and
the transition time scale. Models of the confinement propagation that include the transition
dynamics lead to fast propagation of confinement improvement fronts [48].

62

The concept of phase transition and self-organized critically transport will be briefly
discussed in this section.
2.4.1 - Bifurcations and phase transitions
The relation between fluxes and gradients show, under certain circumstances, abrupt changes
(bifurcations) where small changes on the gradients (heating power) give place to substantial
variations on radial energy fluxes [49-52]. These abrupt changes of the periphery plasma
profiles correspond to improved confinement modes. Therefore, the study of bifurcation
processes in plasmas is a fundamental area of research once that allows to access to states of
improved confinement where the energy confinement times increase and the experimental
relation between gradients and fluxes adopts behaviours where the radial energy flux is a
decreasing function of the gradients.
The transition to improved confinement regimes (such as H-mode) implies not only a
quantitative increment of confinement times, but also a qualitative improvement of
confinement properties. From a macroscopic point of view, confinement empirical laws, i.e.
those which relates the dependence of the energy confinement time with macroscopic
parameters such as the magnetic field, device dimensions and plasma density, are different for
L and H-mode. From the local transport point of view, the characteristic radial lengths of
turbulence are reduced on the L to H-mode transition.
Theories for the H-mode are classified into two, depending on the relation between the
gradient and the flux. Figure 2.11 illustrates, for the two cases, the relation between the
particle and heat fluxes, radial electric field and fluctuation level, as a function of the
gradients ∇n and ∇T. Figure 2.11a shows a hard-transition model. In the context of first order
critical transition theories, the sheared flow and fluxes (and fluctuation level, etc) are
discontinuous across the transition (hard bifurcation) and take multiple values at certain
gradients. The hard bifurcation is characterized by the fast transition at the critical points, has
hysteresis and can describe a sudden onset of the transition. Figure 2.11b presents those for a
soft-transition model. In the later model, there is not discontinuity in the sheared flow and,
although turbulent transport can be a decreasing function of gradients it is a single-valued
function (soft bifurcation or second-order transition). If the system has the nature of a hardtransition, a soft transition is also available by a change in parameters. A cusp-type
bifurcation (for the case of a hard-transition) is obtained. The change from a low to a high
confinement state could occur either by crossing the transition points or by following a
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smooth change. In first and second-order critical transition models, the suppression of
turbulence by ExB flow shear is an integral part of the transition dynamics. In analogy with
the Landau theory of phase transitions, the flow shear is the order parameter.
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The model for the L to H-mode bifurcation
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uses assumed forms of the non-linear dependence
of the particle and energy fluxes on the density
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the edge energy and particle fluxes is obtained
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density and pressure profiles have large gradients
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the experimentally observed H-mode profiles, the

Fig. 2.11: Relation between gradients and flux:

particle and energy confinement times are

(a) Hard-transition model (first-order phase

considerably larger than when this threshold is

transition) and (b) soft-transition model (second-

not exceeded. For a given particle flux this

order phase transition).

threshold in the edge energy flux corresponds to

the heating power threshold for the H-mode transition. A sequence of equilibrium profiles of
density and pressure, for increasing edge energy flux, where shown to exhibit a discontinuity
in the particle and energy confinement times at the critical value for the edge energy flux.
This picture of the L-H transition can be briefly explained: After the auxiliary heating begins
(or after the initiation of the discharge in the case of Ohmic heating), starting from lowtemperature equilibrium, during a transient period, the energy is being stored in the plasma, so
the energy flux through the edge is less than the input power. As a steady state is approached,
the edge energy flux at the plasma boundary gradually increases. The plasma near the edge
can be considered to pass through a sequence of quasisteady states, with the edge gradients
determined by the edge heat flux and the turbulent transport. When the edge energy flux
increases beyond the critical value (the power threshold for H-mode transition), at which the
low gradient root disappears, there is no neighbouring equilibrium, and the plasma must begin
a new transient period during which the profiles evolve toward the high gradient equilibrium.
This is the L to H-mode transition. The edge gradients increase rapidly, until reach a new
quasi-equilibrium. In this new quasi-equilibrium state, the large gradients near the edge drives
a large sheared poloidal flow, which causes a sheared radial electric field to appear (since the
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toroidal momentum input has not changed). The sheared ExB flow then suppresses the
turbulent transport, allowing the edge gradients to remain large. The profiles then appear to
have a “pedestal”, and the energy confinement time is significantly larger. The poloidal
rotation has increased significantly, as seen in the experiments.
A second-order critical transition is possible when the Reynolds stress is larger than the
ion pressure term in the ion momentum balance. The Reynolds stress drives a sheared
poloidal flow against the dissipation of neoclassical flow damping. The sheared poloidal flow
produces ExB flow shear, which reduces fluctuations. The magnitude of the Reynolds stress
depends on both the fluctuation energy and the flow shear. Two basic equilibrium states are
possible under this coupling: (i) the Reynolds stress is too weak to overcome the flow
damping. Any perturbation of the flow decays to zero. The fluctuation energy is large because
there is no flow shear; (ii) the Reynolds stress is sufficient to drive a steady flow, whose shear
suppresses turbulence. A transition to a second state represents a diversion of free energy
from fluctuations into the mean flow, through the Reynolds stress.
Second order transition dynamics have been invoked to explain the transient poloidal
spin-up in the internal transport barrier transition [53]. The Reynolds stress generates a flow
that initiates shear suppression and the steepning of the pressure gradient. As the pressure
gradient increases, it becomes the primary driver of the radial electric field and the flow
relaxes to its pre-transition state. Both the spin-up and relaxation are driven by the Reynolds
stress and occur in similar time scales, as observed in experiments. There is a reciprocity
principle intrinsic to Reynolds stress-driven transitions: whenever there is a sufficient shear to
suppress fluctuations, the Reynolds stress as modified by the shear is of sufficient magnitude
to modify the flow shear. Even in first order transitions, this holds for a few turbulent
correlation times before reduced fluxes have steepened the pressure gradient to the point
where it can dominate the radial force balance. Thus, second-order transition dynamics are
likely to apply in short time scales, with first order transition dynamics entering in longer time
scales of the pressure evolution [54].
Experimentally, it is found that new physics such as edge localized modes (ELMs) or
impurity influx may become important before a high gradient equilibrium is reached.
Nevertheless, the bifurcation of the equilibrium predicted by this model, in which a low
gradient equilibrium ceases to exist, corresponds to the L to H-mode transition, in which the
plasma suddenly starts to evolve through states with increasingly larger edge gradients in
density and pressure, with considerably longer confinement times than before the transition.
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2.4.2 - Self-organized critically models
Anomalous transport in magnetic confinement devices does not have a simple
characterization due in part to the observation that the dominant transport scale lengths have
scaled with machine size (Bohm or worse scalings), while the suspected transport
mechanisms have much smaller scales (gyro-Bohm scaling) leading to the conclusion that a
broad range of space and time scales might play an essential role in the dynamics of the
plasma. The concept of self-organized criticality (SOC) [55-58] seeks to describe the
dynamics of the transport without relying on the underlying local fluctuation mechanisms.
Because of the independence of the transport dynamics on the specific local instability, this
has the advantage of being more broadly applicable and addresses some of the universal
features such as profile robustness. In a SOC system, the non-linear dynamics in the presence
of a drive organizes the system to fluctuate around a state marginal to major disruptions. This
steady state becomes a stable fixed point for the dynamics, which is therefore reached without
any need for external tuning (self-organized), being thus very resistant to external
perturbations. When at this fixed point, the system displays the same spatial and temporal
self-similar spectra characteristics of critical points in phase transition theory.
Instabilities governed by a threshold may lead to a SOC system by producing transport
events at all scales, called avalanches. These avalanches are due to local accumulation of
energy (or particles), leading to an increasing gradient. Once the gradient exceeds the
threshold (critical gradient), a burst of turbulence occurs which radially expels the
accumulated energy (or particles), thus increasing
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where the same process may occur again (fig.
2.12). This process can be repeated, leading to a
hierarchy of spatial scales of transport events
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ranging from the fluctuation scale, which may be

Fig. 2.12: The expected relation between

limited by the magnetic field gyroradius to the

gradients and fluxes on the self-organized

system size. An avalanche as described above

critically transport model. A strong increase on

propagates down the gradient. It can be easily

the transport is expected above a critical gradient.

verified that a depletion of energy (or particles)

propagates upward. This effect links discrete cells of spatially localized fluctuation activity.
The arrival of transported material at a cell location induces local instability by pushing the
gradient above its local instability threshold. The resulting instability transports the incident
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material to the next cell. If the local instability in each cell transports more than the incident
material, the chain of transport events can grow in space and time and can become global in
nature. Such large-scale avalanche-like events lead to a characteristic frequency spectrum sub
range with a power law decay of f -1. The fact that individual cells transport more than the
incident material leads to a profile that is subcritical, i.e., the gradient is below the instability
threshold, except during sporadic transport events.
These transport events may explain the fast transients that are sometimes observed in
fusion devices. Transport by avalanches is characterized by a broad range of radial scales
leading to low frequency, long wavelength, and self-similar correlations. This range of scales
should appear as an algebraic tail in the radial autocorrelation function and their probability
density functions (PDF) are well described by power laws. An identification of an algebraic
tail in the radial autocorrelation function would require a large number of simultaneous
measurements of fluctuations at different radial positions. The number required makes such
an approach unthinkable. Because simultaneous measurements of fluctuations at a few radial
positions are possible, it is interesting to investigate the correlation of the events responsible
for the long-range time correlations in each radial position.
SOC dynamics seems to play an important role in controlling transverse turbulent
transport, providing that the underlying threshold instability mechanism is driven by a flux.
Indeed, SOC models constitute an interesting paradigm for turbulent transport: though the
characteristic scale of the instability is of order of a few ion Larmor radius, the transport is
avalanche-like, i.e., with typical coherence lengths of the order of system size.
Key ingredients of SOC systems are:
a) An instability threshold;
b) Two disparate time scales, one associated with the drive and the other with the instability
relaxation.
It is easy to find candidates for these ingredients in confined plasmas. Such a paradigm could
help to understand many experimental results not properly accounted by other transport
models:
(a) The strong transport measured even when the profiles are on average stable with respect to
the suspected responsible instability;
(b) The scaling of confinement time in L mode discharges with the system size;
(c) The decorrelation of avalanches by a sheared flow and the change in scaling of the
confinement time in enhanced confinement modes;
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(d) The existence of universal indexes in measured broadband spectra;
(e) The experimental finding of canonical plasma profiles.
A model realization of self-organized criticality is the sand-pile automaton. Transport of
sand down the pile, is forced by grains of sand randomly falling from above. When the
sandpile gradient becomes too steep locally, sand slides down the pile. The process is
modelled using a grid to track the amount of sand in each cell. At each time step, if the
difference in the amount of sand between each cell and its neighbour exceeds a threshold, a
fixed amount of it is removed from the cell and transported to the neighbouring site. If the
difference does not exceed the critical threshold, no sand is transported. There is therefore a
hierarchy of events, from those that affect only adjacent sites to those that affect the entire
sandpile (fig. 2.13).

r

time
Fig. 2.13: A 2-D plot of the contours of the overturning sites in the time-radius plane obtained from a sandpile
model showing the avalanches in marginal case. The bottom of the figure is the bottom edge of the sandpile.
Light colored cells are stable while dark cells are the unstable (overturning) sites It is evident the existence of
large scale events (avalanches) radially propagating both up and down the slope. The avalanches can be seen to
grow to radial sizes and last various lengths of time. The figure was taken from reference [59].

Shear flow can be introduced into the sandpile automaton as a flow transverse to the
sandpile gradient with shear in the gradient direction. The sheared flow is observed to
dramatically decrease the number of large-scale transport events, i.e., events involving sites
across the entire shear zone. If the incident sand flux is the same for sandpiles with and
without flow, the net transport of sand over time will be the same in both cases. Consequently
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in the sheared case there is an increase in small-scale events to compensate for the decrease in
large-scale events. The diffusivity changes the functional form as a result of the flow shear,
although there is not a marked decrease in its magnitude. The mechanism for the decrease of
large-scale events is the simple decorrelation of these events by the flow shear.

2.4.3 - Universal behaviour on SOC context
Self-similarity and intermittency are concepts that appear often on the study of plasma
turbulence. Self-similarity is one of the hypotheses of the Kolmogorov’s theory of turbulent
energy cascade and the experimental deviations from the self-similarity have been attributed
to the presence of intermittency, which generates anomalous scaling laws of structure
functions for fluctuations. Self-similarity of a time series is understood as an independence of
the statistical properties of the series at different time scales and is generally linked to the
algebraic decay of the autocorrelation function for long time lags. As a consequence, it can
also be linked to long-time dependencies in the dynamics of fluctuations. The presence of
self-similarity has been observed in the plasma edge fluctuations [60] and on the turbulenceinduced particle fluxes [61] of a wide variety of devices both for fusion and non fusion
plasmas. It was found that plasma turbulence displays universality, meaning that the power
spectra calculated from two different devices are related to each other by means of a simple
law S1 ( f ) = β S2 (λ f ) . The analysis has been carried out by calculating the Hurst exponent H
for different time series, by using the rescaled range analysis technique. In all cases a selfsimilar range is visible, whose extension depends on the device, and the Hurst exponent is
meaningfully greater than the trivial value H=0.5 for devices which exhibits confinement. In
the time range in which the fluctuations are self-similar, the Probability distribution Function,
P(Γ), of the fluxes scales as

 Γ(m) − < Γ > 
P(Γ ( m ) ) = m H −1 g 

m H −1



(eq. 2.30)

where g is an universal function , <Γ> is the average flux and Γ(m) is the averaged fluxes
calculated over no overlapping blocks of m elements from the measured flux
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Γt( m ) =

1 m
∑ Γ mt −m+i
m i =1

(eq. 2.31)

This result appears from the assumption of self-similarity and the condition that the value of
the integrated probability over all Γ(m) is 1. However, the self-similarity of the fluctuations
and fluxes does not provide any information on the functional form of g which must be
determined from a dynamical theory or from the experimental measurements.
The experimental results implies the existence of long-range correlations, or
persistency, for fluctuations, and the tail of the turbulence autocorrelation function decays as a
power law for time lags longer than the decorrelation time and up to times of the order of the
confinement time. The existence of self-similarity or long-range time correlations is described
within the self-organized critically paradigm. The subjacent idea is that the edge plasma
turbulence evolves towards a critical state. On the cited references it was also shown that long
range time correlations are reduced or even eliminated by a shear flow effect.
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Chapter III - DIAGNOSTICS

Fusion reaction control, optimization and scientific studies necessary to understand and
predict plasma behaviour, requires the knowledge of a multitude of parameters: electron an
ion temperature and density as well as their gradients and fluctuations, plasma velocity and
electric fields, configuration parameters (plasma current, loop voltage, flux surface geometry),
heating efficiency, plasma composition (impurities, radiation loss, combustible distribution,
Helium ashes, …), edge conditions (plasma-wall interaction, power and particle exhaust,
material deposition and erosion, …). To execute all those measurements multiple diagnostic
systems should be used.
These magnitudes must be determined with temporal (1 ms-50 ns) and spatial (due to
their non-uniformity) resolutions. Furthermore, those measurements are carried in extremely
difficult conditions: the high temperature plasma only allows material sensors in the edge, the
vacuum vessel and magnetic coils difficult the accessibility and hostile electromagnetic
environment. Last, high neutron fluxes in fusion experimental reactors will difficult further
the observation system surviving and will difficult even more the accessibility.
Due to the above mentioned cited difficulties, a large variety of techniques are used
over a large range of technologies: high vacuum, active and passive spectroscopy (from radiofrequency to X-rays spectrum), particle emission and collection, magnetic coils and electric
probes. Some of the techniques are used to measure the same parameter and increase the
measurement reliability. A complete overview of the diagnostics extensively used on plasma
fusion can be found in [62] and references therein.
This thesis will deal mostly with data from Langmuir probes and Heavy Ion Beam
Probe (HIBP). Despite of the limitation to the edge plasma region, Langmuir probes are very
useful because of the possibility to simultaneous measure the ion saturation current
(proportional to plasma density under certain conditions), floating potential and, under some
particular building schemes, this ability can be extended to local density gradient, radial and
poloidal electric fields and their fluctuations. The simultaneous measurement of all those
parameters offers strong possibilities on correlate events on different plasma parameters and
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can open the way to dynamical correlation studies. Apart from the difference in technique,
HIBP can measure more or less the same parameters that Langmuir probes, offering, in the
future to come, the possibility to extend these measurements to the core plasma.

3.1 - Langmuir probes
Electrostatic probes, commonly known as Langmuir probes, are a basic diagnostic for plasma
edge. In its simplest form it consists of an insulated wire exposed to the plasma and biased
with respect to a conducting portion of the wall or vessel confining the plasma. It allows
retrieving the information about electronic density, electronic temperature, plasma potential
and Mach number. More sophisticated probe configurations include double and triple probes,
which may be less perturbing to the plasma but introduce additional uncertainties into the
probe analysis. As all material probes, the main inconvenience of using Langmuir probes is
the restriction to obtain measurements in hot plasmas where, due to the high temperature, the
electrode might vaporize or melt. There is still no entirely satisfactory theory for Langmuir
probes in strongly magnetized plasmas. Fortunately, however, there is a significant body of
experimental evidence that a simple interpretation yields results consistent with other
diagnostics in many circumstances. A review on plasma diagnosis by electrical probes can be
found on [63].
Although the following treatment assumes no magnetic field, the basic conclusions
remain unaltered in the presence of a magnetic field. In order to understand the basic
principles of the single Langmuir probe, the following analysis draws upon the results of the
simple isothermal fluid model.
If the mean energies of the two kinds of charge carriers were equal, the mean velocity of
1/ 2

the electrons would exceed that of the ions by a factor (mi / me )

, where m is the carrier

mass and, initially, more electrons than ions hit the probe per unit of time, and negative
charge accumulates on the probe surface. This negative charge repels the electrons and
accelerates ions. In the presence of a potential, the charged particles in the plasma tend to
redistribute themselves so as to shield the plasma from the electric field that the perturbing
charge generates. This effect may be deduced from the Poisson equation assuming that the
ions do not move and that the electrons have a thermal equilibrium distribution in which the
electron density is determined by the Boltzmann factor
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n e = n ∞ exp(eV / kTe )

(eq. 3.1)

where Te is the electron temperature and n∞ is the electron density far from the perturbing
charge where the potential V is taken to be zero. Assuming eV<<kTe, the exponential can be
expanded in Taylor series and a Helmotz type equation is obtained from the Poisson equation

 ε kT
1
∇ V − 2 V = 0 where λ D =  02 e
λD
 e n∞
2






1/ 2

(eq. 3.2)

is called the electron Debye length. In general, under the validity of the thermal equilibrium
assumption for ions and electrons, it can be assumed that the perturbing effects of a charge
will tend to penetrate only into a plasma distance of the order of the Debye length. Often the
Debye length is much smaller than the probe dimension, being the condition λD<<d, strongly
satisfied. When a solid probe is in contact with plasma the potential drop between the plasma
and probe is mostly confined to a region of a few Debye lengths. While the probe is
electrically isolated, a sheath forms at the plasma-surface interface to achieve a dynamical
equilibrium between electronic and ionic current (full absorption and no reaction with the
probe material is assumed to happen when the charged particle hits the probe). No resultant
current flows to the probe and the surface will have a floating potential φf, which is negative
with respect to the sheath edge (i.e. the undisturbed plasma that is at the plasma potential, φp).
In the sheath, charge neutrality is violated and the electric field is strong.
In addition to the electric field associated with the sheath, there is a pre-sheath electric
field which extends further away from the surface into the quasi-neutral plasma and
accelerates the ions to reach the sound speed at the sheath edge. From the isothermal fluid
treatment of the pre-sheath region, it is found that the density at the sheath edge is
approximately 1/2 of the density far from the probe.
Using a variable power supply, the probe potential φp, can be driven up and down with
respect to the ground reference determined by the vessel containing the plasma. While the
probe is negatively polarized with respect to the plasma potential the ion flux is independent
of the applied potential and collected at a ‘saturated’ rate. At sufficiently large negative values
of the probe bias, the increased sheath potential drop repels the electrons and the measured
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current is due only to the ions. In fully ionised, purely hydrogenic plasma this ion saturation
current may be expressed in the simple form

+
+
I sat
= j sat
A = nes ec s A pr ≈

1
n 0 ec s A pr
2

(eq. 3.3)

where Apr is the collection area of the probe, cs the ion sound speed given by

cs =

k( Te + Ti )
mi

(eq. 3.4)

and n0 is the density far away from the probe. By biasing the probe more positively with
respect to the plasma potential, the sheath potential drop is reduced and progressively larger
fractions of the electron distribution are admitted to the probe. Assuming a Maxwellian
distribution of the electron velocities and neglecting secondary electron emission, the current
due to the electrons will depend on the probe potential relatively to the plasma potential
according to the Boltzmann factor such that

I− =

 e(φ pr − φ p ) 
 8kTe
1
 where c e = 
n es ec e A pr exp
 πm

4
kTe
e








(eq. 3.5)

is the random thermal electron flux. In this way the probe acts essentially as an energy
selector, admitting only those electrons that have sufficient energy to overcome the potential
barrier. As the probe positive bias exceed the plasma potential, the sheath disappears and the
previous equation is no longer valid as the electron cannot be collected at a faster rate than the
unimpeded random electron flux. This electron saturation current is therefore

−
I sat
=

1
nes ec e A pr
4

(eq. 3.6)

The difference between the I+ and I- expression appears due to the higher perturbation that the
probe induces over ions. For potentials far above the plasma potential the validity of the
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electronic saturation current expression is questionable due to the perturbation that the probe
induces in the electrons.

