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by Samuel BRESCIANI

The present thesis has been devoted to the investigation of the turbulence prop-
erties in the edge region of RFX-mod operated as a tokamak during the transition
from Low confinement (L-mode) to High confinement (H-mode) mode aided by
the use of a biasing electrode inserted into the plasma. The mechanism of L-H
transition is not fully understood in the framework of thermonuclear plasma sci-
ence. Among the hypothesis, it has been suggested that turbulence itself may
contributed to the formation of the sheared E× B flow in the external region
which represents a distinct feature of the H-Mode. The proposed model foresees
a transfer of momentum from fluctuations to the mean plasma flow through the
Reynolds stress mechanism. This has been observed in various devices but no de-
tailed analysis has been done so far on L-H transition induced by the application
of an electrode capable of providing additional radial electric field and thus E× B
flow. The thesis has been done on RFX-mod, run as a tokamak in Upper Single
Null (USN) configuration, and the analysis has focused on data of the external re-
gion, close to the separatrix by means of an insertable probe. The Reynold stress
contribution to the transition from L to H mode have been determined with its
relation to the increase of flow velocity. A robust change is seen in velocity shear
across the transition. An analysis of the dynamics of the flow is presented re-
porting that additive terms to the model have to be considered for a complete
description of the phenomenon in case of induced biased H-Mode and some the-
oretical hypothesis have been proposed in accordance with experimental results.
Eventually contribute of turbulences to viscosity and diffusive momentum have
been studied confirming the results previously obtained in the thesis.
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Summary

This thesis is devoted to the investigation of plasma turbulence in the periph-
ery of a tokamak device during the transition from a low confinement to an im-
proved confinement regime. With this transition at the edge of the plasma steeper
pressure and temperature gradients are observed with the creation of an external
transport barrier. This occurs with the increase of radial electric field and hence
the E× B flow velocity with its shear. The dynamics of this flow can be modelled
through the Zonal Flow theory but at present is not completely understood. This
model suggests an increase in the flow velocity through the action of the Reynolds
stress which combines the contribution of velocity fluctuations along orthogonal
directions. It can be seen also perturbing the momentum balance equation as re-
ported in this thesis.
The H-Mode has been discovered the first time thanks to the exceeding of a
threshold from the heating power necessary to warm the plasma. Different meth-
ods have also being explored, among which the direct increase of the radial elec-
tric field in the external region through the exploitation of an insertable electrode
which is biased with respect to the vacuum vessel. This is the method used on
RFX-mod which allowed the transition from Low Confinement (L-Mode) to High
Confinement (H-mode) in a controlled way. The properties of the flow are stud-
ied thanks the employment of Langmuir probes. The discharges analysed in the
present thesis have been run in Upper Single Null configuration with Deuterium
gas. In this thesis has been found that in the original Zonal Flow model other
forces has to be considered to describe correctly the E× B flow in the case of bi-
ased induced H-Mode.

Chapter 1 An introduction to features of plasma physics is presented from a
theoretical and experimental point of view with focus on tokamak configuration
of interest for this thesis.
Chapter 2 The properties that define the High confinement Mode are reported.
The Zonal Flow theory that regulates the E× B flow acceleration is presented
with the importance of the Reynolds stress in increasing the velocity and hence
reducing the turbulences. A mention to the theoretical reasons of the Reynolds
stress is done too.
Chapter 3 The measurement system is reported with the features of a Langmuir
probe. The biasing electrode functioning is reported too. Eventually the proper-
ties of the discharges analysed are illustrated.
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Chapter 4 The experimental analysis starts from the characterisation of the ob-
tained H-Mode through the changes of density, plasma potential and turbulent
autocorrelation time. Afterwards the properties of the E× B flow are studied
analysing the variation of its velocity and shear through the transition to the con-
fined regime. Also a comparison between the turbulent rate and shearing rate
during the transition to the H-Mode is presented. An analysis of the time evo-
lution of the flow acceleration against the intensity of the Reynolds stress force
is done. The presence of other forces to consider for a complete modelling of
the Zonal Flow in case of induced biased H-Mode is reported. Some theoretical
hypothesis in accordance with experimental results are presented. Furthermore
an additional analysis decomposing the Reynolds tensor in more stresses is done
studying the contribution of the turbulences to viscosity in the anomalous trans-
port and the diffusive momentum transfer.
Chapter 5 Conclusions on all the analysis work are presented with proposals on
improvements of the Zonal Flow model for stimulated H-Mode with suggestions
for future works.
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Chapter 1

Introduction

For several years we have being looking for new sources of renewable energy. It
is a necessity of a continuously growing society at present mostly sustained from
fossil fuels. Although this kind of sources could last for many years, sooner or
later it will be depleted. A new type of renewable power has to be found.
From the half of last century a pioneering way to supply energy useful to mankind
is studied. New researches have been done with the aim to achieve a break-
through source of energy thanks to thermonuclear fusion.

The purpose of this thesis is to study the reduction of turbulences in plasma
physics through the transition to the High confinement Mode. A turbulence is
a perturbation of a system out of equilibrium which leads to a state of absence of
predictive capability. In this work self organising plasma mechanisms are stud-
ied and their relation with this improved regime. It is made possible thanks to
deuterium D-shaped discharges in Upper Single Null configuration with edge bi-
asing induced H-Mode in RFX-mod tokamak.

1.1 Physics of Nuclear Fusion

The plasma is a state of matter which consists of particles with opposite charge in
form of a single ionised gas. The main difference of a plasma from a neutral gas
is the interaction among particles which is due to the nature of long-range elec-
tromagnetic forces. This kind of collisions, considered elastic collisions, involves
the necessity to confine the particles to make them undergo a fusion reaction with
the aim of producing the desired energy. This confinement can be done through
electromagnetic fields thanks to coils structures that will be explained in chapter
1.3.

The nuclear fusion is at the base of energy production in a collisional process
in which two light nuclei are combined to form a heavier nucleus and other par-
ticles releasing kinetic energy. This energy is function of the difference between
the binding energy of the final nucleus and starting nuclei. As can be observed in
figure 1.1 there exists an increasing of binding energy per nucleon for low mass
nuclei with consequent production of energy for a fusion process. In particular

https://www.igi.cnr.it/


2 Chapter 1. Introduction

FIGURE 1.1: Binding energy per nucleon as a function of mass
number. Taken from [1].

helium nucleus and the isotopes of hydrogen can be considered, among which
the most favourable reaction is:

2D +3 T −→4 He +1 n + 17.6MeV

This can be also observed from the cross section of the D-T reaction compared to
the other possible ones, as it can be seen from figure 1.2. It is worthwhile to say
that in fusion physics either temperature and energy are expressed in eV thanks
to the equivalence of 1eV = 11605 K through Boltzmann constant. The considered
cross section can be moreover written in another form thanks to an empirical
formula as follows:

σ(E) = A5+[(A4−A3E)2+1]−1 A2
E[exp(A1E−1/2)−1]

where the energy is in KeV and the AJ are named Duane coefficients and they are
equal to A1 = 45.95, A2 = 5.02 · 104, A3 = 1.368· 10−2, A4 = 1.076, A5 = 409 [2,
p. 44, 45]. The resulting cross section is in barns2(1barn = 10−28cm2). It can be
useful to compute the so called Reactivity < σv > where v is the relative velocity
of a particle with respect to another one in a two particle interaction system and
the <·> symbol expresses an average on spaces and velocities.