Fig. 3.1: Current-voltage characteristic of a Langmuir probe

Combining the results pf the equations produces the current-voltage (I-V) characteristic
of the single probe according to


 e(φ pr − φ p ) 
1

c s − c e exp


I (φ pr ) 
4
kT
e


=
enes A pr  1
− 4 c e for φ pr ≥ φ p

for φ pr < φ p

(eq. 3.7)

which is schematically plotted in figure 3.1, using the convention of positive currents for ion
collection by probes. In non-magnetic plasmas one generally observe that

I
I

−
sat
+
sat

1
n 0 ec e A pr
mi
4
=
≈ 0.8
≈ 48 ( for D + and Ti = 0)
1
me
n 0 ec s A pr
2

(eq. 3.8)

The floating potential may be calculated by simply equating the previous equations to give the
result

75

φf =φp +

kTe  me Te + Ti
ln 2π
2e 
mi Te





(eq. 3.9)

such that for a deuterium plasma with Ti=Te gives φf ≈ φp-3kTe/e. In principle, the plasma
potential should be located from the inflexion point of the characteristic before the electron
saturation is reached but, as indicated in the figure, this point is usually poorly defined
particularly in the presence of magnetic fields. As a result the measured floating voltage is
commonly used in conjunction with the previous equation to determine the plasma potential.
Combining the equations produces the well known current-voltage characteristic


 e(φ pr − φ f )  
+

I = j sat
A pr 1 − exp


kT
e




(eq. 3.10)

Under most conditions this equation describes experimental data well for probe potentials of
+
φpr ≤ φf and the electron temperature may be derived from the slope of ln( I − I sat
) versus φpr.

More commonly numerical minimization techniques are used to fit the characteristic using the
+
equation and hence obtain j sat
and Te simultaneously. Once Te has been determined, the

electron density may be calculated using the measured ion saturation current.
The exact way in which the local plasma parameters are related to the probe
characteristic will depend significantly, among other things, on the relative magnitudes of the
collision lengths, λee,ii,ei, the Debye length λD, and the probe diameter, d. The effect of
collisions is generally to reduce the current to the probe because rather than arriving by free
flight the particles diffuse up to the probe. In plasmas with only a very low degree of
ionisation it is possible for collisions with neutrals to be sufficient to cause the mean free path
to be shorter than λD, so that the sheath is collisional.
The analysis has assumed that no magnetic field is present and the particle dynamics are
determined only by the sheath and pre-sheath electric fields due to the probe. Many plasmas
of interest have a magnetic field to aid in the confinement and it is therefore important to
understand how probe measurements will be affected by magnetic fields. In general it is
assumed that the Bohm criterion applies in the very strong magnetic field regime, as for the
free-field case, except that the ion velocity reaches the sound speed parallel to the field.

76

Therefore, the effective collection area is not the total probe surface but the projection of the
surface in the direction of the magnetic field, A⊥. One consequence of this regime is that any
probe geometry will resemble a plane probe since particles can only come to it from the
direction parallel to the magnetic field. The magnetic field totally dominates cross-field
transport to the probe, even for ions, and individual particle trajectory effects are unimportant.
Perhaps the most general magnetised probe theory that can be applied to a wide range of
plasma conditions is the Strangeby model [64] where it is assumed that the plasma pre-sheath
region is effectively one-dimensional and that the plasma parameters may be regarded as
single functions of the x-coordinate parallel to the magnetic field. This model shows that over
the region of the net electron collection, there is clearly significant departure from an
exponential for small r which could have serious consequences for deducing the electron
temperature from the slope of the I-V characteristic. For r→∞ the exponential behaviour
expected from the zero field case is recovered.
Although, important to understand the data collected using Langmuir Probes these
approximations are out of the scope of this thesis and will not affect the drawn conclusions.

3.1.1 - Mach Probes
Measurements of the plasma flow velocity along the magnetic field in the scrape-off layer are
of particular interest to tokamaks with divertors. So far, Mach probes have provided the only
diagnostic with sufficient sensitivity and spatial resolution to study flow patterns parallel to
magnetic field. The basic principle of the Mach probes is illustrated on figure 3.2. Two probe
elements are placed back to back, sometimes with a larger separating barrier between them. In
this configuration they can only receive an ion flux from one direction. It is the ratio of the
ion fluxes which is used to determine the Mach number (Mach number M=1, corresponds to
the ion acoustic speed).
Strangeby derived a simple analytical formula relating the ratio of the ion saturation
currents to the Mach number of the background plasma. This derivation is essentially onedimensional and is a variant of the standard presheat model. In the presheat an electric field is
set up whose purpose is to accelerate the ions to the ion acoustic speed, thus satisfying the
Bohm condition at the sheat edge. This electric field depresses the electron density via the
Boltzmann relation and hence the ion density, since the plasma must remain quasi-neutral. In
the Mach probe model the ions a long way from the probe are assumed to have some initial
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velocity towards one side of the probe and away from the other. This decreases or increases
the electric field required to accelerate the ions to M=1 at the probe. Hence a ratio between
the two sides of the probe is predicted which is the same as the flux ratio, since the
temperatures are expected to be the same in both sides of the probe.

M
Γsd

r
B
Γsu
Side View

Top View

Fig. 3.2: Schematic of a Mach probe. Ion saturation current is measured on upstream and downstream facing
pins

There has been some considerable discussion about the calculation of flow velocities (Mach
number) from the ratio (R) of saturated ion current densities on each side of a Mach probe.
Strangeby [65] deduced a simple formula:

M =2

R −1
R +1

(eq. 3.11)

which neglects the effect of viscous forces between ‘free’ flux tubes and those connecting
with the probe, i.e. viscous drag across the field. This cross-field viscosity has the classical
relation to D⊥, the perpendicular diffusion coefficient:

η⊥ = D⊥ mi nα

(eq. 3.12)

where α is an arbitrary factor which is the subject of discussion in several papers by
Hutchinson [66] and LaBombard [67]. For classical transport α = 1, and the solution reverts
78

to eq. 3.1 when α = 0. Further work [68] concluded that α = 0.5 was the best fit with
experiment, but here we assume the classical α =1 as assumed by Hutchinson. Hutchinson’s
model can be fitted with a log function of the form
M = 0.4 ln( R)

(eq. 3.13)

which will be used in this thesis. Following previous works on JET the Mach number can
been computed as
M=0.4 ln(Ict/Ico)

(eq. 3.14)

where Ico and Ict represent the ion saturation current measured at each side of the Mach probe
(i.e. co and counter direction magnetic field) [69].

3.1.2 - Probe systems
The two main ways that probes of various types can be introduced into a tokamak are:
(i)

Arrays of fixed probes can be built into limiters and divertor targets with the purpose
of characterising the plasma contacting material surface. This arrangement, which
has been successfully used in several tokamaks enjoys a number of advantages: (i)
measurements are made where they are generally of greatest interest, i.e., at the edge
structure location; (ii) since probes do not modify the sheath already existing at the
limiter or divertor target, the probe is non-disturbing; (iii) the heat load on the probe
will not be a problem if the structure itself has been properly designed for thermal
loads; (iv) the arrangement is relatively inexpensive and large arrays are practical.

(ii)

Probes can be mounted on drives that can map out profiles of the edge plasma on a
pulse-by-pulse basis (slow drive) or during pulse (fast reciprocating drive) which are
intended to make non-perturbing measurements of the SOL. Fast drives are essential
in large tokamaks where prolonged exposure of the Langmuir probe head leads to
vaporisation. When the discharge duration in a tokamak is reasonably long (a few
hundred milliseconds) the use of reciprocating rather than static probes enables much
more information to be obtained in a single shot. Moving the probe in and out of the
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plasma in a time sufficiently short compared to the plasma duration can be useful for
two reasons: (i) measurements can be made deeper inside the plasma without
destroying the probe; (ii) perhaps more important, full profiles can be obtained in a
single shot, avoiding errors associated with shot to shot reproducibility. Probes of
this type act as sinks for plasma ions and so locally perturb the plasma.
The tip of the probe is usually subject to the greatest energy flux and is usually made of some
appropriate refractory metal (platinum, molybdenum, etc.). The end of the insulating jacket
also needs to be robust. Alumina, fused silica and Boron nitrate are materials that have been
widely used.
A major factor in many cases is to minimize the heat flux to the probe in order to avoid
the damage. Because the electron-saturation current is much larger than the ion, a probe
biased to draw electrons receives a much higher heat load. Thus, it is often advantageous to
avoid the electron saturation part of the characteristic, especially since it provides little extra
information beyond what can be deduced from the characteristic in the ion-saturation and
floating potential region.

3.2 - JET Langmuir probes fast reciprocating system
The JET Langmuir Probes Fast reciprocating system is mounted in the scrape-off layer at the
top of the machine (fig. 3.3). The experimental set-up is shown in figure 3.4. Nine Langmuir
probes have been arranged in three groups of three. Two of them are at the same poloidal
position, being separated 0.5 cm in the radial direction. This set-up allows the investigation of
the radial structure of ion saturation current and floating potential fluctuations and
electrostatic driven turbulent transport using the inner and outer probes. This data provides the
best indication of separatrix parameters, which are crucial boundary conditions for modelling
the SOL plasma. The probes are switched into a fast 500 kHz CATS (Central Acquisition and
Trigger System) system.
The new reciprocating probe head (figure 3.5) has been designed to investigate the
transport properties of the JET plasma edge. The main characteristics of this probe are:
•

Reduced distance between pins (2.25 mm) for temperature fluctuations
measurements.

•

Possibility of measuring particle flux in two radial positions and with probes at
different poloidal distances.
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•

Determination of the Mach number.

•

Comparison between edge magnitudes measured in the ion and in the electron side
of the Mach probe.

Fig. 3.3: JET poloidal cross-section exhibiting

Fig. 3.4: Fast reciprocating Langmuir probe

the geometry of Fast Reciprocating Langmuir

system.

probe system.

Fig. 3.5: New fast reciprocating system (since March 2002). With The ion saturation currents measured on
the tip 8 and 10 it will be possible to measure the Mach number.
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3.3 - TJ-II Fast Reciprocating System
The TJ-II stellarator has installed a Langmuir probe fast reciprocating system with remote
control, which allows the measurement of the radial profiles of the edge plasma parameters in
a small time interval. The system consists on one interchangeable head with the sensors
(Langmuir probes similar to JET probe) shown in fig. 3.6, and the displacement hydraulic
system which allows the movement of the probe in vacuum (Fig. 3.7).

Fig. 3.6: TJ-II Langmuir probe head

Bellow for fast
movement

Bellow for slow
movement

Coupling piece
Observation
window

Guide

Feedthrough

Linear resistor

Hydraulic
system
Motor
Encoder

Thread

Vacuum valve

Fig. 3.7: TJ-II reciprocating Langmuir probe system

The displacement system has two components, one slow (displaces about 0.8 m) to take the
probe to the initial measurement position, and a fast component (until 1.7 ms-1 and 0.1 m of
displacement) for the measurements on an adjustable instant during the plasma existence. The
probe movement is controlled remotely by a programmable system (PLC) with a resolution
better than 1 mm. Plasma fluctuations are investigated using 500 kHz digitisers.
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3.4 - ISTTOK Langmuir probes
The experimental setup consists of two arrays of three Langmuir probes, radially separated by
∆r≈6 mm. Probes are located in the equatorial plane of the device. Two tips of each set of
triple probes, aligned perpendicular to the magnetic field and separated poloidally ∆θ≈3 mm,
were used to measure the floating potential (φf). The third tip is biased this that a fixed voltage
in the ion saturation current regime (IS). The probes are oriented respect to the magnetic field
direction to avoid shadows between them. The results presented on this thesis were obtained
with 500 kHz digitisers but they can achieve an acquisition frequency of 5 MHz.

3.5 – Measured parameters
On the experimental setups presented the probes only measure ion saturation currents and
floating potentials. However, under some assumptions more plasma parameters can be
inferred. From floating potential signals measured by poloidally separated probes the poloidal
electric field can be estimated as,
~
~
E θ = ∆Φ f / ∆ θ

(eq. 3.15)

~
where ∆θ is the poloidal separation between the probes and < E θ >= 0 . Equally, floating
potential signals measured by radially separated probes, allows the determination of
~
fluctuations in the radial electric field E r .The turbulent particle transport and fluctuations can
be calculated, neglecting the influence of electron temperature fluctuations, from the
correlation between poloidal electric fields and density fluctuations as

ΓExB (t) = n˜ (t) E˜θ (t) / B

(eq. 3.16)

at the inner probe position. Fluctuations in the radial component of ion saturation current
gradients will computed as

inner
outer
∇ ˜Is (t ) = [ I˜s (t ) − ˜Is (t )]
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(eq. 3.17)

with < ∆ I˜s > = 0 (i.e. radial averaged gradients are not zero, we will investigate fluctuations
outer
inner
around the most probable gradient), where I˜s
and I˜s are the ion saturation current

fluctuations simultaneously measured at two different plasma locations radially separated. It
should be noted that only when the level of electron temperature fluctuations is negligible
could the fluctuations in the ion saturation current be interpreted in terms of local density
fluctuations. This quantity will be often referred as density gradient throughout the thesis
when referred to experimental results.
An effective radial velocity can be defined as the normalized ExB turbulent particle
transport to the local density:

v

eff
r

~~
< I s Eθ >
= ~
< Is > B

(eq. 3.18)

where Is is the ion saturation current of the inner probe. As this coefficient is not affected by
uncertainties in the effective probe area, it provides a convenient way to compare
experimental results with edge code simulations.

3.6 - Heavy ion beam probes
The Heavy Ion Beam Probe (HIBP) is a versatile diagnostic that has been used in magnetic
confinement fusion experiments, allowing direct measurements of plasma potential, electron
density, electron temperature and poloidal field profiles. Development of HIBP diagnostic
technique will help to understand unknown properties of magnetically plasmas. It allows
performing measurements with high temporal and spatial resolutions in hot plasmas without
introducing perturbations into the object of the study. With all that properties it has attained
the status of one of the most informative diagnostics.

3.6.1 - Basic principles of HIBP
The heavy ion beam probe is based on the injection of a beam of probing particles across the
confining field in a system with magnetic confinement. As the particles pass through the
plasma part of them collide with the plasma particles (more often with electrons), loosing one
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(or more) of their own electrons and producing doubly charged particles (or higher charged
particles) called secondaries. In the presence of a toroidal magnetic field the ions have an
approximately circular trajectory. The curvature of the primary ions trajectory is the double of
the curvature of the secondary ions. By curving the particles trajectories, the magnetic field
separates the secondary ions from the primary ions. Because of this, only those secondaries
ionised at a given plasma position reach a given detector location. The secondaries are then
detected and analysed outside of the plasma. This allows the HIBP to make measurements
localized to the ionisation position.
The magnetic field, the initial beam energy and direction determine the primary
trajectory. Ionising collisions create the spray of secondary ions. In HIBP experiments, the
dominant collision process is the electron impact ionisation [70]. The maximum fractional
energy and momentum transfer due to ionisation are about me/M ≈ 10-5 where me is the
electron mass. Thus, one can assume that the initial secondary momentum equals the primary
momentum at that point. The secondary trajectory from a given ionisation point can then be
calculated. Runge-Kutta or finite elements methods are often used to solve the equations of
movement for the ions in an equilibrium magnetic field configuration. The location of
ionisation positions depends on the starting position of the beam, the detector position and the
initial beam energy and injection angle. Different ionisation positions or sample volumes are
reached by changing the beam energy and initial angle. Thus, there is a three-coordinate grid
(usually called detector grid) for points that are registered with the detecting device.
The primary and secondary ion trajectories in tokamaks with low plasma current and in
mirror facilities are located within the plane of the confining magnetic field coils (or in the
vicinity to it). For tokamaks and stellarators with high current densities, the trajectories of the
probing particles are displaced in the toroidal direction and the detector grid becomes a threedimensional one. This rather essential property of motion for the probing particles has to be
taken into account in the installation of the diagnostic instrumentation and also in the analysis
of the measurements results. The spatial resolution of the method is determined by the
dimensions of the sampling volume and depends mainly of the dimensions of the detector
cells.

3.6.2 - Determination of the spatial distribution of the plasma density
Local values of the plasma density n(l) can be found from the relation
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i2=i1σeffn(l)λ(l)

(eq. 3.19)

where i1 and i2 are the densities of the primary and the secondary beams in the sample
volume, σeff = <σve>/v is the effective cross-section for the electron impact ionisation, <σve>
is the ionisation cross-section averaged over the Maxwellian electron velocity ve distribution
(a function of electronic temperature Te), v is the initial velocity of probing beam, l=l(x,y) is
the coordinate in the detector line, and λ=λ(l(E)) is the sampling length and generally is
proportional to detector dimensions. The values of the electron density n(l) are averaged over
the region λ.
Taking into account only the ionisation by electronic impact, the secondary ions
intensity at the detector is given by

SV
P2
I ds = 2kI prim σ s(1→ 2 ) λ s n s exp − ∫ n( ρ )σ 1 ( ρ )dl − ∫ n( ρ )σ 2 ( ρ )dl 
SV
 P1
 (eq. 3.20)

where Ids is the detected signal, k the secondary emission coefficient, Iprim the primary current,
σs(1→2) the effective cross-section for the ionisation by electronic impact from state 1 to state
2, ns the electronic density i the sampling volume, ne(ρ) the electronic density along the path,
σ1 and σ2 the effective cross-section for primary and secondary attenuation, respectively, P1
the point where the beam enters the plasma, SV the sampling volume position, P2 the point
where the ions leave the plasma and ρ the normalized radius. The subscript s stands for local
values in the sampling volume. The secondary emission coefficient k takes into account the
secondary electrons emitted from detector surface due to the ion collision with high energy.
Typically this factor is around 5.
The equation relates the beam signal with plasma density and temperature profile. The
electron density profile can be obtained from the equation using the signal from the secondary
beam. The temperature profile, ion trajectories and the parameters k, Iprim, λs have to be
known. Those parameters can, in principle, be measured but the secondary emission
coefficient k is sensitive to detector surface conditioning and can vary in time due to
deposition from the beam specie. If the line average density is measured by other diagnostic
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such as the interferometer, the factor product kIprimλs can be calculated only needing to be
known the variation of the sampling volume λs along the path.
If the density is low, and the dimensions of the device are small, the densities n1 and n2
are the density of the beam at the exit from the ion injector and the density of the secondary
beam at the detector. In plasma devices currently in operation, however, both the primary
beam and secondary beam are significantly attenuated along their entire paths in the plasma.
Several methods for reconstructing radial profiles of plasma density by HIBP in the case of
high attenuation and concrete applications are explained in [71]. For corrections of the nonuniform magnetic field effect on the density profile measurement further information can be
found in [72].

3.6.3 - Plasma potential measurements
The HIBP is probably best known for his ability to measure the electrostatic potential in the
interior of plasma. The basic principle behind the measurement is the energy conservation.
The sweep point and detector are assumed to be at ground potential and the beam enters the
plasma with an initial energy, wi. As the particles pass through the plasma, the total energy
that is the sum of the kinetic and potential energies is conserved. At the ionisation point,
electrons with potential energy of –eφsv, where e is the electron charge and φsv is the
electrostatic potential in the sample volume, are stripped of. The total energy of the secondary
ion is therefore wi+(qs-qp) φsv where qp is the primary ion charge. This energy is conserved as
the ion pass out from the plasma to the detector. Therefore the plasma potential localised to
the sample volume position can be obtained from φsv=(wd-wi)/(qs-qp) where wd is the beam
energy at the detector.

3.6.4 - Plasma current determination
The plasma current profile determines, to a considerable degree, the equilibrium of the plasma
column, its stability, energy balance and other characteristics of fusion plasma. Until the
moment there are a limited number of techniques to measure the poloidal magnetic field. The
plasma current Ip generated in the interior of the tokamak interior generates a magnetic field
with perpendicular components to current direction. The HIBP technique consists on the
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determination of the plasma current field by the measured deviation of the probing beam on
the toroidal direction, caused by effect of this field. The determination of the analytical
expression that allows obtaining the magnetic poloidal field is made in [71]. The final
expression is
( q + k )e ρ d
B( ρ )(t d − τ 2 ( ρ ))dρ
mc ∫ρ i
qe ρ i
+
B( ρ )(t i − τ 1 ( ρ ))dρ
mc ∫ρ 0
 qe ρ i

+ (t d − t i )
B ( ρ ) dρ + z& 0 
∫
ρ
0
 mc


zd − z0 =

(eq. 3.21)

where zd-z0 is the dislocation of the secondary ions at the detector and B(r) is the poloidal
magnetic field.
The algorithm to the determination of the poloidal magnetic field from the displacement
of the secondary ions at the multiple cell array detector is explained in [73] and extended in
[74].

3.6.5 - Electron temperature measurement
As shown before the signal collected at the detector, Is, is proportional to the electron density
at sampling volume and depends on electron temperature Te through σs(1→2). In devices with
low plasma density, the attenuation of the beam is small and the measured signal only
depends from electron temperature and density in the sampling volume. Measuring the HIBP
signals using ion species with different effective cross-sections, the ne and Te profiles can be
independently determined. Either both the 2+ and 3+ ions from one specie or two different
species operating in alternated regime can be used. It is easy to verify that dividing the signal
from two beams, with injection energy that allows describing the same trajectory inside the
plasma and different cross-sections, the dependence with density is eliminated

(Is/Ip)1/(Is/Ip)2=σeff1(Te)/σeff2(Te)

(eq. 3.22)

In large devices, the attenuation of the beam cannot be neglected. In these cases the
density profiles are obtained after a careful analysis of the attenuation.
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3.7 - Heavy ion beam probe on TJ-II
An advanced heavy ion beam diagnostic has been developed for the TJ-II stellarator [75-76].
The simultaneous utilization of a Multiple Cell Array Detector (MCAD) and 30º Proca-Green
electrostatic energy analyser aims to enlarge the HIBP capabilities allowing instantaneous
measurements of electron density and plasma potential profiles together with their respective
fluctuations.
TJ-II has some new features, which significantly differs from the HIBP installation used
in tokamaks. The main ones are:
(i) the magnitudes of the toroidal and poloidal field components are comparable;
(ii) the level of the stray magnetic fields is significant and can reach 100 Gauss at the distance
1-2 m from the diagnostic port;
(iii) the existence of various operation regimes leads to different conditions of the HIBP
optimisation.
The complexity of the TJ-II magnetic configuration results in a significantly threedimensional trajectory of the probing beam. For the case of the energy analyser, the search of
the best location of the collection point shows impossibility to obtain only one point for all
operational regimes without the degradation of the detector grids or a strong changing of the
beam energy range. A large angular range is presented on both the primary and secondary
beam lines due to the fact that the poloidal and toroidal magnetic fields have comparable
strengths.
200 keV HIBP equipment has been developed for the TJ-II flexible heliac aiming the
measurements of the plasma potential and density profiles as well as the fluctuations
characteristics of these parameters. Traditional heavy ion beam composition consists of two
parts: injector of the primary probing beam and energy analyser of secondary particles. The
advantage of TJ-II HIBP system is the simultaneous utilization of two different detection
systems for the secondary ions: a 30º Proca-Green electrostatic energy analyser and a multiple
cell array detector (MCAD).
The toroidal section chosen for diagnostic installation was the B5, because it allows the
maximization of the observable plasma region for all operational regimes. The position was
also chosen such that the toroidal shift of the ions trajectories would be minimized and all the
diagnostic installed in the same toroidal section. The installation on TJ-II is shown in figure
3.8. The Ceasium primary bema is injected in the upper port of the device and the secondaries
are detected in the horizontal port located at the toroidal section.
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Fig. 3.8: Drawing of the manipulator system and analyzer of TJ-II HIBP system inserted on the device. The
existence of a gate valve that separates the manipulator vacuum chamber from the device allows the replacement
of the multiple cell array detector without major implications on TJ-II experiment.

3.7.1 - HIBP injection system and primary beam line
TJ-II HIBP injection system is based on 20-sectional accelerating tube with solid-state
thermoionic ion source and three electrode extraction-focus system. The diagnostic can
operate with a primary beam of caesium ions (Cs+), extracted by thermoinic emission from
the natural aluminosilicate (pollucit- Cs[AlSi2O6]). Primary beam energy can vary from 80 to
200 keV and beam intensity around 100 µA is expected. 8 mm diameter primary beam with
0.4 mrad divergence has been obtained at the entrance into vertical diagnostic port (1.5 m
from the end of the accelerating tube). These characteristics are determined by the focusing
and extraction system and are controlled in real time during the operation. The ion optic
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properties of the injection system were simulated numerically. The injection system operates
in the open-air environment. The HV tests did not indicate any sparking during accelerator
operation. An adequate tension is applied to extraction electrode to maintain the focusing
properties when the energy of the beam is changed.
The beam injection system is connected to TJ-II chamber through a flange drawn to this
effect. The connection is made such that the position of the injection system can be changed
around a central position. This central position is defined by a 14º angle in the XY plane
(poloidal section) and 5º in the YZ plane (toroidal direction). All the system has two degrees
of freedom and is possible to physically change the position ±5º in each one of the directions.
The deflexion system consists of two sets of deflecting plates which allows the correct
positioning of the beam the the control of the injection angle. The first set of deflecting plates
is used for positioning of the beam and alignment. Primary detectors are located after the first
sweeping plates set allowing the measurement of the primary beam intensity (Faraday cup),
position and profile. The profile of the beam is observed with a detection grid, consisting of
four wires located ±6 mm around the beam central axis.
The second sweeping set, consisting of two pairs of deflecting plates, is used to sweep
the beam through the plasma to cover the entire detection grid. The injection angle can vary
±8º on the poloidal plane and ±4º toroidally. 4kV power supplies are used for the deflexion
plates. To analyse all the poloidal section of the plasma on a short time period (~0.1 ms) a fast
response power supply (around 100 V/µs) is used for the second set of sweeping plates.
The injector can operate in continuous or pulsed mode. For the pulsed mode the first
sweeping set is used for sweeping the primary beam to the Faraday cup. This mode of
operation allows an easy y control of the beam intensity and to measure the noise level on the
secondary detectors.

3.7.2 - HV power supply
The injection system is powered through the HV screened cable by HV power supply
developed for this diagnostic. This power supply provides the acceleration, extraction and
focusing voltage and ion source heating power. The connection with the accelerator tube is
made through a HV screened cable. The parameters of the power supply are presented in table
3.1. The power supply can be operated both in manual and remote control.
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3.7.3 - Primary beam line
Two pairs of coplanar electrostatic sweeping plates are used for active beam control. The first
pair controls the poloidal direction of the beam and second one the toroidal shift. A Faraday
cup, usually shifted 10 mm from the beam axis, can be introduced manually for monitoring
the primary beam total intensity. Four coplanar wire detectors are used for monitoring the
profile and beam position. Due to the three-dimensional beam trajectories inside TJ-II, the
toroidal correction of the beam is important. The injection system and primary beam line have
a dedicated 500 l/s turbo pump.

Acceleration voltage, Ub
Ub ripple

20-200 kV
10 V

Ub stability during 1 minute:
Maximum output current
Extraction voltage: Uex
Ion source heating current

±2×10-5
1 mA
0.4-4 kV
2-20 A

Table 3.1: Characteristics of TJ-II heavy ion beam power supply

3.7.4 - Electrostatic energy analyzer with secondary beamline
Measurements of the plasma potential by HIBP are one of the most difficult problems. These
measurements are equivalent to the measurements of the secondary ions energy with
resolution ∆E / E b ≤ 10 −4 , where Eb is the probing beam energy. The Proca-Green
electrostatic energy analyzer was built and calibrated in a test facility near TJ-II.
Indispensable resolution in the analyzers of this type is provided by the differential detection
of the secondary beam intensity on split detector. The analyzer designed for TJ-II is
characterized by the absence of guard rings. The high uniformity of the electric field inside
analyzer (10-5 in the middle plane) is achieved by Rogovsky configuration of the top HV
electrode arranged symmetrically inside a specially shaped shield kept at earth potential.
The actual currents on split detector are combination of both ion and electron currents.
Secondary electrons created on detector surface by analyzed ions and UV plasma radiation
can strongly disturb result of measurements.
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3.7.5 – Control and data acquisition system
The control and data acquisition system for this diagnostic is based on the VME protocol,
which was chosen instead of the classic CAMAC, due to the potentialities on the data
handling and the flexibility on the development and improvement of the system.
Two automatic modes of operation were considered:
(i)

The beam conditioning mode is used for testing the injection system and
optimizing the primary beam. The first step for the beam production is the
heating of the ion source filament, with a tension that is linearly swept to its
final value in 2 minutes. The following step is the application of the
acceleration and extraction voltages. The pre-programmed sweeping voltages
are applied for the positioning of the beam. The beam profile is monitored in
the primary detector grid. Finally the beam is swept to the Faraday cup for
intensity measurement. If all the operational requisites of the beam are fulfilled
the diagnostic is ready to operate in Diagnostic mode.

(ii)

On the Diagnostic mode the beam is injected on the vacuum chamber, on
continuous or pulsed mode, before the discharge and after the opening of the
valve that separates the acceleration tube from the TJ-II chamber. The data
from the detection systems (energy analyser or MCAD) is acquired and is sent
to the TJ-II database after the end of the discharge. Meanwhile, the primary
beam is swept to the Faraday cup for the primary beam intensity measurement.

A PC with a graphical interface is used for the operation. The system consists on a VME crate
and a PC connected by the local Ethernet which also connects the experience Central control
and the diagnostic.
Five 20 bits ADC channels are used for high precision reading of the acceleration and
focusing voltages and four 12 bits ADC channels used for the beam profile. Concerning the
control, eleven DAC channels are used, five with 16 bits and six with 10 bits resolution.
Sixteen more digital channels are used power supplies, vacuum valves and control modules.

3.7.6 - Multiple Cell Array Detector
The purpose of the Multiple Cell Array Detector (MCAD) is the measurements of the profile
of the electron density and its fluctuations. The MCAD can be put inside and completely
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removed out of the auxiliary chamber at the entrance of the secondary beam line with a
manual manipulation system. Differentiate pumping allows this procedure to be made without
influence on the vacuum conditions both in the TJ-II and energy analyzer part of the HIBP.
The MCAD support is guided to its place with help of previously calibrated steel rails and
Teflon guides allowing a perfect connection of the 120 channels.
A numerical code was developed for the simulation of the secondary ions trajectories
inside the TJ-II plasma and it is based on the Runge-Kutta method for the resolution of the
differential equation of movement of the particle. The code takes into account the threedimensional magnetic geometry of T-II stellarator. It allowed the optimization of the MCAD
and the graphical interface makes the programming of experiments easy (fig. 3.9). The HIBP
code uses a CIEMAT developed routine for the computation of the magnetic field in each
point of the ions trajectories.

Fig. 3.9: Screenshot of the graphical interface of the HIBP code

The first version of the MCAD (presently installed) is based on 175×400 mm Teflon
printed circuit board with the edge connector for 120 (6×20) cells of 12×8 mm each. A biased
stainless steel mask is placed in front of the cells at 3 mm distance. This sandwich of MCAD
and biased mask is installed inside a shield box kept at the earth potential (fig. 3.10 and 3.11).
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The high-vacuum and high temperature EDAC 800 series multipin connector performs the
slide contacts with the cells. For the simultaneous measurements of the plasma potential and
density fluctuations, the insertion of holes in the MCAD is foreseen for the free penetration of
the secondaries into the energy analyzer.

Biasing
grid

MCAD
cell

Teflon
guides

Stainless steel
support

Conector
support

Feed-through

Edge-card
conector

Grounded shield
Biasing grids and
isolating details

Fig. 3.10: The multiple cell array detector and the multipin connector. The multipin is enclosed on a grounded
stainless steel to prevent plasma loading.

The first test carried out with plasma revealed a strong noise on the collected signals,
produced by photo-emission of the copper cells due to strong plasma loading. A new deep
Faraday Cup type cell (fig. 3.12) was projected and installed. The detector consists on a
copper block, inserted on a Teflon box and a stainless steel shell. The stainless steel shell will
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connected to the ground by welding to the exterior grid (two of the channels that goes to the
connector allows grid biasing) (fig. 3.13). The whole block measures 14×10 mm and has 5×8
holes. It is expected that the photo-electrons will be immediately collected on nearest inner
surface inside the hole. To avoid damage the cells of the Teflon support, the electric contact
of the new cell with the flat copper cell is made through a clip of copper foil (fig. 3.12) which
has some elasticity and provides a reliable electrical connection. It was fixed by compression
between the copper block and the Teflon shell and also with a drop of silver paint. The tests
and comparison between the two types of cells are foreseen for November 2002.

Fig. 3.11: Photography of the MCAD. The actual dimensions can be compared with the 40 cm ruler enclosed.
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Cs2+
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Fig. 3.12: The new deep Faraday cup type cells. This design has the aim to prevent the effects of the plasma
loading on the MCAD cells, which is mostly due to photo-electrons. It is expected that when emitted inside the
holes the probability of re-absorption of the photo-electron increases.

Fig. 3.13: The new deep Faraday cup cells on the MCAD
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Chapter IV - EXPERIMENTAL RESULTS

Broadband electrostatic and magnetic fluctuations have been observed in the boundary region
of magnetically confined devices. The electrostatic fluctuations produce a fluctuating radial
velocity and the resulting electrostatic fluctuation driven radial particle flux. Ignoring poloidal
and toroidal asymmetries the total electrostatic fluctuation driven particle fluxes have been
measured in the plasma boundary region of tokamaks, stellarators and reversed fields pinches.
It has been experimentally shown that in some cases the fluctuating flux can account for an
important part of the total particle flux in the edge region [77, 78]. However, it should be
noted that in some cases fluctuation fluxes appear too high to be consistent with global
particle balance [79]. Poloidal asymmetries, large-scale convective cells or the possible role
of temperature fluctuations may account for these apparent inconsistencies. At present, this
disagreement still remains as an open question and understanding the underlying physics of
anomalous transport remains as the outstanding critical physics issue in magnetic confinement
fusion research [80, 81 and references therein]. It is a well accepted point that magnetically
confined plasmas are necessarily out of equilibrium. The plasma can relax toward equilibrium
through different types of instabilities [82, 83] being generally accepted that anomalous
transport is due to plasma turbulence. Although the dominant free energy source driving
fluctuations have not been identified, one of the important achievements of the fusion
community has been the development of techniques to control plasma fluctuations based on
the ExB shear stabilization mechanism [84-88]. The initial theory was developed in
conditions in which the time evolution of the radial electric field is much slower than the
correlation time of turbulence. When the ExB shearing rate (ωExB) approaches the growth rate
of the dominant instability (γ), ωExB ≈ γ, a reduction in the rate of turbulent transport is
predicted. Recently the theory of ExB shear suppression of turbulence has been extended to
include time dependent ExB flows [89]. Recent gyrofluid and fluid simulations have observed
small scale fluctuating sheared ExB flows [90]. These flows are driven by fluctuations and
they can substantially reduce the turbulent transport [100]. The effective sheared rate of
fluctuating E×B flows is less effective than the slowly varying component in reducing
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turbulent transport. This reduction in the effectiveness is particularly important when the E×B
flow patterns changes in a time scale faster than the eddy turn over time. Thus understanding
the mechanisms which drive sheared electric fields, both DC and time dependent, is a crucial
issue to explain transport in the L-mode plasmas and the transition to improved confinement
regimes, which has been empirically characterized by a power threshold.
The study of the relationship between transport and gradients has also a fundamental
importance in fusion plasmas. As overviewed in a previous chapter, this has been an area of
intense research by the fusion plasma community for more than twenty years [83]. The nonlinear relation between heat fluxes and gradients, in which heat fluxes increases as gradients
become steeper, can explain the confinement degradation with the heating power. The
functional dependence between heat fluxes and gradients is expected to show sharp jumps as
the system crosses instability thresholds [84, 137]. Thus the plasma would be characterized by
a dynamical balance between fluctuation induced transport which drives the plasma towards
the instability threshold value and the external plasma heating which tends to drive the plasma
back to the unstable state. The transition to improved confinement regimes implies nonmonotonic relations (bifurcations) between heat fluxes and gradients [84, 137]. First and
second order critical transition models have been invoked to explain bifurcation and transport
barrier dynamics [138, 139]. From this perspective, two open questions for theoreticians and
experimentalists are the following: What is the dynamic relation between turbulent transport
and fluctuations in density-pressure gradients? What should be the dynamic relation between
turbulent transport and gradients in the framework of pure diffusive models, self-organizedtransport (SOC) models or transport self-regulated via fluctuations? In order to answer these
questions, it is important not only to measure the level of the turbulent transport, but also to
investigate the dynamical coupling (if any) between gradients and turbulent transport. This is
the main guiding line of this chapter where an overview on previous results will be given and
the results we accumulate that justify our research direction will be presented, more or less on
the order they were obtained, to highlight the research process.

4.1 - Previous clues and guiding lines
4.1.1 - Naturally occurring velocity shear layer
The structure of plasma profiles in the proximity of the last closed flux surface (LCFS) has
been investigated in tokamaks [91, 92], stellarators [93] and reversed field pinches [94]. The
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ion saturation current (Is) increases and the floating potential (Φf) become more negative
when the probe is inserted into the plasma edge. Using two probes separated poloidally, the
poloidal phase velocity of fluctuations can be computed from the wave number and frequency
spectra S(k,ω), using the two points correlation technique (appendix I). A reversal in the
phase velocity of fluctuations has been observed in the proximity of the last closed flux
surface (LCFS) in all magnetic confinement configurations (tokamak, stellarator and RFP) in
the proximity of the LCFS. The shear layer location provides a convenient reference point for
the characterization of the structure of fluctuations. Carefully analysis of the previous
experimental results, allows to conclude that: a) The velocity shear layer location is close
(usually ± 1-2 cm) to the expected location of the LCFS; b) The maximum in the fluctuation
flux appears to be linked to the location of the velocity shear layer (which acts as an effective
confinement radius).
In JET a velocity shear layer has been observed near the location of the LCFS (as
determined from magnetic measurements-EFIT). In divertor plasmas, the poloidal phase
velocity of fluctuations (vphase) is small in the SOL region (Fig. 4.2). In the plasma edge
region, just inside the separatrix, vphase increases in the electron drift direction up to 1000 m/s.
The resulting radial gradient in vphase is in the range of 105 s-1, which turns out to be
comparable to the inverse of the correlation time of fluctuations, in the range of 5-10 µs (fig.
4.1). This result is verified in ohmic plasmas with I = 1 MA / B = 1 T (fig. 4.2), in which the
power threshold for the L-H transition is about 1 MW, and I = 2 MA / B = 2 T (fig. 4.3), in
which the power threshold for the L-H transition is modified by about a factor of two. It is
remarkable that similar results have been obtained in stellarator plasmas (fig. 4.4) and small
tokamaks (fig. 4.5).
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Fig. 4.4: Radial profile of the phase velocity and auto-correlation time of fluctuation in the proximity of the
LCFS in the TJ-II stellarator. The shaded area indicates the location of the velocity shear layer.

Fig. 4.5: Radial profile of the phase velocity on the tokamak ISTTOK. The spectra show a clear change in the
propagation direction of fluctuations from the ion diamagnetic direction in the SOL to the electron direction
inside the limiter radius. The shear layer is located approximately at the limiter radius.
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These results are consistent with previous observations that have shown that the shearing rate
of the naturally occurring velocity shear layer is closed to the inverse time of fluctuations in
different devices. These changes in the poloidal phase velocity of fluctuations can be
explained, or at least are consistent, in terms of ExB drifts and suggests that ExB flows and
fluctuations organized themselves closed to marginal stability (i.e. the shearing rate is close to
the critical value to modify plasma turbulence). Numerical simulations show that values of the
gradient of the radial electric field on the same order of magnitude (1-5×105 V/m2) are on the
transition between hard and soft bifurcation for the reduction of the anomalous heat
conductivity, existing a dependence with the average density [95]. The presence of sheared
flows with shearing rates close to the critical value to modify plasma turbulence on the
boundary region of magnetically confined plasmas, implies that, there is not a continuous
increase of the ExB flow shear when approaching the critical power threshold for the
transition to improved confinement regimes (i.e. L-H transition). On the contrary, sheared
flows with decorrelation rates close to the critical value to reduce turbulence are already
developed well below the L-H power threshold. This property should be considered as an
important ingredient in the modelling of the L-H transition.
From this perspective, an open question remains: which mechanism allows fluctuations
and poloidal flows organize them to be close to marginal stability?
Numerical simulations have shown that turbulent driven fluctuating radial electric field
via Reynolds stress has the property to get ωExB critical [96]. Recent experiments have shown
that sheared poloidal and parallel flows are linked in the TJ-II stellarator. The parallel flow is
affected by the degree of instability in the plasma edge and its radial gradient is close to the
ratio of the sound speed to the density scale length (e.g. close to the threshold of the KelvinHelmholtz instability).
From the experimental point of view, a quantitative estimation of the importance of
fluctuation induced driven flows in the plasma boundary region has been done [97]. The
2
< v˜ r v˜θ > term of the Reynolds stress tensor can be computed as < v˜ r v˜θ > ≈ < E˜θ E˜ r > / B ,

E˜ r and E˜ θ being the fluctuating radial and poloidal electric fields. The experimental set-up
to estimate < v˜ r v˜θ > consists of two arrays of three Langmuir probes, radially separated 0.5
cm. Two tips of each set of three probes are aligned perpendicular to the magnetic field and
separated poloidally 0.5 cm were used to measure fluctuations in the poloidal electric field, as
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deduced from the floating potential. The radial electric field was estimated from floating
potential signals measured by radially separated probes. With these approximations the
electrostatic component of the Reynolds stress has been computed in the proximity of the
velocity shear layer in JET (fig. 4.6). It should be noted, that this term has been measured
neglecting the influence of electron temperature fluctuations as described in previous
experiments [97] and, as previously seen on tokamak ISTTOK, the measured radial gradient
of < v˜ r v˜θ > is in the range of 107 – 108 m s-2 (fig. 4.7).
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Fig. 4.6: Radial profile of the Reynolds stress term. Near the region of strong velocity shear the gradient of the
Reynolds stress is approximately 10 7-108 s-2.

Fig. 4.7: Reynolds stress profile on the tokamak ISTTOK. The radial gradient in the electrostatic Reynolds stress
is in the range 108 ms-2 in the proximity of the limiter radius (courtesy of C. Silva).