As just explained the elements most promising to achieve a thermonuclear re-
action are deuterium and tritium. The former can be extracted from sea-water,
where it is present in a fraction of 1 part in 6700 hydrogen, and so it is ideally
inexhaustible, while the latter decades with a half-time of 12 years hence is nec-
essary to obtain it in an alternative way. The breeding ot tritium is currently done
through the transmutation of lithium to tritium thanks to the reactions

6Li + n −→ T +4 He + 4.8MeV
7Li + n −→ T +4 He + n− 2.5MeV
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FIGURE 1.2: Fusion reactions cross section. Taken from [3].

They present different cross sections in function of energies of neutrons that in-
teract with Lithium. In a future fusion reactor this process happens in the blanket:
a multifunctional structure surrounding the vacuum vessel, containing lithium
(Li2O) with the aim of absorbing neutrons to produce tritium with furthermore
the roles of shielding the external components of the experimental device and
transforming the kinetic energy of neutrons in heat to eventually produce the
outgoing electricity thanks to a cooling system.
To obtain a positive production of energy from a thermonuclear process is nec-
essary that the energetic balance is positive considering the energy to initially
heat the plasma, the one produced as result of fusion reactions and all the energy
lost through different processes of electromagnetic or transport type. Is called
break-even when the plasma experimental device is in a condition for which the
energy produced from thermonuclear reactions is equal to the one required to
heat the plasma. Another important condition to consider is the ignition in which
the power generated from the α particles is sufficient to balance all the losses due
to the various processes and the plasma is self-sustained without external heat-
ing.
An historical criterion to determine whether a fusion reactor can be considered
ignited is the Lawson criterion: a condition on the product of density and energy
confinement time (which will be explained better discussing the importance of H-
mode in chapter 2.1); this latter seems to be higher for deuterium plasma with re-
spect to hydrogen one [4]. At present is used more an inequality based on another
product which takes into account also the temperature named triple product nTτE.
The physical values that are intended to be reached are nTτE ∼ 1021(m−3KeVs)
at T ∼ 10KeV.
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1.2 Magnetohydrodynamics

The plasma can be properly described in the framework of Magnetohydrody-
namics (MHD). It was born as development from the fluid dynamics considering
also the contribution of the electromagnetic field taking into account the interac-
tions between charged particles.
This section will introduce the basics of fluid and magnetohydrodynamics. Go-
ing into details would be beyond the scope of this thesis. The formulation of the
theory treated in this section is taken from [5].
Since the eighteenth century physicists and mathematics studied the principles
which rule the fluid dynamic leading to a full set of equations:

∂ρ

∂t
+∇ · (ρv) = 0 (1.1)

∂v
∂t

+ (v · ∇)v = −1
ρ
∇p + F +

µ

ρ
∇2v (1.2)

ρ(
∂ε

∂t
+ v · ∇ε)−∇ · (K∇T) + p∇ · v = 0 (1.3)

These equations are respectively the equation of continuity (1.1), the Navier-Stokes
equation (1.2) and the energy equation (1.3) and they describe the hydrodynamics.
Here µ is the viscosity which expresses the magnitude of the off-diagonal part of
the second-rank tensor Pij of surface forces inside a fluid and hence it actually
represents the relative motions amongst layers of a fluid. It can be also consid-
ered as ν = µ/ρ named kinematic viscosity. p is the magnitude of the diagonal part
of the same tensor usually known as pressure, while K is the thermal conductivity.
These two terms are taken into account in the equations when is considered the
transport phenomena with a distribution slightly different from of a Maxwellian.
Finally ρ = mn is the mass density, ε the energy, v the fluid velocity and F an
eventual external force.
In the concept of fluid "dynamics" is important to consider the variation of phys-
ical quantities along a fluid element and it appears through the material derivative
named also convective derivative or Lagrangian derivative:

d
dt =

∂
∂t + v · ∇.