The damping term due to magnetic pumping in the JET plasma boundary region can be
estimated as γ mp v iθ . Assuming the ion poloidal velocity of the order of the phase velocity
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of fluctuations (about 1 km/s) and for typical edge plasma conditions γ ≈ 104 s-1, it follows
that the contribution of the magnetic pumping to the time evolution of the poloidal flow is
about 107 m s-2. This finding shows that the radial gradient in < v˜ r v˜θ > is high enough to
play a significant role in the physics of poloidal flows in the JET plasma boundary region. It
is remarkable that a similar conclusion has been obtained in the plasma edge of small
tokamaks [97].
Recent experiments indicate that the turbulence-induced Reynolds stress might be the
dominant mechanism to create the sheared poloidal flow in the edge region of tokamak
plasmas [98]. It is easy to understand why Reynolds stress driven flows allows poloidal flows
and fluctuations to reach the condition ωExB ≈ γ. The Reynolds stress measures the degree of
anisotropy in the structure of fluctuations. Radially varying Reynolds stress allows the
turbulence to rearrange the profile of poloidal momentum, generating sheared poloidal flows.
In the plasma boundary region, strong gradients in the level of fluctuations can provide a
modification in the degree of anisotropy in the radial-poloidal structure of fluctuations. Once
the Reynolds stress driven sheared flows reach the critical value to modify fluctuations a
negative feedback mechanism will be established which would keep the plasma near the
condition ωExB critical. Whereas, the concept of marginal stability is consistent with turbulent
driven fluctuating radial electric field [99], it is difficult to understand in which way other
mechanisms, like those based on ion orbit losses mechanisms, can allow sheared poloidal
flows and fluctuations to self-organize to reach the condition ωExB critical.

4.1.2 - Time dependent shearing rate
Both DC and time dependent large ExB shear has been observed in plasma conditions below
the power threshold to trigger the formation of transport barriers. These results support the
importance of fluctuation-induced flows to self-regulate transport in fusion plasma. This is
because the flow pattern changes before eddies get distorted enough. This provides an
explanation for gyrokinetic simulations [100] results which show a considerable reduction,
but not complete suppression, of turbulent transport although the instantaneous ExB shearing
rate, part of which varies roughly on the turbulent timescale, is much larger than the
maximum linear growth rate.
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The radial profiles of fluctuations in the radial electric field were investigated in the
plasma edge region of JET tokamak, neglecting electron temperature fluctuations effects. The
rms level of fluctuations increases as the probe is inserted into the plasma edge region (fig.
4.8), reaching values in the range of 1000-2000 V/m in the plasma boundary region. The
averaged frequency of Er fluctuations is comparable to the width of the turbulent spectra. A
rough estimation of the effective shearing rate of the fluctuating radial electric fields can be
computed as

E rms
radial  ω f
~
ω
≈
f
ExB
Bλ c  ∆ω T





(eq. 4.1)

where ωf and ∆ωT are the mean frequency of fluctuating radial electric field and the width of
the turbulent spectra respectively, λc is the radial correlation of fluctuations and B is the
toroidal magnetic field. The function f(ωf/∆ωT) takes into account the reduction of the
affective shearing rate when the time scale of the fluctuating radial electric field is faster than
the correlation time of fluctuations: f(ωf/∆ωT) ≈ 1 if ωf << ∆ωT; f(ωf/∆ωT) ≈ 0 if ωf >> ∆ωT
[101].
In the case of JET edge plasma conditions E rms
radial ≈ 1000 V / m (fig. 4.8), ωf ≈ ∆ωT and
the average radial correlation is in the range
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4.1.3 - Link between low and high frequency fluctuations through Reynolds stress
A quantitative estimate of the importance of fluctuation induces flows requires comparison of
the damping rate of poloidal flows (i.e. µvθ) with the driving term through Reynolds stress in
the equation describing the time evolution of the poloidal flows
∂ < vθ >
d
= −µ < v θ > − < ~v r ~v θ >
∂t
dr

(eq. 4.2)

Assuming that the frequency of fluctuating poloidal flows (ωθ) is much smaller than the
damping rate (i.e. ωθ<<µ), that poloidal flows are directly related with the radial electric fields
(vθ≈Er/B=1/B dφ/dr, being φ the plasma potential) and that the term of the Reynolds stress
tensor can be related to the ExB velocities, it follows that

1

∂ ~ ~
< ErEθ >
µB ∂ r
γk k
1 ~ ~
~
φ∝
< E r E θ >≈ θ r < φ 2 >
µB
µB
< v θ >= −

2

(eq. 4.3)

being kθ and kr the poloidal and radial wavenumber of fluctuations and γ is the correlation
parameter between poloidal and radial electric fields. The expressions show the relation
between low frequency fluctuations in the plasma potential (φ) and the high frequency
fluctuations.
The plasma potential is related with the floating potential and electron temperature by
the expression φp=φf +αTe (α=2-3). Figure 4.9 shows the correlation between the floating
potential (φf) and the electrostatic Reynolds stress in the plasma edge of JET tokamak [35].
Interestingly both quantities are clearly correlated. Assuming a linear behaviour and using the
previous expression, it follows that µ ≈ 5×104 s-1, which turns out to be close to the expected
damping rate due to magnetic pumping for JET edge parameters. A systematic investigation
of the relation between plasma potential and its fluctuations, both in the plasma edge region
(using probes) and in the plasma core region (by means of the HIBP) is needed to clarify the
importance of the coupling between low and high frequency fluctuations through Reynolds
stress.
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Fig. 4.9: Correlation between floating potential and the electrostatic Reynolds stress in the plasma edge of JET
tokamak.

4.2 - Velocity fluctuations and time dependent ExB flows in the JET boundary region
Characterisation of fluctuations and fluctuation driven particle and energy fluxes requires
experimental techniques for measuring the variations in parameters such as density,
temperature and magnetic and electric fields with good temporal and spatial resolutions. With
the present state of the art in plasma diagnostics this kind of measurements is mostly limited
to the plasma edge where material probes can be used, giving a good opportunity to identify
the driving forces of the turbulence [102]. Electrostatic fluctuations induced particle transport,
computed assuming a negligible level of temperature fluctuations, are large enough to account
for the total particle transport in the plasma boundary region. In order to assess the role of
both turbulence and ExB sheared flows on transport in the core of the plasma there is a need
for improved diagnostics for fluctuating quantities. Recently wavelet-based cross correlation
analysis has been used to obtain fluctuations of poloidal rotation velocity by means of beam
emission spectroscopy and this approach offers potential for direct measurements of turbulent
transport [103-105]. Numerical simulations also support the idea that measurements of radial
velocity fluctuations deduced from density fluctuations can provide, under some
circumstances, an estimation of fluctuating electric fields [106]. However, it remains as an
open question to clarify, using numerical simulations, the validity of the computation of
turbulent transport from phase velocity fluctuations in plasmas with different instabilities.
Following this idea, a new approach for the measurement of turbulent fluxes and time
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dependent ExB sheared flows has been investigated in the JET plasma boundary region. It is
based in the measurement of fluctuations in the phase velocity of fluctuations [107-108].
Fluctuations in the radial / poloidal ( v~rphase / v~θphase ) phase velocity have been computed from
plasma density and floating potential fluctuations using Langmuir probe array signals.
Experimental results reinforce the idea that, in some conditions, fluctuations in the phase
velocity are linked with fluctuations in radial - poloidal electric fields opening the possibility
to investigate turbulent transport in the plasma core region from measurements of density
fluctuations. These results indicate that time dependent radial electric fields and ExB shearing
rates might be computed in the plasma core from measurement of density fluctuations. This
section reports these results on the characterization of velocity fluctuations, turbulent
transport and the physics of ExB sheared flows in the JET plasma boundary region.

4.2.1 - Velocity fluctuations and transport
Plasma profiles and turbulence have been investigated in the JET plasma boundary region
using the fast reciprocating Langmuir probe system. Plasma fluctuations are investigated
using standard signal processing techniques and 500 kHz digitisers. Plasmas studied were
produced in X-point configuration with toroidal magnetic field BT = 1 –2 T, plasma current
Ip = 1 - 2 MA and plasma density in the range (2.9 – 6.7) x 1919 m-3.
Figure 4.9 shows the ion saturation current profiles measured by the inner and outer
probes in JET ohmic plasma. In general, plasma profiles measured by the inner and outer
probe arrays show good agreement.
The mean velocity of fluctuations perpendicular to BT can be computed with the two point
correlation technique using floating probes separated 0.5 cm in the poloidal direction. Figure
4.11 shows the S(k,ω) function measured in the plasma edge in JET ohmic plasmas.
Fluctuations are dominated by frequencies below 200 kHz and poloidal wavenumber and
poloidal wave number smaller than 3 cm-1. The poloidal phase velocity of fluctuations
(vphase) is small in the SOL region. In the plasma edge region, just inside the separatrix,
vphase increases in the electron drift direction up to 2000 m/s (Fig. 4.2).
The plasma potential profile has been computed from the measurement of the floating
potential and the electron temperature using the expression Φp = Φf + α Te (α ≈ 2 - 3). The
deduced Er/B drifts are also shown in figure 4.2. The radial variation in the average phase
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velocity of fluctuations can be explained in terms of ExB drifts. Previous experiments have
shown that the poloidal phase velocity of fluctuations is dominated by the ExB velocity and,
in some conditions, by the diamagnetic drift velocity.
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The radial velocity ~v rphase can be given by ∆r/∆t, being ∆T the time delay between two
ion saturation current (Is) signals radially separated ∆r = 0.5 cm. The time delay was
computed using 200 µs time window realizations. The ExB turbulent flux was measured using
two different approaches: a) from the correlation between density and poloidal electric field
fluctuations using the expression
~
ΓE × B =< ~
nE θ > / B

(eq. 4.4)

~
where E θ is the fluctuating poloidal electric filed and ñ is the fluctuating density obtained
from the ion saturation current, and b) from the correlation between density fluctuations and
fluctuations in the radial phase velocity of fluctuations ( ~
v phase
) using the expression
r

Γphase =< ~
n~
vrphase >

(eq. 4.5)

Figure 4.12 shows the time evolution of the turbulent flux deduced from expressions 4.4
and 4.5 in the plasma boundary region of JET ohmic plasmas (B = 1 T, Ip = 1 MA). Figure
4.13 presents the probability density function of the time resolved radial turbulent flux (ΓExB
and Γphase).
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There is a significant similarity in the statistical properties of both turbulent fluxes. This
agreement is particularly remarkable for the outward turbulent flux. The average turbulent
fluxes, ΓExB and Γphase, are in agreement within a factor of four. This finding has been also
observed using different time window realization (100 – 200 µs) for the computation of
fluctuations in the radial phase velocity.
These results suggest the measurement of ExB turbulent transport in the plasma core
region can be achieved from measurements of density at different radial locations. Heavy Ion
Beam Probe, Microwave Reflectrometry or Beam Emission Spectroscopy (BES) diagnostics
can provide those measurements. Further work is needed to compare systematically ΓExB and
Γphase fluxes in the plasma edge region with over sampled signals (2 – 5 MHz) to increase the
time resolution on lag calculations.

4.2.2 - Dynamical radial electric fields and velocity fluctuations
Measurements of velocity fluctuations require information of density / potential signals at
least at two radially / poloidally separated points. The velocity can be calculated by ∆x/∆t,
being ∆t the time delay between two ion saturation current (Is) or floating potential signals
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(φf) radially / poloidally separated ∆x. Throughout this section the time delay has been
computed in sub-samples of the signals with a minimum of 50 points (100 µs). Whether Is or
φf are used will be specified.
Clearly, errors in the measurement of
velocity
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delay between floating potential signals from probes
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fluctuations

versus
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average

time

window for probes poloidally separated

0.25 and 0.5 cm. The level of fluctuations decreases as the averaging parameter (∆N)
increases and it is about a factor of two smaller for the probes poloidally separated 0.25 cm.
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Comparative studies of rms values of the
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computation of velocity fluctuations (e.g.
using fast ADCs with 1 – 5 MHz sample

rate at different time scales.

rate) are needed to clarify the origin of this
disagreement.
Measurements of fluctuations in the poloidal phase velocity allow computing the time
~ ) as
evolution of the instantaneous fluctuating shearing rate ( ω
E× B

~ ( t ) = ~v phase ( t ) / ∆r
ω
E×B
θ

(eq. 4.6)

where ~vθphase is the poloidal phase velocity measured simultaneously at two different radial
locations with ∆r = 0.5 cm. This velocity was deduced from the time delay between two
floating potential signals (Φf) signals poloidally separated ∆x = 0.5 cm. The time delay was
computed using different time scales in the range 40 - 400 µs. Figure 4.16a shows the rms
value of the poloidal phase velocity of fluctuations as well as the error associated to the
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~
computation of the phase velocity. Figure 4.16b presents the root mean squared value of ω
E× B
as a function of the average time window. This value decreases as the averaged time window
increases and turns out to be in the range of (1-3) × 105 s-1. This value is comparable to the
DC E×B shearing rate measured in the proximity of the last closed flux surface in fusion
plasmas [109].

4.2.3 - Dynamical ExB flow and velocity fluctuations
Gyrofluid and fluid simulations have observed small scale fluctuating sheared ExB flows
[110]. These flows are driven by fluctuations and they can substantially reduce turbulent
transport. From this perspective, it is important to measure the level of fluctuations in the
radial electric field and to clarify whether the effective shearing rate of fluctuating radial
electric fields is high enough to control transport.
The radial profiles of fluctuations in the radial electric field have been investigated in the
plasma edge region of the JET tokamak neglecting electron temperature fluctuations effects.
The rms level of fluctuations increases as the probe is inserted into the plasma edge region,
reaching values in the range of 1000 - 2000 V/m in the plasma boundary region (Fig. 4.5). As
previously seen these values leads to effective decorrelation rates that are close to the critical
value to regulate turbulent transport (ωExB ≈ 105 s-1).
The auto correlation time for both
ion saturation current and floating potential
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E phase
= v θphase B
r

(eq. 4.7)

The radial electric field can be also estimated from floating potential signals measured by
radially separated probes,
~ ~
E r = ( φ3 − φ2 ) / ∆r with ∆r ≈ 0.5 cm

(eq. 4.8)

The comparison between the rms values of fluctuations in the radial electric field, deduced
from expressions 4.5 and 4.6, at different time scales show similar tendencies (Fig. 4.18). This
agreement reinforces the idea that fluctuations in the phase velocity are linked with
fluctuations in (radial-poloidal) electric fields.
A more accurate computation of the fluctuating ωExB shearing rate requires the
simultaneous measurements of the radial electric field / poloidal velocities at different radial
locations. The radial profile of the fluctuating shearing rate has been computed as the
difference in poloidal velocity measured between two probes radially separated 0.5 cm, i.e.
ω~
= ∆v~ / ∆r . Fluctuations in the poloidal velocity ( ~
v ) were computed from the time
E× B

θ

θ

delay between two floating potential signals measured by probes poloidally separated 0.5 cm
by the method explained on the previous section and ∆ ~
v is the difference of the poloidal
θ

velocity computed at two radially separated positions.
Er
phase

B

1.0

0.5

Er

rms

3

(10 V/m)

vθ

JET #50765
0.0
1

10

100

1000

average time window ( µs)
Fig. 4.18: Comparison between Errms and the rms of the poloidal phase velocity of fluctuations at different time
scales showing similar tendencies
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Fig. 4.20: Root mean square values of fluctuating shear rate at different time scales. The poloidal velocity was
computed from the floating potential signals measured with a poloidal separation of 0.5 cm. The radial
separation between each set of probes is 0.5 cm.

The investigation of the radial structure of dynamical ωExB and fluctuations in the radial
electric fields has shown evidences of radial structures in ωExB that are correlated with the
presence of flattening in edge plasma profiles (fig. 4.19) [111]. Furthermore, experimental
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results show that the effective decorrelation rates of time dependent ExB flows are in the
range 105 – 10

6

s-1 (fig. 4.20). This result shows evidence of fluctuating ExB flows with

shearing rates close to the critical value to regulate turbulent transport.

4.2.4 - Discussion
A new approach for the measurement of turbulent fluxes and time dependent ExB sheared
flows has been investigated in the JET plasma boundary region. It is based on the
measurement of fluctuations in the phase velocity of fluctuations. The present experimental
results reinforce the idea that, in some conditions, fluctuations in the phase velocity are linked
with fluctuations in radial-poloidal electric fields. These results suggest the measurement of
ExB turbulent transport in the plasma core region might be achieved from measurements of
density at different radial locations and that time dependent radial electric fields and ExB
shearing rates can be computed in the plasma core from measurements of density fluctuations.
Numerical simulations can provide an important input to clarify the validity of the
computation of transport from phase velocity fluctuations in plasma with different instabilities
(ITG, drift waves, …). However, it is important to emphasize that further experiments are
clearly needed with over sample signals (2 – 5 MHz) to increase the time resolution in the
computation of velocity fluctuations.
Time dependent ExB sheared flows (5 – 40 kHz) are in the range (1 – 3) x 105 s-1 which
turns out to be close to the inverse of the correlation time of fluctuations. This result shows
that fluctuating ExB flows with shearing rates close to the critical value to regulate turbulent
transport are already developed well below the L-H power threshold.

4.3 - Empirical similarity
Comparative studies of the structure of plasma turbulence carried out in different magnetic
confinement devices have led to insights furthering the understanding of the underlying
physics of turbulent transport in fusion plasmas [109,112-114]. The overall similarity in the
structure in the statistical properties of fluctuations [112,113], in the phase velocity of
fluctuations in the plasma edge region [109] and the empirical similarity in frequency spectra
[114] has led to the conclusion that plasma turbulence in magnetically confined plasmas, as in
many other dynamic systems, display universal characteristics.
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Dimensionless scaling investigations have been used to reveal the physical dependencies
of plasma transport in fusion plasmas [115]. The dimensionless parameter ρ* (gyro-radius
normalized to the plasma minor radius) plays a major role in determining the transport
processes (e. g. Bohm versus gyro-Bohm type processes). In particular, if the radial scale
length is of the order of the gyro-radius, a gyro-Bohm type transport follows, whereas the
existence of radially elongated structures would imply Bohm type transport coefficients. Selforganized critical (SOC) models predict large-scale and sporadic avalanches connecting
remote parts of the plasma, which might be a key ingredient in explaining Bohm-like transport
[116, 117]. These results emphasize the importance of systematic investigations of the
statistical properties of turbulent transport and its radial structure in fusion plasmas.
The characterization of fluctuation driven particle and energy fluxes requires
experimental techniques to measure the time evolution in plasma parameters such as density
and electric fields with good temporal and spatial resolutions. As shown in the previous
section, the correlation between density fluctuations and fluctuations in the radial phase
velocity of fluctuations can provide a good estimation of the ExB turbulent transport in the
plasma edge [118]. These findings allow the possibility to investigate the statistical properties
of turbulent transport in the plasma core region of fusion plasmas based on measurements of
density fluctuations.
In this section experimental evidence of an empirical similarity in the statistical
properties of turbulent transport in the plasma boundary of JET tokamak and TJ-II stellarator is
presented. The probability density function (PDF) of turbulent transport plasmas has been
investigated in the plasma edge region of tokamak (JET) and stellarator (TJ-II) fusion devices.
PDFs can be re-scaled using a functional form, PDF(ΓExB) = L-1 g(ΓExB/L) , where L is directly
related with the variance of fluctuations in the turbulent flux. This kind of rescaling holds at
different time scales in which the functional form of the PDF changes. The empirical similarity
in the probability density function of turbulent transport in the edge region in both the JET
tokamak and the TJ-II stellarator supports the view that turbulent transport displays
universality in fusion plasmas. These results emphasize the importance of the statistical
description of transport processes in fusion plasmas as an alternative approach to the
traditional way to characterize transport based on the computation of effective transport
coefficients (i.e. diffusion coefficients) and on average quantities (i.e., average correlation
lengths).
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4.3.1 - Experimental conditions and edge fluctuation levels
TJ-II stellarator
The influence of the level of fluctuations in the radial structure of parallel flows has been
investigated making used of the TJ-II flexibility to modify magnetic well. Experiments were
carried out in ECRH plasmas (PECRH = 300 – 600 kW). Fluctuations in the ion saturation
current (IS) have been observed to increase when magnetic well is reduced [119]. Figure 4.21
shows the modification in the level of ion saturation fluctuations as the magnetic well is
reduced in the plasma edge region.
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Fig. 4.21: Ion saturation current fluctuation levels versus magnetic well in the plasma edge region of the TJ-II
stellarator. The level of fluctuations increases as the magnetic well is reduced [119].
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JET tokamak
Plasmas studied in this section were produced in X-point configurations. Figure 4.22 shows the
radial profile of ion saturation current (Is), floating potential (Φf), the root mean squared (rms)
value of ion saturation current fluctuations (Irms) and the ExB turbulent transport (ΓExB) in
plasmas with B = 1.8 T, Ip = 2 MA and plasma density in the range (2.9 – 6.7) x 1919 m-2.
Turbulent transport and fluctuations are systematically modified as plasma density increases:
Is, Φf and ΓExB increase with plasma density. The effective plasma diffusivity, computed as Deff
= - ΓExB / ∇n, is in the order of 1 m2 / s, in agreement with previous experiments [120].
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Fig. 4.22: Radial profiles of ion saturation current, floating potential, RMS of ion saturation current and E×B
turbulent transport with different plasma densities.

4.3.2 - Empirical similarity in turbulent fluxes
The local time resolved radial ExB turbulent induced fluxes were calculated neglecting the
influence of electron temperature both in TJ-II and JET devices. The distribution function of
the time resolved turbulent transport has been estimated by, PDF (Γn) = NΓn / N W, where NΓn
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is the number of data values that fall within the range Γn ± W/2, W is a narrow interval centred
at Γn and N is the total number of data values.
Figures 4.23 and 4.24a show the probability density function (PDFs) of the ExB
turbulent fluxes for measurements taken in the plasma edge region in the proximity of the last
closed flux surface in JET and TJ-II
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transport have also been investigated at
different time scales using JET data. In order

to do this, we have constructed time records with a time resolution ∆N, by averaging over
blocks of ∆N elements from the original time series. The original time series is about 50 – 70
ms (i.e. about 30.000 points). Figure 4.24 shows PDF of turbulent fluxes after averaging the
original time series ∆N = 20 and 40 µs. The shape of PDFs of transport is significantly
modified as the averaging parameter (∆N) increases: negative transport events are strongly
reduced and the shape of the tail of the distribution changes in agreement with previous
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observation in stellarator plasmas [121]. As the time scale decreases (e.g. ∆N increases) the
PDF of transport is fully dominated by outwards transport events.
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Fig. 4.24: PDFs of edge turbulent transport in

Fig. 4.25: Re-scaled PDFs of edge turbulent

density scan experiment in the JET tokamak.

transport using the functional form PDF(ΓExB) = L

PDFs have been computed at different time scales:

–1

g(ΓExB/L) in the JET tokamak.

∆N = 2 – 20 - 40 µs.

The PDFs of transport both in TJ-II and JET devices have an interesting property: they can be
rescaled assuming a “finite size scaling” functional form [122, 123]
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PDF(ΓExB) = L –1 g(ΓExB/L)

(eq. 4.9)

where L is a scaling factor. The rescaled PDFs of ΓExB show the same behaviour over the entire
amplitude range of transport (figs. 4.22b and 4.24a). The re-scaling functional form given by
expression (4.7) can fit experimental results measured at different time scales ∆N = 2 – 40 µs,
both in TJ-II and JET. However, it should be
noted that the fitting of the experimental
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devices for ∆N = 2 µ s (fig. 4.28). The
α parameter increases as ∆N increases. This distribution form has been also found in other
physical systems quite different from fusion plasmas [131, 132]. x* is a fitting parameter.
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∝ exp − ( x / x*)α , with x = ΓExB/L and α is about 0.5 - 0.6 for both devices. The α parameter increases as
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4.3.4 - Discussion
The statistical properties of turbulent transport show a striking empirical similarity in the
plasma edge region in fusion plasmas. Experimental results show that PDFs of turbulent flux
can be rescaled using a law that appears in finite size scaling studies [133]. The fact that this
finding has been observed in fusion devices with different magnetic topology and heating
support the view that plasma turbulent transport displays universality. Furthermore, these
findings are in agreement with the empirical similarity in the frequency spectra of fluctuations
previously reported in different fusion plasmas. Frequency spectra of fluctuations can be rescaled using the expression, P(ω) = P0 g(λ ω), where λ and P0 are parameters to be determined
for each device. The re-scale probability density function of transport exhibits the same
behaviour over the entire amplitude range of transport events. PDFs of ExB turbulent transport
show sporadic events with high radial coherence.
The functional form for the PDF given by expression (4.7) might be partially explained
considering that the flux is a quadratic function of two fluctuating and correlated density and
radial velocity fields [134]. On the other hand, this kind of rescaling holds at different time
scales in which the functional form of the PDF changes and at the longer time scale turbulent
transport is fully dominated by the outward flux events. Previous studies have shown that
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self-similar properties of the PDF of transport changes from the so-called fluctuation time
scale to the mesoscale time scale [135] (a mesoscale is a length scale intermediate between
that of the global inhomogeneity and the microscopic fluctuations). Furthermore, these
findings are in agreement with the empirical similarity in the frequency spectra of fluctuations
reported in different fusion plasmas [136] and suggest that turbulent transport evolve into a
critical state that shows a similar behaviour in the distribution function of transport events,
independently of details of the free energy source driving fluctuations. These results
emphasize the importance of the statistical description of transport processes in fusion
plasmas as an alternative approach to the traditional way to characterize transport based on
the computation of effective transport coefficients (i.e. diffusion coefficients) and on average
quantities (i.e., average correlation lengths).
It would be very interesting to clarify whether this empirical similarity in the PDFs of
edge turbulent fluxes is also fulfilled in the plasma core region. It was argued on the previous
section that the correlation between density fluctuations and fluctuations in the radial phase
velocity of fluctuations provides a good estimation of the ExB turbulent transport computed
from the correlation between density and poloidal electric field fluctuations. These results
indicate that statistical properties of turbulent transport might be also computed in the plasma
core from measurement of density fluctuations. Experiments are in progress to investigate the
validity of “finite scaling re-scaling laws” of turbulent transport in the plasma core region in
fusion plasmas following results shown in a previous section.

4.4 - Dynamical coupling between density gradients, radial electric fields and turbulent
transport in the JET plasma boundary region
Several distinct mechanisms have been invoked to explain the connection between turbulent
fluxes and gradients that provide a free energy source to drive instabilities in magnetically
confined plasmas. Non-linear relations between heat fluxes and gradients, in which heat
fluxes increases non-linearly as gradient becomes steeper, can explain the confinement
degradation with the heating power reported in magnetically confined fusion plasmas [83].
Instabilities governed by a threshold may lead to a self-organized critical (SOC) system by
producing transport events at all scales (avalanches) [116,117]. In the context of these models,
the functional dependence between heat and particle transport is expected to show sharp
jumps as the system crosses instability thresholds [137]. Fluctuations can generate ExB flows
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in the time scale of turbulence [84] and understanding the physics of sheared flows is a crucial
issue to explain the transition to improved confinement regimes and the generation of
transport barriers in fusion plasmas. The transition to improved regimes implies nonmonotonic relations (bifurcations) between gradients and transport [83, 84, 138,139]. First
and second order critical transition models have been invoked to explain bifurcations and
transport barrier dynamics in fusion plasmas [138, 139]. In the context of first order critical
transition theories, the sheared flow and fluxes are discontinuous across the transition. In the
case of second order transition models there is not discontinuity in the sheared flow. From this
perspective, it is important to understand the dynamical relation between turbulent transport,
gradients and radial electric fields. As previous seen, the naturally occurring velocity shear
layer organizes itself to reach a condition in which the radial gradient in the poloidal phase
velocity of fluctuations is comparable to the inverse of the correlation time of fluctuations
(1/τ). This result suggests that ExB sheared flows organized themselves to be close to
marginal stability (i.e. ωExB ≈ 1/τ). On this context, the importance of the statistical
description of transport processes, based on probability density functions, as an alternative
approach to the study of transport based on the computation of effective transport coefficients
increases [140]. It will be shown that this approach is useful to clarify the underlying physics
of turbulent driven transport in fusion plasmas.
This section reports the first experimental evidence of strong dynamical coupling
between turbulent transport, density gradients and radial electric fields in the boundary region
of magnetic confined plasmas. Experimental results show that there is a dynamical relation
between gradients and turbulent transport. The Probability Density Function (PDF) of
gradients, which turns out to be rather Gaussian, and the PDF of turbulent transport, which is
non-Gaussian are strongly coupled. The size of turbulent events increases when the plasma
deviates from the average gradient. This increase is particularly significant as the gradient
increases above its average value. The system relaxes to the most probable state in a time
comparable to the correlation time of turbulence. The size of turbulent events increases when
the plasma deviates from the average gradient. The resulting radial velocity of fluctuations is
of the order of 20 m/s for transport events implying a small deviation from the most probable
gradient. This effective radial velocity is consistent with a diffusive modelling of the plasma
boundary in JET. On the contrary, the effective radial velocity increases up to 500 m/s for
transport events in which the local gradient increases significantly above the most probable
gradient. These results suggest a link between the size of transport events and the nature of
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transport (diffusive versus non-diffusive) in the plasma boundary region and are consistent
with the paradigm of transport self-regulated near marginal stability and emphasize the
importance of the characterization of fluctuations in the terms of probability density functions
to test critically edge turbulence models. The impact of a statistical approach to the
description of bifurcation phenomena in fusion plasmas has been recently discussed [141].

4.4.1 - Experimental results
The experimental set-up allows the simultaneous investigation of the radial structure of
fluctuations and electrostatic driven turbulent transport [142]. Plasmas studied in this section
were produced in X-point plasma configurations with toroidal magnetic fields B = 1-2 T, Ip =
1-2 MA, PNBI = 0 – 5 MW (L-mode plasmas). Measurements were taken in the plasma edge
region in the proximity of the last closed flux surface (rLCFS - r ≈ 1 cm).
Figure 4.29 shows the time evolution of fluctuations in gradients and turbulent transport
measured in the plasma edge region. The probability density function (PDF) of turbulent
transport is strongly non-Gaussian with large
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reported [102]. The results show that most of the time the plasma is at its average gradient and
the size of transport events have minimum amplitude (ΓExB / <ΓExB>≈0.5). Large amplitude
transport events (ΓExB /<Γ ExB>≈3 - 8) take place when the plasma displaces from the most
probable gradient average value. The expected value of ExB turbulent transport events
increases strongly as the gradient increases above its most probable value (i.e. ∇ ˜Is / σ > 0 ).
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The total ExB turbulent flux at a given gradient,

( ΓEtotal
× B | ∇ r I S )j = ∑ ΓE × B ,i Pi ( ΓE × B ,i | ∇ r I S , j )
i

(eq. 4.10 )

is also shown in figure 4.31. In the proximity of the most probable radial gradient the total
ExB flux shows a local minimum.
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The same method was applied introducing also the radial electric field as a dynamical
parameter. Figure 4.32 (a) shows that the expected value of ExB flux for a given gradient and
radial electric field, E[ΓExB | ∇r IS, Er] has a minimum that displays roughly a linear relation
between gradient and Er. The contour plot represents the combined probability density
function between gradients and radial electric fields.
These results show that the ExB turbulent flux is minimum when fluctuations in the
radial gradient and radial electric fields are close to their most probable value. Large
amplitude transport event happens when the plasma leaves the most probable gradient
( ∇ ˜Is / σ > 0 ). Note that figure 4.31b is the averaged projection of this distribution on the
gradients axes. Figure 4.32c represents the expected value for the turbulent flux displacement
in the gradients - Er space in a 2 µs time interval. It shows that the plasma, on average,
minimizes the amplitude flux events in a time scale comparable to the time scale of
turbulence (5-10 µs). Fast relaxation is observed for larger displacements from the average
gradient. Maximum transport occurs, as previously mentioned, when the plasma leaves the
most probable gradient. Maximum
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the expected value of the ExB turbulent flux near ∇ ˜Is / σ ≈ 0 observed at fast time scales
(∆N = 2 microseconds) almost disappears at longer time scales (∆N = 20 microseconds).
Figure 4.34 shows the coupling between the ExB turbulent transport and the radial structure
of fluctuations with different time delays. The cross-correlation time is about τc ≈ (5 – 10) µs.
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Fig. 4.34: Cross-correlation between fluctuations in IS gradients and transport.

The present experimental results show that the bursty and strongly non-Gaussian
behaviour of turbulent transport is strongly coupled with fluctuations in gradients and radial
electric fields. As the density gradient increases above the most probable gradient the ExB
turbulent driven transport increases and the system perform a relaxation which tends to drive
the plasma back to the marginal stable situation which minimizes the size of transport events.
The increase in the size of transport events as gradient increases is consistent with the selfregulation of turbulent transport and gradients near marginal The minimum in the size of
transport events as the gradient approaches the most probable value, with relaxation time
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comparable with those of turbulence, appears to be a fundamental property of broadband
turbulence. This result reflects that, at fast time scales there is a non-monotonic relation
between transport and gradients. From this perspective the present results might suggest that
transport is self-regulated near marginal stability. However, it is important to emphasize that
the non-monotonic dynamical relation between ExB transport and gradients may also be
partially due to the direct link between gamma and gradients through density fluctuations. In
this case, the experimental result might be also consistent with the properties of drift-Alfvén
wave turbulence which do not necessarily exhibit a threshold.
The effective velocity is close to 20 m/s for small transport events (i.e. small deviations
~
from the most probable gradient, ∇ r I s / σ < 1 ) (fig. 4.35). On the contrary, the effective radial
velocity increases up to 300 m/s for large transport events (i.e. large deviations from the most
~
probable gradient ∇ r I s / σ = 3 ). These results might suggest the existence of different
transport mechanisms for small and large transport events.
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Fig. 4.35: Expected value of the effective velocity for a given gradient (normalized to the level of fluctuations)

A detailed investigation of the probability density function of effective radial velocities is in
progress. Further experiments are being carried to study the dynamical link between transport
events, gradients and effective radial velocities to support the interpretation of the present
experimental results on the basis of different transport models. However, it is interesting to
compare the present experimental results with predictions from a diffusive modelling of the
plasma boundary in JET [143]. Figure 4.36 shows the results from simulations with B2Eirene for JET ohmic conditions. This simplified model assumes that particle transport can be
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characterized by a diffusion coefficient Dperp = 0.1 m2/s with a density decay length of about 1
cm and neglecting the influence of drifts. The resulting typical effective radial velocity is of
the order of 10 m/s. This radial velocity turns out to be rather close to the experimental values
for the radial velocity of transport events implying a small deviations from the most probable
gradient; however, it is very far away from the several 100 m/s of the large transport events.
Further studies of the dynamical link between heat transport and gradients are needed
to support the interpretation of the present experimental results on the basis of transport and
gradients organizing themselves near a bifurcation point.

Fig. 4.36: Density and effective radial velocities from simulations with B2-Eirene for JET ohmic conditions
(courtesy of A. Loarte).

4.4.2 - Influence of the velocity shear layer
The influence of sheared poloidal flows in the dynamical coupling between transport and
gradients have been investigated in JET ohmic plasmas. Figure 4.37 shows radial profiles of
floating potential and ion saturation current measured in a series of discharges in which the
reciprocating probe moves radially from the Scrape-off-layer (SOL) region up to proximity of
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the velocity shear layer. Near the velocity shear layer the floating potential becomes negative
and the density gradient is steeper.
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Fig. 4.37: Radial profiles of ion saturation current and floating potential in the JET boundary region (ohmic
plasmas).

Figure 4.38 shows the probability density function (PDF) for fluctuations in gradients, and the
expected value of the ExB flux for a given density gradient (E[ΓExB | ∇r IS]) measured at
different radial locations, from the SOL region (r-rLCFS ≈ 3 cm) up to the proximity of the
velocity shear layer (r-rLCFS ≈ 3 cm) in JET ohmic plasmas. The results show that most of the
time the plasma is at its average gradient and the size of transport events have minimum
amplitude (ΓExB / <ΓExB>≈0.5). Large amplitude transport events (ΓExB /<Γ ExB>≈3 - 8) take
place when the plasma displaces from the most probable gradient value. However the
functional dependence between fluxes and gradients is strongly affected as moving from the
SOL to the location of the velocity shear layer.
In the SOL region (r-rLCFS ≈ 3 cm) the amplitude of transport events is small (ΓExB /
<ΓExB> ≈ 0.5 – 1) as the plasma is at or below its average gradients. However, the expected
value of turbulent transport increases strongly as the gradient increases above its most
probable value (i.e. ∇ ˜Is / σ > 0 ), in agreement with previous experiments [144, 145]. On the
contrary, in the proximity of the velocity shear layer the size of transport events is rather
similar above and below the most probable radial gradient. These results illustrate the impact
of sheared flows near marginal stability is the relationship between fluctuations in gradients
and transport.
The radial/poloidal correlations were computed from floating potential signals
radial/poloidally separated. The realizations were taken 100 µs time windows and the
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maximum on the correlations was extracted for each realization. Using this method we obtain
the time evolution of the correlations (fig. 4.39).
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Far from the shear layer the radial correlation of the fluctuations exhibits a wide PDF
that covers a large range of radial scales (fig. 4.40a). When approaching the shear layer the
PDF becomes much stretcher (fig. 4.40b and 4.40c). This might be due to the shear
decorrelating effect over fluctuations which reduce the radial scale of the transport. Also the
poloidal scale of the fluctuations is affected by the presence of the shear (fig. 4.41). However,
near the shear the effect of the plasma rotation must be considered, once that it results in
additional correlation on the poloidal direction. This effect is visible in figure 4.41c where
four discharges nearest to the shear are analysed in positions with increasing phase velocity.
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Of course, that due to existence of boundaries on the correlation distribution we can not

Vf poloidal corr.

Vf radial corr.

expect a Gaussian distribution for the PDF.
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Fig. 4.39: Time evolution of the radial and poloidal correlation of floating potential fluctuations. Each point is
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The statistical properties of the radial coherence of fluctuations and transport have been
computed from the maximum cross correlation of ΓExB signals radially separated 0.5 cm,
using a 100 µs time window. As shown in figure 4.42 the probability density distribution of
the radial coherence of ExB transport shows tails (i.e. sporadic events with high radial
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coherence). PDFs of the radial coherence of fluctuations are wider than those corresponding
to the ExB turbulent flux. Although on average the radial coherence of turbulent transport is
in the range of 0.5 – 1 cm, in agreement with previous findings, there are sporadic transport
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events showing large radial coherence.
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Fig. 4.42: PDFs of the radial coherence of ExB transport in the JET boundary region.

On the context of avalanches, it is expected that large scale events propagates with faster
velocities. The expected value of the effective velocity for a given radial correlation was
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computed at different radial positions (fig. 4.43). Although limited to the frequencies below
10 kHz (due to 100 µs time window used) an increase on the effective velocity is observed for
events more radially correlated. It must be stressed that this values are not in disagreement
with previous works where 500 m/s effective velocities are measured for large displacements
on the local gradient once that the averaging due to the time window limits our observation to
times scales more near the diffusive time scales. The curves are rather independent from the
radial position however, comparing with the PDFs of figure 4.40 we see that the higher
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effective velocity values are more relevant for the region far from the shear layer.
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Fig. 4.43: Radial effective velocity versus radial correlation on the floating potential fluctuations in the JET
boundary region.

4.4.3 - Influence of heating power
The influence of heating power in the dynamical relation between transport and gradients has
been investigated comparing ohmic plasmas (B = 2 T / Ip = 2 MA) and L-mode plasmas (B =
2 T / Ip = 2 MA, PNBI = 5 MW). Because sheared flows plays an important role on the
dynamical relation between transport and gradients, the location of the velocity shear layer
has been used as a point of reference to compare plasmas with different heating power.
Figure 4.44 shows the radial profiles of ion saturation current, floating potential and poloidal
phase velocity of fluctuations measured in ohmic and L-mode discharges in JET. As expected
the ion saturation current increases in L-mode as compared with ohmic plasmas. However, at
the inner probe position (r-rLCFS ≈ -1 cm) the floating is negative (about – 20 V) and the
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poloidal phase velocity of fluctuations increases up to 500 m/s, both in ohmic and L-mode
plasmas. These findings illustrate that both measurements are taken at the SOL side of the
velocity shear location.
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Figure 4.45 shows PDFs of fluctuations in radial Is gradients, the amplitude for the expected
value of transport and the effective velocity of transport versus fluctuations in gradients. As
heating power and density increases, the relation between fluctuations in gradients and
transport becomes much steeper and the effective radial velocity of transport events also
increases up to 600 m/s for ∇ ˜Is / σ > 0 . Furthermore, the radial velocity increases linearly with
the size of transport events. This conclusion is consistent with a recent investigation of the
radial propagation of ELMs events which also suggest an increase in the radial velocity of
ELM events with their amplitude [146]. The PDF of radial (fig. 4.46) and poloidal (fig. 4.47)
correlations are rather similar. This lead to the conclusion that the distance to the shear layer
is the important ingredient on the fluctuation correlation being in agreement with the presence
of naturally occurring velocity shear layer.
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4.4.4 - Non-Gaussian Features in Fluctuations in Gradients
PDFs of turbulent transport show much stronger non-Gaussian features than PDFs of
fluctuations in gradients, as pointed out in previous sections. However, a detailed
investigation of the statistical properties of fluctuations in gradients has revealed the existence
of non-Gaussian features. This result is illustrated in figure 4.48 which shows PDFs of
gradients and the effective radial velocities measured at different magnetic fields in the JET
SOL region. A small, but significant departure from the Gaussian distribution is observed.
The trigger of large transport events propagating at high radial speeds (200 – 600 m/s) takes
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place well above the most probable radial gradient suggesting that the system remain
subcritical.
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Fig. 4.48: PDFs of gradients and of effective radial velocities measured in the JET plasma boundary region.

4.4.5 - Discussion
The investigation of the dynamical interplay between fluctuations in density gradients,
turbulent transport and radial electric fields has shown these parameters are strongly coupled
from the dynamical point of view. The bursty behaviour of turbulent transport is linked with a
departure from the most probable radial gradient. The system relaxes to the most probable
state in a time comparable to the correlation time of turbulence. These results are consistent
with the paradigm of self-regulated transport near marginal stability and emphasize the
importance of the characterization of the link between probability density functions of
fluctuating parameters to test critically edge turbulence models. These transport events,
related with small departures from the most probable local gradient, propagates radially with
an effective velocity of about 20 m/s, with is consistent with simplified simulations of
diffusive transport in the SOL region. On the contrary, large transport events, related with
significant departures from the most probable gradient, propagate radially with an effective
velocity up to 500 m/s. These results strongly suggest a link between the size of transport
events and the nature of transport (diffusive versus non-diffusive) in the plasma boundary
region.
The statistical properties of the radial and poloidal correlation of the floating potential
fluctuations and ExB transport were studied. It was shown that the shear layer reduces the

142

amount of radial sacales involved on the fluctuations which appears as a stretching on the
PDF of the radial correlation both in flucuations and transport. Similar phenomena appears in
the poloidal correlation. However, particular care must be taken in this case due to the plasma
rotation that correlates fluctuations on the poloidal direction. Despite of the limitations due to
the averaging over 100 µs time window it was shown that highly correlated events are
associated with radial effective velocities around 100 m/s.
The PDFs of the radial and poloidal correlations are similar for ohmic and L-mode
plasmas leading to the conclusion that the key ingredient is the distance to the shear layer
rather than the heating power. This result is compatible with previous results showing the
existence of a natural occurring shear layer near the Last Closed Flux Surface.