The fluid dynamics equations had been obtained either from microscopic consid-
erations either from macroscopic too, that confirmed their validity even though a
mathematical solution of them is still an open problem, in particular for Navier-
Stokes equation.
A relevant equation for the theory regarding this thesis is the vorticity equation:

∂ω

∂t
= ∇× (v×ω) + ν∇2ω, (1.4)

where ω = ∇× v is named vorticity. This equation expresses the variation in
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time and space of eddies structures and the possibility of their formation or de-
struction. In particular an increment due to "anomalous" or turbulent transport
can be seen in the increasing of the viscosity ν [6]. The second term of R.H.S. of
(1.4) can be completely removed in case of an incompressible fluid or a barotropic
fluid. In the first case we have ∇ · v = 0 and in the second case the pressure is
directly function of density (p = p(ρ)). In both cases it takes to the same mathe-
matical result. One term could be neglected with respect to the other one also in
case of highly viscous fluid or at the opposite ideal fluid, in particular in function
of the Reynolds number R = LV

ν , where L is the typical length of a tube that fluid
passes or an object immersed into the fluid and and V the fluid velocity.
Needless to say that Magnetohydrodynamics requires Maxwell’s equations:

∇ · E = (ni−ne)e
ε ,

∇ · B = 0,
∇× B = µ(nivi − neve)e + 1

c2
∂E
∂t ,

∇× E = − ∂B
∂t ,

where (nivi − neve)e represents the current density in function of electrons fluid
and ions fluid densities and velocities.µ and ε are respectively the magnetic per-
meability and the electric permittivity.
The thought which lies at the basis of MHD is that the plasma is taken in a condi-
tion in which the charge separation between electrons and ions can be neglected
bringing to the one-fluid model. In this model the previous two-fluid variables are
combined together to obtain new equations in a form similar to the original one.
As example v = mivi+meve

mi+me
and ρ = n(mi + me) are respectively the velocity and

the density of the overall fluid.
There exists an equation which relates the one-fluid current density j = ne(vi −
ve) to the fluid velocity and both electric and magnetic fields:

j = σ(E +
v
c
× B), (1.5)

where σ is the electrical conductivity. It is named Ohm’s law. The (1.5) is actually
a simpler form of the equation known as generalized Ohm’s law which consid-
ers also other contributes multiplied by electron mass which are often neglected.
Although this equation is necessary to derive the fundamental equations of one-
fluid model, it does not constitute one of the complete set of the magnetohydro-
dynamics because in the MHD model is often used the non relativistic approx-
imation which permits to consider the electric field as an independent variable
and hence to obtain from Maxwell’s equations and Ohm’s law:

∇× B = µj, (1.6)

∂B
∂t

= ∇× (v× B) + λ∇2B, (1.7)

where λ = 1
µσ is the magnetic diffusivity. The equation (1.7) is named induction

equation and it relates the time derivative of magnetic field with fluid velocity
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and both magnetic field spatial variations and it could be considered the "equiv-
alent" of vorticity equation (1.4) for Magnetohydrodynamics. The extreme cases
in which one of the two terms of R.H.S. of (1.7) are neglected can happen also
here as for vorticity equation (1.4). Here is function of the magnetic diffusivity λ

or alternatively the electrical conductivity σ, to distinguish the cases of weakly or
highly conductive plasmas. It can also be defined the magnetic Reynolds number
RM = LV

λ , where L and V have the same meaning of Reynolds number.
Adding the contribute of magnetic field to the Navier-Stokes equation (1.2) also
thanks to equation (1.6) is obtained

∂v
∂t

+ (v · ∇)v = −1
ρ
∇p + F +

1
µρ

(∇× B)× B + ν∇2v. (1.8)

This equation is usually referred to as momentum balance equation. Here µ is
the magnetic diffusivity coming from equation (1.6). The contribute of electro-
magnetic field has to be included also to energy considerations and this brings to
an equation identical in form to (1.3) with the addition of an ohmic heating term
j2/σ.
Eventually the continuity equation can be expressed in function of the one-fluid
model variables obtaining the same identical form of (1.1).
All this lead to a new complete set of equations: the continuity (1.1) and energy
(1.3) equations expressed with one-fluid variables as just explained, the induction
equation (1.7) and equation (1.8).
This describes the physics of electromagnetic fluids named Magnetohydrodynam-
ics. A fluid which satisfy this full dynamical theory is named magnetofluid.