4.5 - Turbulent transport near marginal stability in the plasma boundary region in the
TJ-II stellarator
As was shown on the previous section, a strong dynamical coupling was found between
density gradients, radial electric fields and turbulent transport in the boundary region of JET
plasmas. The dynamical interplay between turbulent transport, density gradients and radial
electric fields has been investigated in the plasma boundary of TJ-II stellarator plasmas and
this section reports the first experimental evidence of strong dynamical coupling between
density gradients and turbulent transport in the boundary region of stellarator plasmas. The
density gradients, which have a rather Gaussian Probability Density Function (PDF), are
strongly coupled with turbulent transport, which has non-Gaussian distribution. The size of
turbulent events increases when the plasma deviates from the average density gradient. This
increase is particularly significant as the gradient increases above its average value. The
relaxation time of the system to the most probable state is comparable to the correlation time
of turbulence. These results are consistent with the paradigm of self-regulated transport near
marginal stability.

4.5.1 - Experimental results and discussion
Experiments were carried out in TJ-II ECRH plasmas (PECRH = 300 – 600 kW). A fast
reciprocating Langmuir probe has been used to investigate the structure of plasma profiles
and their fluctuations.
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Fluctuations in the ion saturation current (IS) have been observed to get higher when
magnetic well is reduced [119]. It was shown on one of the previous sections (fig. 4.40) that
the modification in the level of ion saturation fluctuations as the magnetic well is reduced in
the plasma edge region.
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Fig. 4.49: PDFs of edge turbulent transport in plasma configurations having different magnetic well in the TJ-II
stellarator

The distribution function of the time resolved turbulent transport has been estimated by,

PDF (Γn) = NΓn / N W,

(eq. 4.11)

where NΓn is the number of data values that fall within the range Γn ± W/2, W is a narrow
interval centred at Γn and N is the total number of data values. Figure 4.49 show the probability
density function (PDFs) of the ExB turbulent fluxes for measurements taken in the plasma
edge region in the proximity of the last closed flux surface in TJ-II stellarator. The PDFs of
fluctuating transport show non-Gaussian features. A significant fraction of the total ExB
turbulent flux can be attributed to the presence of large and sporadic transport burst, which
magnitude is quite sensitive to the plasma conditions. In the case of TJ-II experiments, the size
of turbulent flux events strongly increases when magnetic well is reduced, as expected from
the increase in density and potential fluctuations as well as in their correlation [119]. An
analysis of flux PDFs reflects the increase in the probability of large amplitude flux events
when well depth is decreased.
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Figure 4.50 shows the probability density function (PDF) for fluctuations in gradients,
and the expected value of the ExB flux for a given density gradient (E[ΓExB | ∇r IS]) in TJ-II
plasmas during a well scan. The density gradient probability density function is rather
Gaussian around its average gradient. On the contrary, the probability density function of
turbulent transport is strongly non-Gaussian with large and sporadic transport burst. The
results show that most of the time the plasma is at its average gradient and the size of
transport events has minimum amplitude (ΓExB ≈ 1 ×1019 m-2s-1). Large amplitude transport
events (ΓExB ≈5- 20 ×1019 m-2s-1) take place when the plasma displaces from the most
probable gradient average value. The expected value of ExB turbulent transport events
~
increases strongly as the gradient increases above its most probable value (i.e. ∇ r IS > 0 ).
From the graphics it is clear that the increase on the fluctuation level allows the plasma to
explore a bigger region of the density gradient space. The increase in the bursty behaviour is
highly associated with gradients away from its average value.
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Fig. 4.50: a) The probability density function of gradient with different magnetic well; b) Expected turbulent flux
at a given density gradient. The most probable value of density gradient minimizes flux events amplitude; c)
Most of the transport occurs when the plasma leaves the most probable value.
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The total ExB turbulent flux at a given gradient is also shown in figure 4.50. In the
proximity of the most probable radial gradient the total ExB flux shows a local minimum. The
present experimental results show that the bursty and strongly non-Gaussian behaviour of
turbulent transport is strongly coupled with fluctuations in gradients. As the density gradient
increases above the most probable gradient the ExB turbulent driven transport increases and
the system perform a relaxation which tends to drive the plasma back to the marginal stable
situation which minimizes the size of transport events. The increase in the size of transport
events as gradient increases is consistent with the self-regulation of turbulent transport and
gradients near marginal stability in the plasma boundary region. However, it is important to
emphasize that the non-monotonic dynamical relation between ExB transport and gradients
may also be partially due to the direct link between gamma and gradients through density
fluctuations. In this case, the experimental result might be also consistent with the properties
of drift-Alfvén wave turbulence that do not necessarily exhibit a threshold.
The effective radial velocity of fluctuations is close to 20 m/s for small transport events
~
(i.e. small deviations from the most probable gradient, ∇ r I s / σ < 1 ). On the contrary, the
effective radial velocity increases up to 1000 m/s for large transport events (i.e. large
~
deviations from the most probable gradient ∇ r I s / σ = 3 ) (fig. 4.51a). This radial velocity is
consistent with the ExB drift velocity (Fig. 4.51b). Similar results have been recently found in
the plasma boundary of the JET tokamak [9] and were shown on the previous section.
The minimum in the size of transport events as gradients approach their most probable
value with relaxation time comparable to those of turbulence appears to be a fundamental
property of broadband turbulent transport. This result reflects that, at fast time scales, there is
a non-monotonic relation between transport and gradients. From this perspective the present
experimental results suggest that edge transport is self-regulated at the threshold of second
order critical transition. However, the non-monotonic dynamical relation between ExB
transport (ΓExB) and gradients (∇ ˜Is ) may be also partially due to the direct link between ΓExB
and ∇ ˜Is through density fluctuations. Further studies of the dynamical link between heat
transport and gradients are needed to support the interpretation of the present experimental
results on the basis of transport and gradients organizing themselves near a bifurcation point.
As revealed by the bicoherence analysis the decrease on magnetic well increases the amount
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of non-linear transfer on ion saturation current (fig. 4.52) that follows the increase of plasma
turbulence.
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Fig. 4.54: Radial effective velocity versus radial correlation on the floating potential fluctuations in the TJ-II
boundary region with different magnetic well.

The decrease on the potential well introduces, apart from the increase on the fluctuation
level, an increase on the radial and poloidal correlations (fig. 4.53). It seems that the
stabilization effect of the magnetic well is due in part to an effective decorrelation of the
fluctuations. The high values observed in the poloidal correlation are due, as previously seen
on JET case, to the poloidal velocity on the observation region.
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As shown in the Jet case, large scale events propagate with faster velocities. The
expected value of the effective velocity for a given radial correlation was computed at different
magnetic well (fig. 4.54). Although limited to the frequencies below 10 kHz (due to 100 µs
time window used) an increase on the effective velocity is observed for events more radially
correlated and this velocity increase with the decrease on the magnetic well. The results are
consistent with the concept of transport self-regulated through ExB flows driven by
fluctuations near marginal stability.

4.5.2 - Discussion
The investigation of the dynamical interplay between fluctuations in density gradients and
turbulent transport has shown that these parameters are strongly coupled from the dynamical
point of view. The bursty behaviour of turbulent transport is linked with a departure from the
most probable radial gradient. These results might suggest the existence of different transport
mechanisms for small and large transport events. It would be very interesting to clarify
whether this dynamical interplay of edge turbulent fluxes with density gradients is also
fulfilled in the plasma core region. It was argued on one of the previous sections that the
correlation between density fluctuations and fluctuations in the radial phase velocity of
fluctuations provides a good estimation of the ExB turbulent transport computed from the
correlation between density and poloidal electric field fluctuations. These results indicate that
statistical properties of turbulent transport might be also computed in the plasma core [147].
It was shown that the presence of instability thresholds also affects the statistical
properties of the radial correlation. The decorrelation is more ineffective in the proximity of
instability thresholds.

4.6 - Turbulent transport near marginal stability in the plasma boundary region in the
ISTTOK tokamak
On the previous sections evidences of plasma edge near marginal stability were shown both
for a big tokamak and a medium size stellarator. The same result for different magnetic
topologies indices that the physics involved should have a common basis. It was argued that
turbulence regulation by velocity shear on the edge has the key ingredients to explain the
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experimental observations. Therefore it is expected that experiments in a small tokamak such
as ISTTOK exhibits a similar behaviour.
Experiments were carried on the tokamak ISTTOK using the fixed Langmuir probe
array previously described. Deuterium plasmas were produced with plasma currents 7-8 kA,
toroidal magnetic field 0.3-0.56 T, and line average electron density 3.5-5.2 × 1018 m-3. The
plasma profiles are similar to profiles observed on other machines with the existence of a
strong shear near the limiter position (Fig. 4.55). The RMS of fluctuations in both Vf and Is
increases as the probe is inserted into the plasma. The experiments were made in fixed
positions around the limiter position. As previously seen on the figure 4.7 the electrostatic
Reynolds stress shows a large radial gradient near this position which indicates that this
mechanism can drive significant poloidal flows in the plasma boundary region of the
tokamaks ISTTOK.

Fig. 4.55: Typical profiles of ISTTOK plasmas. (a) floating potential; (b) ion saturation current; (c) fluctuation
level of floating potential; and (d) fluctuation level of the ion saturation current. The RMS of fluctuations in both
Vf and Is increases as the probe is inserted into the plasma. I s fluctuation level increases with r from 25 to 80%
(courtesy of C. Silva).
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Figure 4.56 shows the time evolution of fluctuations in gradients and turbulent transport
measured in the plasma edge region. The probability density function (PDF) of turbulent
transport is strongly non-Gaussian with large and sporadic transport bursts. The probability
density function (PDF) of radial gradients shows also a departure from the Gaussian more
accentuated that on the JET case.
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events have minimum amplitude. Large
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amplitude transport events take place

when the plasma displaces from the most probable gradient average value. The expected
value of ExB turbulent transport events increases strongly as the gradient increases above its
most probable value (i.e. ∇I% > 0 ). The results suggest that at the limiter position the turbulent
transport is strongly suppressed and the amplitude of the transport events decrease while
outside the limiter position high amplitude transport events are still correlated. The total ExB
turbulent flux at a given gradient is also shown in figure 4.57. In the proximity of the most
probable radial gradient the total ExB flux shows a local minimum. The expected value of the
turbulent flux seems to be independent of the magnetic field as it is demonstrated on figure
4.58. These results agree with the previously seen for JET, however, particular care must be
taken in analysing ISTTOK data once that there is no feedback control on the plasma column
position during the experiment and part of the observations might be affected by movements
on the column.
The shear suppression of turbulence also strongly affects the PDF of the radial
correlation of floating potential fluctuations (fig. 4.59a). On the PDF of the radial correlation
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of turbulence there is a tail on the distribution at the limiter position (fig. 4.59b). This fact is a
little unexpected but can be explained by the incapability of the shear to suppress the large
scale events. At the limiter position small scale events dominate the fluctuations while outside
the limiter the PDF is much broader and the radial correlation is dominated by the large scale
events.
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As previously seen the poloidal correlation of floating potential fluctuations is strongly
affected by the plasma rotation (fig. 4.60) and in the ISTTOK case there is no remarkable
difference at different radial positions. Events more radially correlated and therefore more
radially extended propagates with higher radial effective velocity. This effect is visible both
for the radial correlations of the floating potential fluctuations and of the turbulent flux (fig.
4.61). However, as expected, the shear layer strongly reduces the events with more global
character.
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Fig. 4.58: Expected turbulent flux at a given density gradient for different magnetic fields
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4.7 - Transport and fluctuations interplay: L-H transition physics
Previous results are consistent with the paradigm of turbulent transport self-regulated via
fluctuations. In this section the impact of these findings to explain non-diffusive features in
transport and in the power threshold for the transition to H-mode regimes is discussed. In
particular, the dependence of the L-H power threshold with the ion charge can be explained as
a direct consequence of edge transport near a marginal stability condition.
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The theoretical investigation of transport when the Reynolds stress term is the dominant
in the ion momentum balance equation has been previously investigated [148]. A dynamical
model for the second order transition, at which there is an energy transfer from free energy of
fluctuations to the mean poloidal flow, has been derived [149]. This process has been
modelled from the time evolution for the energy and momentum equations. At the transition
threshold γ 0 ≈ µ α 1 / α 2 , where γ 0 is the injection rate of fluctuation energy, α1 described
energy transfer from the unstable modes to damped modes and α2 is related to the energy
transfer due to inverse energy cascades (via Reynolds stress) and µ is the poloidal flowdamping rate. On the basis of this model, the poloidal flow damping rate ( µ ) would play an
important role to determine the balance in the redistribution (direct versus inverse cascades)
of energy supplied by instabilities (fig. 4.62).

P(k)

α2
α1

γ
k
Fig. 4.62: If energy is inserted into the system at a given scale with a rate γ, viscosity can play an important role
to determine the balance in the redistribution (direct versus inverse cascades) of energy supplied by instabilities.

Once turbulence driven sheared electric fields (e.g. Reynolds stress, anomalous stringer
spin-up) reach the critical value to modify fluctuations a negative feedback mechanism will be
established which would keep the plasma near the condition ωExB critical. However, this
negative feedback mechanism might not allow the transition to the improved confinement
regime unless an ExB shear positive feedback mechanism is triggered by the Reynolds stress.
This positive feedback mechanism might be provided by the ∇P contribution to the ExB
i
shear flow. In the framework of the interpretation, the following condition should be verified
to reach the L-H transition,
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1

critical

ω ExB

≈

d

1

(
∇Pi )
Z i e dr ni B

(eq. 4.12)

Considering that the ion heat flux can be related to the pressure gradient through an effective
diffusivity ( χ i ),

∂P
Q = −χ
i

i

i

∂r

(eq. 4.13)

and neglecting dB/ dr and ∂ 2 Pi / ∂r 2 , it follows
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Zi e B n χi

(eq. 4.14)

Thus the transition to the improved confinement regime will be characterized by a critical
heat flux,

Qi

critical

≈

Z e ω ExB
i

Ln χ i B n

(eq. 4.15)

critical

Using typical JET edge plasma parameters for the L-H transition, ω ExB
1020 m-3 T, χi ≈ 1 – 10 m2/s,

≈ 105 s-1, Bn]L-H ≈

−1

L n ≈ 10-2 m, it follows that Qi ≈ (0.01 – 0.1) MW m –2. This

value is close to the L-H power threshold values reported in JET [150]. Expression (4.15)
shows that the critical heat flux depends on the plasma density and magnetic field, which
resembles the parametric dependences of the power threshold reported in tokamak plasmas
α

β

( Pth ∝n B (α ≈ β ≈ 1) ) [151]. Expression (4.15) also shows that the critical heat flux
depends on transport (e.g. χ i ) and Zi (the ion charge). The dependence with the ion charge
(Zi) would be consistent with the increase of the power threshold in He plasmas as compared
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with D plasmas (Pth_L_H(He4)/Pth_L_H(D) ≈ 1.5) [152]. The L-H power threshold decreases
linearly with increasing isotopic mass. This ion mass dependence might be interpreted in
terms of expression (4.15) as the scaling of edge transport parameters with ion mass [153154]. Expression (4.15) also suggests that expressing the power threshold in terms of plasma
parameters like density and magnetic field can be misleading, due to the influence of the
critical

Z e ω ExB
i

L n χ i factor. Finally, it should be noted that, in the framework of the proposed

synergy between fluctuation driven flows (e.g. Reynolds stress) and pressure gradients, the
characteristic time for the L-H transition would determined by the time scale of the energy
transfer between different turbulent scales (i.e. the turbulence correlation time). Recent
experiments in JET have shown that the improvement in the core region after the L-H
transition at the edge plasma region can take place in a time scale of the order of 1 ms with a
speed in excess of 150 ms-1 [155]. These time scales are much shorter than the time scale of
the diffusive transport.
The characteristic time scale for non-linear (local and non-local) energy transfer between
different turbulent scales is likely in the order of a few correlation times of turbulence (τtur ≈10
– 100 µs). On the other hand the average radial correlation of fluctuations is of the order of ρtur
≈1 cm. In these conditions, and provided that transport is near a marginal stability point, the
radial speed of transport perturbations would be order of vtur ≈ ρtur / τtur ≈ 100 – 1000 m s-1.
This estimation shows the fast changes in transport could be easily understood in the
framework of transport near marginal stability.

4.8 - Dynamical coupling between turbulent transport and parallel flows in the JET
plasma boundary region
The mechanisms underlying the generation of plasma flows play a crucial role to understand
transport in magnetically confined plasmas [156]. In the scrape of layer flows along the field
line is a key element to understand impurity transport and plasma recycling [157].
Furthermore, plasma flows are an important ingredient to access to improved confinement
regimes, both in edge and core transport barriers [158]. Simulations of plasma flows have
been previously investigated including the effects of diamagnetic, ExB and B×∇B drifts
[159,160,161]. Pfirsch-Schlüter flows have been proposed to explain parallel flow reversal
measured in the JT-60U tokamak [162]. In general, calculated SOL flow profiles can
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qualitatively reproduced the radial shape of the experimentally measured radial profile of
parallel flows. However, the amplitude of measured parallel flows is significantly larger than
those resulting from simulations. These findings might suggest that there is a missing
ingredient in previous simulations to explain the generation of parallel flows in the plasma
boundary of the plasma.
The importance of plasma turbulence broadband turbulence in the plasma boundary
region in magnetically confined plasmas is well known since decades ago [163]. Fluctuations
are usually dominated by frequencies below 500 kHz, with large fluctuation levels in density
and potential. As a consequence turbulent radial transport can account, in some cases, for an
important part of the particle flux in the plasma boundary region. Turbulence can also modify
transport affecting the radial structure of poloidal flows. This mechanism can explain the
property of sheared poloidal flows and fluctuations organize themselves near marginal
stability reported in the edge of tokamaks and stellarators [164].
A new approach to study the relation between gradients and transport, based on the
investigation of the dynamical coupling between turbulent transport and gradients, was
presented on previous sections. This approach had emphasized the importance of the
statistical description of turbulent transport in terms of probability density functions.
This section reports experimental evidence of parallel flows dynamically coupled to
radial turbulent transport, showing that turbulence can drive parallel flows in the plasma a
boundary region of magnetically confined plasmas.

4.8.1 - Experimental results
Plasma profiles and turbulence have been investigated in the JET boundary region using a fast
reciprocating Langmuir probe system located on the top of the device. The new Mach probe
head was used, allowing the simultaneous investigation of the radial structure of fluctuations
and parallel Mach numbers. Plasmas studied in this paper were produced in X-point plasma
configurations ohmic plasmas with toroidal magnetic fields B = 2 T, Ip = 2 MA.
From the raw data it can be seen that Probability Density Functions (PDFs) for parallel
flows and transport are quite different (Fig. 4.63). Whereas PDFs for transport show clear
non-gaussian features, with large and sporadic burst, PDFs of parallel flows look, at first
sight, rather gaussian.
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Fig. 4.63: Time evolution of ExB turbulent transport and parallel flows in the JET Scrape-off-Layer region (r –
rLCFS ≈ 3 cm, mid-plane).

Fig. 4.64: Expected number of the parallel Mach number versus local turbulent transport.

Figure 4.64 shows the expected value of the parallel Mach number for a given turbulent
transport in the Scrape-of-Layer region (r-rLCFS = 0.5 – 2 cm). The results show that turbulent
transport and parallel flows are dynamically coupled. The expected value of parallel flows
significantly increases as the size ExB turbulent transport events gradient increases.
The interplay between the statistical properties of turbulent transport and parallel flows
has also been investigated at different time scales. In order to do this, we have constructed
time records with a time resolution ∆N, by averaging over blocks of ∆N elements from the
original time series. The original time series has about 80 ms (i.e. about 40.000 points).
Figure 4.65 shows PDF of turbulent fluxes after averaging the original time series ∆N in the
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range 2- 80 µs. The shape of PDFs of transport is significantly modified as the averaging
parameter (∆N) increases: negative transport events are reduced and the shape of the tail of
the distribution changes in agreement with previous observations [165]. At time scale
decreases (e.g. ∆N increases) the PDF of transport is mainly dominated by outwards transport
events and the dynamical coupling between transport and parallel flows becomes stronger.
This result suggests that low frequencies have a dominant effect on the link between parallel
flows and turbulent transport.

Fig. 4.65: PDFs of parallel Mach numbers versus turbulent transport and turbulent transport computed at
different time scale (2-80 µs).

4.8.2 – Discussion
On the basis of the present results, and considering the previous observation in the SOL
region of the JET tokamak, we have to conclude that the bursty and strongly non-gaussian
behaviour of turbulent transport is strongly coupled with fluctuations in gradients and parallel
flows. This dynamical coupling reflects that parallel flows are, at least partially, by turbulence
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mechanisms. This observation is consistent with recent models which has pointed out the role
of turbulence on toroidal momentum transport [166] to explain the onset of spontaneous
rotation in tokamak plasmas [167].
Considering that significant plasma turbulence has been observed both in the edge and
core plasma regions in fusion plasmas, the present results might have a strong impact in our
understanding of parallel momentum transport in fusion plasmas. Particularly interesting will
be to investigate the link between magnetic topology (i.e. rational surfaces) and parallel flows
driven by turbulence. Because fluctuations are expected to show maximum amplitude at the
rational surface, a significant radial variation in the magnitude of parallel flows would be
expected on the basis of the results reported in this paper. This mechanism can provide
sheared parallel flows linked to the location of rational surfaces which could be an ingredient
to explain the spontaneous formation of transport barriers near rational surfaces in fusion
plasmas [168] .

4.9 - Edge Localized Modes and fluctuations in the JET SOL region
Understanding the impact of edge localized modes (ELMs) induced particle and energy fluxes
in the divertor plates remains as one of the major concerns in the fusion community for future
devices like ITER. ELMs are repetitive fluctuation activity which appears, in addition to
residual small-scale turbulence, near the edge plasma in improved confinement regimes in
magnetically confined plasmas. ELMs affect both energy and particle confinement decreasing
the plasma energy and particle content [169]. Therefore, ELMs can provide particle control in
improved confinement regimes. However, large amplitude ELM might lead to unacceptable
power loads in the divertor plates when extrapolated to next step devices [170]. The possible
link between the amplitude and the radial propagation of ELMs might have an important
consequence in the extrapolation of the impact of ELM in the divertor plates on future
devices. From the analysis of the X-ray signals on previous experiments carried out in JET
with the MK-I divertor, strong evidences of ELMs exhibiting propagation velocities far from
the diffusive values were obtained [171].
This section presents the investigation of the radial propagation of ELMs in the JET
scrape off layer (SOL) region.
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4.9.1 - Experimental results
The radial propagation of ELMs and the structure of fluctuations were studied in the JET SOL
region using Langmuir probes located in the upper part of the device. The experimental set up
consist of arrays of Langmuir probes radially separated 0.5 cm, allowing a unique
investigation of the propagation of ELMs events and fluctuations with good spatial (0.3 cm)
and temporal (2 µs) resolution. Plasma fluctuations are investigated using standard signal
processing techniques and 500 kHz digitisers. Plasmas studied in this section were produced
in X-point plasma configurations with toroidal magnetic fields B = 1 - 2.5 T, Ip = 1 - 2 MA,
PTotal = 2 - 13 MW (H-mode plasmas).
The frequency spectra of density and potential have been investigated during the ELMs
occurrence. Modifications in the frequency spectra of fluctuations have been observed before
and after the arrival of the ELM event propagation. In particular, bursts in frequency spectra
(50 – 100 kHz) have been detected after the ELM arrival in potential signals but not in density
signals.

Fig. 4.66: Time evolution of the ion saturation current as measured by two probes radially separated during the
ELM propagation in the SOL region (B = 1 T, I = 1 MA).

Figure 4.66 shows the time evolution of the ion saturation current as measured by two probes
radially separated during the ELM propagation in the SOL region (B = 1 T, I = 1 MA). The
response of ion saturation current and potential signals show an increase followed by decay
during ELMs. However, it should be noted that the shape of ELMs, as measured by Langmuir
probes with high frequency ADCs, shows clear high frequencies structures. We denote the
initial sharp change in the time evolution of the ion saturation current traces by the time of
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arrival of the ELM event propagation. Typical time delays for the time of ELMs arrival are in
the range of 2 - 10 µs for sensors radially separated 0.5 cm. This implies a radial velocity in
the range of 1000 m/s.
Perturbations in ion saturation current and potential signals induced by the appearance
of ELMS are observed up to 7 cm beyond the LCFS in the SOL region (Fig. 4.67). This result
implies that the ELMs convective SOL-width is much broader than the typical SOL-width
measured during time intervals between ELMs (about 1 cm).

Fig. 4.67: Radial profiles of ion saturation current during and between ELMs.
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The PDF of fluctuations in gradients is strongly affected by the presence of ELMs events.
They show much stronger non-gaussian features in ELMy plasmas than in L-mode plasmas
(Fig. 4.68). A strong coupling between ExB transport, fluctuations in the radial gradient and
ELMs is also observed (Fig. 4.69). Figure 4.70a shows the expected value of the radial
effective velocity versus fluctuations in the radial gradient (∇ ˜Is / σ ).
Radial effective velocities increase up to 2000 m/s during ELMs. Furthermore this
radial velocity is consistent with the ExB velocity as shown in figure 4.70b. The present
experimental results suggest that the radial velocity of ELMs increases with the ELM size.
Large transport events seem to have also an associated poloidal velocity, computed from the

(a.u.)

Er x B velocity (Er being the radial electric field) (Fig. 4.70c).
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Fig. 4.69: Time evolution of Hα, radial gradients ( ∇ Is ) and ExB transport signals on H-mode plasmas

The radial structure of radial perturbations and velocities associated with ELMs has
been investigated using Langmuir probe signals measured at different radial location in the
~
SOL region (Fig. 4.71). Raw data show that the size of the radial perturbation ( ∇ Is ) linked to
ELMs decreases as increasing the distance to the LCFS. However, experimental results shows
that the maximum radial speed of ELMs does not significantly depend to the distance to the
LCFS [r - rLCFS = (1 – 6) cm] (fig. 4.72a), suggesting a ballistic rather than diffusive
propagation mechanism in the SOL region. The large radial speed of ELM might partially
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explain experimental results showing that only about 50 – 80 % of the energy losses due to
large type I ELMs arrives to the divertor plates [172].
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Fig. 4.70: (a) Effective radial velocity versus fluctuations in the radial gradient; (b) Poloidal electric fields versus
radial gradient. Measurements were taken at r-r LCFS ≈1 cm.

The effective radial velocity of ELMs transport events in JET is rather similar to the radial
velocity of ELMs previously reported in spherical tokamaks [173] and of large transport
events reported in L-mode plasmas [174] (fig. 4.73). Interestingly this value is rather close to
the speed of 200 m/s reported during the evolution of transport through the L-H transition in
JET [175]. However, ELMs radial speed in the SOL is much larger than the effective radial
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velocity of simplified simulations of diffusive transport in the SOL region. These results
suggest the existence of different transport mechanisms for small and large transport events
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(non-diffusive) in the JET plasma boundary region.
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Fig. 4.74: Time evolution of ion saturation current on the ion and electron drift sides of a Mach probe.

Mach probe measurements have shown that during the appearance of ELMs, perturbations in
the ion saturation current are larger (about a factor of 3) in the probe facing the outer divertor
(e.g. region of bad curvature) than in the probe facing the inner divertor (e.g. region of good
curvature) (fig. 4.74). This result implies that ELMs have strong ballooning character. This
result might reflect the strong ballooning character of ELMs but it also suggests that parallel
flows are strongly affected by fluctuations. This conclusion is consistent with recent results in
JET showing a dynamical coupling between turbulent transport events and parallel flows.
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4.9.2 - Discussion
The shape of ELMs shows evidence of fine high frequency structures propagating radially.
Effective radial velocities in the range of 1000 m/s have been obtained. Experimental results
also suggest a link between the radial velocity and the size of transport events. These results
imply that ELMs arrival time to the plasma wall can be comparable to, or even smaller than,
the characteristic time of transport to the divertor plates (in the range of 0.1 – 0.5 ms). In these
circumstances we have to consider the competition between parallel and radial transport of
ELMs to explain and predict particle and energy fluxes onto the divertor plates in ITER.
Parallel flows show a transient increase during the appearance of ELMs, providing evidence
of a coupling between parallel dynamics and radial transport.
The possible link between the amplitude and the radial propagation of ELMs might
have an important consequence in the extrapolation of the impact of ELM in the divertor
plates on future devices. A systematic investigation of the link between the radial propagation
and the size of ELMs is in progress in plasma regimes with different ELMs properties (i.e.
amplitudes, frequencies) in JET.
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Chapter V -CONCLUSIONS

5.1 - Conclusions
Previous results indicted that, near the naturally occurring velocity shear layer, plasmas
organizes itself to reach a condition in which the radial gradient in the poloidal phase velocity
of fluctuations is comparable to the inverse of the correlation time of fluctuations (1/τ). This
result suggested that there is no continuous increase of the ExB flow when approaching the
critical power threshold for the transition to improved confinement regimes and that ExB
sheared flows organized them to be close to marginal stability (i.e. ωExB ≈ 1/τ). This result, in
order of magnitude, seems to be independent of the device geometry and dimension, being
verified for tokamaks and stellarators of different sizes. Whereas this property is consistent
with turbulent driven fluctuating radial electric fields, it looks difficult to explain in which
way other mechanisms, like those based in the concept of ion orbit losses, can allow poloidal
sheared flows and fluctuations to reach marginal stability. Driving mechanisms of poloidal
flows via fluctuations (like Reynolds stress and Stringer spin-up) have been pointed out as
candidates to verify this condition [109]. Actually, experiments carried out in the plasma
boundary of JET tokamak have shown that the electrostatic Reynolds stress component shows
a significant radial gradient near the velocity shear layer, implying that this mechanism can
drive significant poloidal flows in the plasma edge region (section IV).
This thesis presents a new approach for the measurement of turbulent fluxes and time
dependent ExB sheared flows based in the measurement of fluctuations in the phase velocity
of fluctuations in the JET plasma boundary region. The experimental results reinforced the
idea that, in some conditions, fluctuations in the phase velocity are linked with fluctuations in
radial-poloidal electric fields. Although, these results are not fully conclusive they suggest
that the measurement of ExB turbulent transport in the plasma core region might be achieved
from measurements of density at different radial locations and that time dependent radial
electric fields and ExB shearing rates can be computed in the plasma core from measurements
of density fluctuations. It is important to emphasize that further experiments are clearly
needed with over sample signals (2 – 5 MHz) to increase the time resolution in the
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computation of velocity fluctuations. A comparison with numerical simulations could provide
an important input to clarify the validity of the computation of transport from phase velocity
fluctuations in plasma with different instabilities (ITG, drift waves, …). Using the same
mathematical method the time dependent ExB sheared flows were computed. It was observed
that time dependent ExB sheared flows (5 – 40 kHz) are in the range (1 – 3) x 105 s-1 which
turns out to be close to the inverse of the correlation time of fluctuations. Together with the
previous results on the naturally occurring velocity shear layer this result shows that
fluctuating ExB flows with shearing rates close to the critical value to regulate turbulent
transport are already developed well below the L-H power threshold.
It was demonstrate that the PDFs of transport that the statistical properties of turbulent
transport both in TJ-II and JET devices show a striking empirical similarity in the plasma edge
region in fusion plasmas. Experimental results show that PDFs of turbulent flux can be
rescaled assuming a “finite size scaling” functional form [176, 177], PDF(ΓExB) = L

–1

g(ΓExB/L), where L is a scaling factor. Experiments performed in TJ-II in different operational
regimes (different magnetic well level) and JET (density scan) showed a linear relation
between the scaling factor (L) and the root mean squared (rms) value of the turbulent flux.
Interestingly, recent theoretical works on the probabilistic occurrence of ELMS and crashes
[178], on the transition probability to turbulent transport regime [179] and on the statistical
theory of subcritically-excited strong turbulence uses as parameter the turbulence level which
is directly related with the loss rate [180-184]. This finding has been observed in fusion
devices with different magnetic topology and heating supporting the view that plasma
turbulent transport displays universality. This kind of rescaling holds at different time scales in
which the functional form of the PDF changes and at the longer time scale turbulent transport
is fully dominated by the outward flux events. Previous studies have shown that self-similar
properties of the PDF of transport changes from the so-called fluctuation time scale to the
mesoscale time scale [185] (a mesoscale is a length scale intermediate between that of the
global inhomogeneity and the microscopic fluctuations). Furthermore, these findings are in
agreement with the empirical similarity in the frequency spectra of fluctuations previously
reported in different fusion plasmas and suggest that turbulent transport evolve into a critical
state that shows a similar behaviour in the distribution function of transport events,
independently of details of the free energy source driving fluctuations. Frequency spectra of
fluctuations can be re-scaled using the expression, P(ω) = P0 g(λ ω), where λ and P0 are
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parameters to be determined for each device. The re-scale probability density function of
transport exhibits the same behaviour over the entire amplitude range of transport events. PDFs
of ExB turbulent transport show sporadic events with high radial coherence.
The investigation, carried out on JET and ISTTOK tokamaks and TJ-II stellarator, on
the dynamical interplay between fluctuations in gradients, turbulent transport and radial
electric field has shown that these quantities are statistically strongly coupled. The bursty
behaviour of turbulent transport is linked with a departure from the most probable radial
gradient and ExB transport events and total transport are minimized near the average gradient.
The relaxation time of transport events as well as the correlation time between fluctuations in
the radial structure and ExB turbulent transport is comparable to the turbulent correlation
time. The dynamical relation between fluctuations in gradients and transport is strongly
affected by the presence of sheared poloidal flows, heating power and the proximity to
instability thresholds: the size of large transport events decreases in the proximity of sheared
flows and increases with heating power and in the proximity of instability thresholds.
It was shown that transport events, related with small departures from the most probable
local gradient, propagates radially with an effective velocity of about 20 m/s, with is
consistent with simplified simulations of diffusive transport in the SOL region. On the
contrary, large transport events, related with significant departures from the most probable
gradient, propagate radially with an effective velocity up to 500 m/s. These results strongly
suggest a link between the size of transport events and the nature of transport (diffusive
versus non-diffusive) in the plasma boundary region. The observed non-monotonic relation
between transport and gradients and the link between the most probable gradient and the
minimum in ExB turbulent transport is consistent with different transport mechanisms
expectations (i.e. diffusive-like models, critical gradients). This result would reflect the
influence of an increase in the free energy source on transport. On the other hand, the increase
in the amplitude of transport events transport as gradients decrease is difficult to explain on
the basis of pure diffusion-type transport mechanisms.
The results seem to demonstrate that transport and gradients organized themselves to be
at the threshold of a bifurcation point in L-mode plasmas (Fig 5.1). From this perspective, the
present experimental results are consistent with the concept of turbulent transport selfregulated via fluctuations near marginal stability at the threshold of second order critical
transitions.
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However, the non-monotonic dynamical relation between ExB transport (ΓExB) and gradients
(∇ ˜Is ) may be also partially due to the direct (and linear) link between ΓExB and ∇ ˜Is through
density fluctuations. Further studies of the dynamical link between heat transport and
gradients are needed to support the interpretation of the present experimental results on the
basis of transport and gradients organized themselves near a bifurcation point.
It was shown evidences that the bursty and strongly non-gaussian behaviour of turbulent
transport is also strongly coupled with fluctuations in parallel flows. This dynamical coupling
reflects that parallel flows are, at least partially, driven by turbulence mechanisms. This
observation is consistent with recent models which have pointed out the role of turbulence on
toroidal momentum transport to explain the onset of spontaneous rotation in tokamak

fluxes (t)

plasmas.

relaxation time -

τturbulence

average gradient

gradient (t)
Fig. 5.1: The dynamic dependence of ExB turbulent transport against the radial gradient of density fluctuations
according to the present experimental results

The statistical properties of the radial and poloidal correlation of the floating potential
fluctuations and ExB transport were studied. It was shown that the shear layer reduces the
amount of radial sacales involved on the fluctuations which appears as a stretching on the
PDF of the radial correlation both in flucuations and transport. Similar phenomena appears in
the poloidal correlation. However, particular care must be taken in this case due to the plasma
rotation that correlates fluctuations on the poloidal direction. Despite of the limitations due to
the averaging over 100 µs time window it was shown that highly correlated events are
associated with radial effective velocities around 100 m/s. The PDFs of the radial and
poloidal correlations are similar for ohmic and L-mode plasmas leading to the conclusion that
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the key ingredient is the distance to the shear layer rather than the heating power. This result
is compatible with previous results showing the existence of a natural occurring shear layer
near the Last Closed Flux Surface. It was shown that the presence of instability thresholds also
affects the statistical properties of the radial correlation. The decorrelation is more ineffective in the
proximity of instability thresholds.

Based on the previous results a synergy between fluctuations driven flows (e.g. Reynolds
stress) and pressure gradient driven flows was suggested to trigger the transition to improved
confinement regimes. In the framework of this interpretation, the transition to the improved
confinement regime would be characterized by a critical heat flux which shows a direct
dependence with plasma density, magnetic field, transport and ion charge. Fast changes in
transport can also be interpreted in the framework of transport near a marginal stability
condition. The results are in agreement with the parametric dependences of the power
threshold reported in tokamak plasmas [186]. The dependence with the ion charge (Zi) is
consistent with the increase of the power threshold in He plasmas as compared with D plasmas
[187].
The developed statistical methods were extended to signals from discharges with ELMs.
The experimental results imply that ELMs arrival time to the plasma wall can be comparable
to, or even smaller than, the characteristic time of transport to the divertor plates (in the range
of 0.1 – 0.5 ms); in these circumstances we have to consider the competition between parallel
and radial transport of ELMs to explain and predict particle and energy fluxes onto the
divertor plates in ITER. The large radial speed of ELMs might explain experimental results
showing that only about 60 % of the energy losses due to large type I ELMs arrives to the
divertor plates [188].
The possible link between the amplitude and the radial propagation of ELMs might
have an important consequence in the extrapolation of the impact of ELM in the divertor
plates on future devices. A systematic investigation of the link between the radial propagation
and the size of ELMs is in progress in plasma regimes with different ELMs properties (i.e.
amplitudes, frequencies) in JET.
The results presented on this thesis emphasize the importance of the statistical
description of transport processes in fusion plasmas as an alternative approach to the
traditional way to characterize transport based on the computation of effective transport
coefficients (i.e. diffusion coefficients) and on average quantities (i.e., average correlation
lengths).
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A Multiple Cell Array Detector (MCAD) was developed for the TJ-II stellarator Heavy
Ion Beam Probe. This detector will allow the measurement of density fluctuations on the
plasma allowing the extension of our methods to the plasma core. It will begin operation on
2003. The detector was projected to allow the Heavy Ion Beam also be used with an energy
analyser for plasma potential measurements. In the future the simultaneous operation of these
detection systems will be considered.

5.2 - Future work
The results are consistent with the paradigm of self-regulated transport near marginal stability
and emphasize the importance of the characterization of the link between probability density
functions of fluctuating parameters to test critically edge turbulence models. Despite of the
evidences presented on this thesis, it is important to stress that further experiments are needed
to support the interpretation of the present experimental results on the basis of transport and
fluctuations organized themselves near a bifurcation point. Particularly important will be to
study the dynamic interplay between the radial structure of fluctuations and conductive energy
transport (proportional to the cross-correlation between temperature and poloidal electric field
fluctuations). In this way the direct (a linear) link between ExB turbulent and the statistical
properties of fluctuation in gradients will be avoided. Comparative studies between different
fusion confinement devices would also be very useful. Equally important will be the use of
more sophisticated statistical methods for analysing the coupling between different parameters.
This is an area where the collaboration with persons from other fields, in physics or
mathematics, can significantly contribute with different and less biased views of the problem.
Work is being carried on this direction and contacts were made with researchers from the
University Carlos III (Madrid).
Experiments are in progress to investigate the validity of “finite scaling re-scaling laws”
of turbulent transport in the plasma core region in fusion plasmas. Particularly interesting will
be the data collected from TJ-II heavy ion beam probe. Some doubts remains whether the
method proposed for measuring turbulent fluxes through fluctuations propagation can be
extrapolated to the plasma core. Nevertheless, the beginning of operation of TJ-II HIBP results
will be a source of new results to analyse.
Considering that significant plasma turbulence has been observed both in the edge and
core plasma regions in fusion plasmas, the present results might have a strong impact in our
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understanding of parallel momentum transport in fusion plasmas. Particularly interesting will
be to investigate the link between magnetic topology (i.e. rational surfaces) and parallel flows
driven by turbulence. Because fluctuations are expected to show maximum amplitude at the
rational surface, a significant radial variation in the magnitude of parallel flows would be
expected on the basis of the results reported in this paper. This mechanism can provide
sheared parallel flows linked to the location of rational surfaces which could be an ingredient
to explain the spontaneous formation of transport barriers near rational surfaces in fusion
plasmas.
A systematic investigation of the link between the radial propagation and the size of
ELMs is in progress in plasma regimes with different ELMs properties (i.e. amplitudes,
frequencies) in JET. More experiments need to be done to see whether the fast turbulent
fluxes of particles to the wall carry enough energy to be considered on the computation of
ELM impact on ITER divertor.
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Appendix - SIGNAL ANALYSIS AND MATHEMATICAL METHODS

In this chapter a brief review will be made about the signal analysis methods used throughout
the work. A more general view can be found in classical books of Statistics, Probability and
Signal Analysis.
A signal is a time series of values that corresponds to a given magnitude sampled in
different time instants or spatial positions. Most of the studied signals are, at a first glance,
similar and noisy. The main objective of the analysis is to extract enough information to allow
differentiation and comparison between signals and to put in evidence the underlying physics.
The techniques exposed will be applied to turbulent signals from the periphery plasma in
fusion devices. Although not trying to be extensive and go deeply into the characteristics of
each technique, this chapter intents to highlight the used methods. Such techniques are useful
for a given propose on the turbulence study and in much of the cases the techniques
complement each other. Working in time or frequency space can highlight different physical
mechanisms of the studied phenomenology.

A.1 - Signal conditioning
The signal must be subjected to some processing previously to the analysis to allow the
comparison between different signals. The pre-processing consists of:
a) Verifying if the signal is stationary: All the moments of the signal should be constant in
time. From the practical point of view it is impossible to verify that condition and usual it is
reduced to the lowest order momentums (mean and variance).
b) Eliminate the average value of the signal: In most of the cases only the fluctuations around
the average value of the signal are important. Therefore the average value is subtracted
previously to any analysis.
c) Normalization of data to the variance: Is useful to compare signals with different properties
to normalize the typical deviation to 1 so that the different in that moment do not mask other
interesting effects.
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Apart from this standard pre-processing, other sophisticated methods can be used such
as:
Drift elimination (also known as trend elimination): When a drift affects the signal, the
signal is obviously no stationary. Eliminating the drift through a linear fitting a stationary
signal can be obtained. This process should not be done automatically if no a priori reason
exists for the drift to appear;
Signal filtering for frequency components elimination: this pre-processing is more or
less an extension of the previous one. Low frequency filtering, with a high-pass filter can
solve the drift problem. As before some care must be taken when eliminating spectral
components being only advised when their cause is well known.

A.2 - Statistical approach
The large amount of information contained in a time series often mislead the results taking
out the focus from the important information it contains. Therefore, the jump to a statistical
description of the data highlights details contained on the signals, reflecting the overall
behaviour of the measured parameter and allowing direct comparison between different
discharges. Within the statistical methods those used throughout this thesis and requiring
definition will be presented on this section.

A.2.1 - Probability density function
Given one random series {xi}, with i=1,…,N, the Probability Density Function (PDF) is
defined as a function such that for each x, p(x) is the probability that the random variable take
values on the interval [x-dx/2,x+dx/2].
For a random variable the Distribution Function is defined as a function P(x) where the
probability x of the random variable takes a value minor or equal then x, meaning
x

P( x) = ∫ p(t )dt
−∞

so,
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(eq. A.1)

p( x) =

dP( x)
dx

(eq. A.2)

The Probability Density Function and the Distribution Function of a random variable have all
the statistical information concerning that variable.
The moments of a probability distribution are defined as

[ ]

∞

M n = E x n = ∫ p ( x) x n dx

(eq. A.3)

−∞

where E[] stands for the expected value. For n=1 is usual to call the first moment, the second
moment for n=2 and so on.
The definition can be even more general and can be applied for any quantity derived
from xi. For each quantity C(x), the expected value (or average value) can be defined as
∞

E [C ( x)] = ∫ p ( x)C ( x)dx

(eq. A.4)

−∞

The distribution moments fully determine the form of the functions P(x) and p(x). If all
the moments are known, P(x) and p(x) are also known.
Usually the central moments of the distribution are used
∞

M c1 = E[x ] = ∫ p ( x) xdx
−∞

[

]

∞

M cn = E ( x − M c1 ) n = ∫ p ( x)( x − M c1 ) n dx ,
−∞

n >1

(eq. A.5)

The first central moments of the distribution have own names: Mean or average value
(n=1), variance (n=2), skewness (n=3) and kurtosis (n=4). Usually the third and fourth
moments appears normalized with the two first. The remaining definition is
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µ = E [x ]

[

]

σ 2 = E (x − µ) 2
1
S = 3 E (x − µ)3
σ
1
K = 4 E (x − µ) 4
σ

[

]

[

]

(eq. A.6)

It is convenient a brief explanation about the meaning of each moment of the
distribution. The mean is a well-known quantity. The second moment, the variance, represents
the width of the distribution and the square root, the standard deviation, is used as a
measurement of the error in the estimation of the average value of the distribution from a
sample. As the variance, the kurtosis and all even moments of superior order are a
measurement of the width of the distribution. As higher the momentum order more important
is the weight of the large amplitude events, given more importance to the tales of the
distribution. For a Normal distribution the kurtosis is equal to three (K=3). For this reason
some authors define the kurtosis as in the formula minus the value that it takes for a normal
distribution, and can be used as a representation of the deviation of the distribution respect to
a Normal distribution. If the kurtosis is bigger than 3 (known as leptokurtic), it means that the
distribution has tales larger than a Normal distribution, meaning that asymptotically it decays
slower; for a kurtosis minor than 3 (platikurtic) has the opposite meaning.
The moments of odd order measure the asymmetry of the distribution with respect to
the mean. As equal for the even moments as higher the order, higher is the importance given
to the tales of the distribution. For a Normal distribution, the third moment, skewness, takes 0
as value because the distribution is symmetric with respect to the mean value. One
distribution with positive skewness has asymptotic decay slower than the average for values
above the mean. If the skewness is negative the decay is slower for amplitudes smaller than
the mean
In reality, for a given signal x(t) the totality of the values that it can takes is not known
but only a finite sample of the population. The estimation problem consists in given
approximate values for the moments of the distribution from the known sample. The estimator
will be represented with a ^ signal to differentiate from the estimated quantities
For a series of samples xi (i=1,…,N) of a signal, the probability density function can be
estimated as the appearing frequency of the values xi on the sampling
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f ( A) =

NA
N

(eq. A.7)

where NA is the number of samples with values on the interval [A-∆x, A+∆x] and N is the
sample total number.
The statistical estimators can be obtained from these frequencies as
A ~ max

∑ f ( A) A

µˆ =

A = A min

σˆ 2 =

A max

∑ f ( A)( A − µˆ )

2

A = A min

1
Sˆ = 3
σˆ
1
Kˆ = 4
σˆ

(eq. A.8)

A max

∑ f ( A)( A − µˆ )

3

A = A min
A max

∑ f ( A)( A − µˆ )

4

A = A min

or, directly as

1 N
∑ xi
N i =1
1 N
σˆ 2 = ∑ ( x i − µˆ ) 2
N i =1
1 N
Sˆ =
( x i − µˆ ) 3
3 ∑
Nσˆ i =1
µˆ =

Kˆ =

1
Nσˆ 4

N

∑ (x

i

− µˆ ) 4

i =1

(eq. A.9)

Usually, the terminology consistent estimator is used to classify those estimators whose the
expected value approaches the true moment when the sampling dimension increase.

A.2.2 - Conditional probability
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The concept of conditional probability is related with the concept of simultaneity of events.
The joint probability Pij of the two variables A and B is given by
Pij = P(A i , B j ) = N ij / N

(eq. A.10)

where Nij is the number of events that occur in the interval (Ai , Ai+∆A) and (Bi , Bi+∆B) and
N the time series dimension. ∆A and ∆B are the bin dimensions of A and B time series,
respectively, where the indices stand for i-th (or j-th) bin average value. If A and B are events
with joint probability P(A,B), the conditional probability
P(A|B)=P(A,B)/P(B)

(eq. A.11)

may be interpreted as the expected fraction of the times when B occurs that A also occurs.
The value of P(A|Β)∆A is the fraction of the power at a value B that is due to fluctuations
with A in the range A to A+∆A. If A and B are independent then P(A|B)=P(A) and the joint
probability reduces to the product of two marginal probabilities. The expected value of A for
a given value B is defined as

∑P B
E[A | B] =
∑P
ij

i

i

ij

i

(eq. A.12)

and represents the average value of the probability distribution of A if B occurs. It can be
shown that the conditional expectation E[A|B] of a random variable A given a random
variable B is the minimum mean squared estimate of A given B. This can be written as
Aˆ ( B) = E[ A | B]

(eq. A.13)

which is a very suitable relation to highlight dependences between two variables and will be
extensively used on the experimental results to discover the dependence between different
plasma parameters. Similar distributions and statistical estimators can be calculated for three
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different time series. The error on the estimation of this expected value can be computed as
the variance of each marginal distribution.
Although not extensively used, this method was recently applied to quantify the stockprice response to demand fluctuations where reminiscences of phase transitions were found
[189].

A.3 - Spectral analysis
Given a fluctuating signal x(t) the Fourier transform or Fourier spectrum is a function of the
frequency X(ω) defined by

X( ω ) = ∫

∞

−∞

x( t )e −iωt dt

(eq. A.14)

For the case of finite number of samples of the signal the previous definition must be
rewritten. For N samples of a signal in different times tk, where tk=t0+k∆t, where ∆t is
sampling period of the signal. In these conditions the Fourier spectrum of the signal can be
estimated by

1
X( ω ) = N

N

∑ x( t k )e −iωt

k

k =1

(eq. A.15)

Fast Fourier Transform (FFT) algorithms can be used for fast determination of the
Fourier spectrum. Using FFT methods from N points of a sampling signal can be calculated N
Fourier coefficients, N/2 for positive frequencies and N/2 for negative frequencies. The
positive and negative frequency coefficients are related due to symmetry properties in the real
signal spectrum.
According to Nyquist sampling theorem the maximum frequency whose coefficient can
be calculated on these conditions, known as Nyquist frequency, is

fN =

1
2∆t
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(eq. A.16)

and the N/2 Fourier coefficients are calculated for the frequencies

fk = k

1
N∆t

with

k = 1, 2 , ...,

N
2

The spectrum calculated through this method is an estimation of the true spectrum given
by the integral equation and the estimation will be better with the increase of statistics used.
To increase the reliability of spectral estimation by FFT one of the following methods can be
used
a) Calculate the FFT spectrum for all the data and smooth the result averaging over m
contiguous Fourier coefficients to obtain one value of spectrum for each m. The frequency
resolution decreases in one factor m but the reliability of estimation increases the same
proportion.
b) Divide the signal in realizations of N points; calculate the spectrum for each realization;
average over all realizations.
Both methods are equivalents but the second method requires less computational time.
The finite dimension of the signal constitutes a problem once that in the integral
equation the limits of integration are infinite. Except in the case where the signal is periodic
(it is enough to analyse one period of the signal), the signals are not periodic although they
can be considered as such case a large sampling period is taken. When a FFT is computed for
a signal with a low number of samples some crossover happens for contiguous coefficients,
which can be minimized applying one window function with a smooth decay to the extremes
of the interval before FFT computation.
The power spectrum or spectral density of a signal x(t) is defined as

[

]

Pxx ( ω ) = P( ω ) = E X( ω )X* ( ω )

(eq. A.17)

where * means complex conjugate and E[] stands for expected value. Equally the cross
spectrum of two signals x(t) and y(t) can be defined as

[

]

Pxy ( ω ) = E X( ω )Y* ( ω )
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(eq. A.18)

These quantities can be estimated dividing the signal in realizations and averaging over
all realizations
M

1
Pxy ( ω ) = M
∑ X ( i ) ( ω )Y ( i )* ( ω )
i =1

(eq. A.19)

being M the number of realizations.

A.4 - Bispectral analysis of fluctuations
By comparison with neutral fluids it would be expected a redistribution of energy between
different scales of spectrum in turbulent states of fusion plasmas. Large spectrum is observed
with frequency/wavenumber amplitude out of the ranges known as unstable, indicating the
existence of some mechanism of interaction between modes responsible for the redistribution
of energy from the unstable scales (high frequency) to others where the dissipation is higher
(low frequencies). Those redistribution mechanisms can affect indirectly the fluctuation
induced particle and energy transport. Some theoretical models on plasma physics predict no
linear interactions between modes.
Bispectral analysis [190] have been useful to clarify when different scales/frequency
are independent or have non-linear interactions between each other. A phase coupling is
defined to occur when two frequencies, ω1 and ω2, are simultaneously present in the signal(s)
along with their sum (or difference) frequencies, and the sum of the phases φ of these
frequency components remains constant. Those techniques are based on phase relations
between different spectral components and are outside the range of traditional spectral
analysis techniques such as Fourier analysis or signal correlations.
Formally the bispectrum of a signal is defined as

[

]

B( ω1 , ω 2 ) = E X( ω1 )X( ω 2 )X* ( ω3 )

The bispectrum is a complex quantity and the phase is known as biphase
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(eq. A.20)

 Im g( B( ω1 , ω 2 )) 
 = θ( ω1 ) + θ( ω 2 ) − θ( ω = ω1 + ω 2 )
θ b ( ω1 , ω 2 ) = a tan
 Re( B( ω1 , ω 2 )) 

(eq. A.21)

It was shown that the bispectrum of a signal is related with the third momentum of the
distribution function of the signal (Skewness), the same way that the power spectrum is
related with the second moment (rms). So, for a real signal the real part of the bispectrum
comes from a pair of frequencies

[ ]

E x3 =

∑ Re( B( ω1 , ω 2 )) = ∑ Re( X( ω1 )X( ω 2 )X* ( ω3 ))

ω1 ,ω2

ω1 ,ω2

(eq. A.22)

The complex part of bispectrum represents the contribution of the three frequencies to the
signal asymmetry (temporal asymmetry).
From the statistical point of view the power spectrum and the bispectrum are estimators
of the true values power spectrum and bispectrum of the signal. Those estimators will be
better when the statistics used increase, i.e., when more realizations are used on the average.
The bicoherence spectrum or simply the bicoherence can be defined as

b 2 ( ω1 , ω 2 ) =

B( ω1 , ω 2 )
P( ω )E[X( ω1 )X( ω 2 )]

(eq. A.23)

The bicoherence can also be estimated as
ˆ ( ω ,ω )
B
1 2

ˆb 2 ( ω , ω ) =
1 2

M

ˆ (ω) 1
P
X ( i ) ( ω1 )X ( i ) ( ω 2 )
M∑
i =1

(eq. A.24)

where
M

ˆ ( ω ,ω ) = 1
B
X ( i ) ( ω1 )X ( i ) ( ω 2 )X ( i )* ( ω3 )
1 2
M∑
i =1

186

(eq. A.25)

is the bispectrum and P (ω ) =< X (ω ) X * (ω ) > is the auto-power spectrum. The bicoherence is
a real quantity, defined positive and normalized and is a measure of the amount of phase
coupling that occurs in a signal or between two signals. It varies between 0 and 1 where 1
means the that ω3 entirely results from quadratic coupling of the modes ω1 and ω2 (i.e. a
perfect coherence of phase exists being ω1+ω2 = ω3 and φ1+φ2 = φ3+const.); 0 bicoherence
indicates that the frequency ω3 is statistically independent of the modes ω1 and ω2 being the
phase difference between the three modes randomly distributed over [-π,π] and different
between realizations. Any intermediate value means that the three modes are non-linearly
coupled together in some degree. From the mathematical point of view the bicoherence is a
normalization of the bispectrum to limit the range to the [0,1] interval.
When the analysed signal exhibits structure of any kind, it might be expected that some
phase coupling occur. The bicoherence is a useful quantity for the detection of couple or nonlinear interactions between different modes or frequency/wavenumber components. It has been
shown that the bicoherence is proportional to the coupling constant in some quadratic waveinteraction turbulence models (e.g., drift-wave turbulence in plasmas) [191, 192]. The
calculation in a wavelet approach has been made in [193].
Due to symmetry properties of real signals spectrum, the bispectrum has several
symmetries

X( ω1 )X( ω 2 )X* ( ω3 ) = X( ω1 )X( ω3 )X* ( ω 2 ) = X( ω 2 )X( ω3 )X* ( ω1 )

(eq. A.26)

and it is enough to calculate it on the regions A,B of the plane (ω1,ω2) (fig. 4.1) defined by
A : 0 < ω 2 < ω N y , ω 2 < ω1 < ω N y − ω 2
B : −ω N Y < ω 2 < 0, ω 2 < ω1 < ω N y

In reality the bispectrum on region B is determined by the values on region A, nevertheless
the bicoherence is different because the denominator has not the same symmetry properties of
the numerator.
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With a simple calculation of the bispectrum-bicoherence is not possible to determine the
direction of non-linear coupling once that, due to symmetry properties, the value of the
bispectrum is the same for the three possible combinations

ω1 + ω 2 = ω3 ; ω3 − ω 2 = ω1 ; ω3 − ω1 = ω 2

The bicoherence, as well as the linear coherence, are statistical quantities that only make
sense when averaged in several realizations once that, if calculated for one realization only,
the result would be always 1. If the phase relationship between spectral components varies
randomly between components for each realization, on average, when the bicoherence is
calculated averaging over several realizations, the value is close to zero. To obtain a value
close to 1 is necessary that the phase relationship remains over several realizations.

ω2
ωNy

A

ωNy

B

ωNy
ω1

-ωNy
Fig. 4.1: Frequency space for the bispectrum representation. Due to symmetries on the frequency spectra
the analysis can be reduced to the regions marked as A and B.

A.5 - Wavenumber and frequency spectra estimation
Fluctuations in a plasma are distributed in space and time. Due to turbulence the joint
wavenumber-frequency spectrum S(k,ω) becomes broad and statistical methods are required
to properly describe the plasma fluctuations. The measurement of the spectral density as a
function of frequency S(ω), as a function of wavenumber S(k) or as a function of both
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frequency and wavenumber S(k,ω) is desirable. As already seen on this chapter techniques for
estimating the frequency spectra S(ω) are highly developed and intensively used. It may be
obtained from a single time series, while in most cases the estimation of S(k,ω) or S(k)
requires simultaneous measurements in space and time allowing spatial and temporal Fourier
transform which can be highly disruptive to the experimental phenomenon. Furthermore,
theoretical results are often represented on wavenumber space limiting the comparison with
experimental results. Beall et al. [194, 195] have developed a theory for estimating
wavenumber spectra using fixed probe pairs to estimate the local wavenumber and frequency
spectral density Sl(K,ω). The local wavenumber is analogous to instantaneous frequency in
the time domain and is a highly localized estimate. The local wavenumber spectrum is
defined as the average power associated with a given frequency and local wavenumber,
constituting a good estimate of the conventional spectrum if the amplitude and wavenumber
changes are small over one wavelength and if kmax<2π/∆x. The underlying assumption in this
approach is that the fluctuations in a plasma can be described by a superposition of waves
each being characterized by a relationship k = k(ω) and frequency ω = 2πf, which simplify
substantially the experimental and computational task.
If Φ(x,ω) is one Fourier component of the signal the statistical properties of the
frequency dependent local wavenumber K(x,ω) can be estimated from two fixed probes
located in x1 and x2 separated by a distance χp = x2-x1 by

K ( x, ω ) =

∂
θ ( x2 , ω ) − θ ( x1 , ω )
θ ( x, ω ) ≈
∂x
x2 − x1

(eq. A.27)

where x=(x1+x2)/2 is the average position and θ(x,ω) is the phase of the Fourier component.
The spectral densities H(0,ω), H(χp,ω) and Sl(k,ω) or the approximately equivalent
discrete spectra may be estimated using two probes. Because of the stochastic nature of the
turbulent medium ensemble averaging in time is necessary and the expected values are
estimated averaging over M realizations of length T. Discrete sample spectra with elementary
ˆ ( 0, ω ) ,
bandwidth ∆ω=2π/T are computed for each realization. Averaging yields estimates H
ˆ ( k , ω ) of the true spectral densities times the corresponding bandwidths
ˆ ( χ , ω ) and S
H
p
l
H( 0, ω )∆ω , H( χ p , ω )∆ω and S l ( k , ω )∆k∆ω where the frequency ω is an integral multiple
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ˆ ( k , ω ) can be computed from a single probe ( Sˆ (k , ω ) will be used for the spectrum
of ∆ω. S
i
ˆ ( ω ) can be
from the probe located at xi). Estimates of the statistical dispersion relation K
computed from the conditional spectrum estimate
ˆ ( k ,ω ) / S
ˆ(ω)
ˆs l ( k | ω ) = S
l

(eq. A.27)

The value of s(k|ω)∆k is the fraction of the power at a frequency ω that is due to fluctuations
with wavenumbers in the range k to k+∆k. The spectral density can be interpreted as a density
of “quasiparticles” in frequency and wavenumber space being S(k,ω)∆k∆ω/<φ2> the
probability that a random selected quasiparticle will have a wavenumber in the range k to
k+∆k and a frequency in the range ω+∆ω.
Each realization consists of N samples of the fluctuation from each probe. The sampling
interval ∆t=T/N must be short enough so that the Nyquist frequency ωN=π/∆t is greater than
the highest frequency of any significant temporal frequency components to avoid aliasing.
Similarly the probe separation χp must be small enough so that π/χp is greater than the highest
wavenumber of any significant spectral component, to avoid indeterminacies of ±2nπ/χp in
measured wavenumbers.
The sample discrete Fourier series coefficients Φ ( j ) ( x, ω ) may be computed using the
Fast Fourier Transform algorithm. The sample cross-spectrum is
H ( j ) ( χ p , ω ) = Φ ( j )* ( x1 , ω )Φ ( j ) ( x2 , ω )

(eq. A.28)

The sample local wavenumber is given by k ( j ) ( ω ) = θ( j ) ( ω ) / χ p where θ ( j ) (ω ) is the
phase of the cross-spectrum. Wavenumbers estimated in this fashion are restricted to the
interval [-π/χp,π/χp] if indeterminacies of ±2nπ/χp are to be avoided.
The cross spectrum and the power spectra from individual probes are estimated by a
simple ensemble average
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1
Hˆ ( χ , ω ) =
M
1
Sˆi (ω ) =
M

M

∑Φ

( j )*

( x1 , ω )Φ ( j ) ( x2 , ω )

j =1

M

∑Φ

( j )*

(eq. A.29)
( j)

( x1 , ω )Φ ( x1 , ω )

j =1

ˆ ( k , ω ) is the ensemble average of the
The local wavenumber and frequency spectrum S
l
sample power values S(j)(ω) at a fixed frequency for the realizations whose have a sample
local wavenumber in the range k to k+∆k,

M
1 ( j)
( j)
ˆ ( k,ω ) = 1
S
S1 ( ω ) + S 2 ( ω ) I [0 ,∆k ] k − k ( j ) ( ω )
∑
l
M j=1 2

)

(

[

]
(eq. A.30)
( j)

The use of the average between the power spectrums of the two probes instead of S1 ( ω ) or
( j)

S 2 ( ω ) alone simply introduces more averaging. The indicator function I[0,∆k](x) is defined
as

1, 0 ≤ x ≤ ∆k
I [0 ,∆k ]( x ) = 
0 , elsewhere
This approach is similar to the estimation of probability density functions by means of a
histogram. The conditional spectrum estimate is

ˆs l ( k | ω ) =

ˆ ( k|ω)
S
l
1 S
ˆ (ω) + S
ˆ (ω)
2
2 1

[

]

(eq. A.31)

which is a conditional probability distribution, giving the probability that a wave with
frequency ω have a wavenumber k. The dispersion relation is the first moment of this
distribution
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Nc / 2

ˆk( ω ) =

∑ k mˆs l ( k m | ω )

m = − N c / 2+1

(eq. A.32)

where km=m∆k and Nc=2π/χp∆k is the number of cells. Following Ritz et al. [196] the two
point correlation technique can be used to compute the frequency independent phase velocity
as

v phase = ∑ S( k , ω )( ω / k ) / ∑ S( k , ω )
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(eq. A.33)
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