1.3 Tokamak

Thanks to its complex structure the RFX experiment allows to be exploited also as
Tokamak. A tokamak is a fusion reactor configuration based on a toroidal struc-
ture with a system of coils to regulate the electromagnetic fields for maintaining
concentrated the plasmas. In the tokamak there exist a lot of structures to heat the
plasmas in a controlled way and to achieve the energy produced from the reactor
at present in form of heat. All this is complemented by safety structures to avoid
the warm plasma to damage the building (figure 1.3).
The acronym tokamak is the Russian transliteration of "toroidal’naya kamera s
magnitnaya katushka" which stands for "toroidal chamber and magnetic coils".

1.3.1 Plasma Heating methods

To reach the ideal temperature condition inside the reactor the plasmas needs to
be heated. It can be initially done through the plasma current which generates
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FIGURE 1.3: Tokamak structure of ITER project. Taken from [7].

the poloidal field, process named ohmic heating. This process results to be not suf-
ficient to warm enough the plasma to the desired temperature. It is due to the in-
verse dependence of plasma resistivity with respect to the temperature. Therefore
the attainable temperature with this method is below 10 keV. Even though some
proposals of high field machines had been done to reach this scope, at present it
seems not possible heating the plasma with the only ohmic heating.
It is clear the necessity of additional heating methods. The possible ones are pro-
vided from injection of neutral atoms or use of radio frequency waves.
The first method is based on acceleration of charged ions which are subsequently
neutralised through exchange reactions in a specific chamber thanks to a neu-
tral gas. Hence energetic ions are obtained to then inject them into the plasma.
Eventually they are ionised through interactions with plasma particles yielding
energy to the plasma itself. This process is named Neutral Beam Injection (NBI).
The beam direction is preferably tangential to the fusion device, but it has to be
a compromise also in function of the available space between toroidal field coils.
The tangential direction is useful to pass neutral ions momentum to the plasmas.
The second type of additional heating is provided by electromagnetic radiations
by harnessing resonance conditions resulting in absorbed energy from the plas-
mas. It happens thanks to a high power generator distant from plasmas, a low
losses transmission and a radio frequency coupling system. The main methods
based on this procedure are the ion cyclotron resonance heating (ICRH) and elec-
tron cyclotron resonance heating (ECRH). They exploit wave frequencies close to
cyclotron frequency of ions or electrons which are respectively in the range of 30-
120 MHz and 100-200 GHz.
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1.3.2 Electromagnetic configuration

The coordinates system of a tokamak is illustrated in figure 1.4. R defines the
radial direction of the torus in cylindrical coordinates while ϕ is the toroidal di-
rection and z the height. The second coordinate system, located in R0, is given by:
r as radial direction with a maximum radius, θ and eventually another coordinate
z as height of cylindrical coordinates along the ϕ coordinate of the torus.
The basic reasoning of plasma confinement in a reactor is the exploitation of
strong magnetic fields to keep particles moving along close circular orbits lying
on a plane perpendicular to the field lines. The radial limited region which de-
fines the confinement is the Larmor radius:

rL = mv⊥
qB ,

where rL and v⊥ are along the minor radius direction. Therefore particles rotate
around their guiding centre which at the same time translates with constant veloc-
ity in the toroidal direction around the centre of the tokamak.
The first reactors were born with cylindrical linear shape as a giant system of
coils where particles at the end of the linear reactor were partially confined em-
ploying the mirror effect. It is a phenomenon for which in presence of a region
of increasing magnetic field particles are reflected back. The linear reactors were
abandoned years later because of instabilities and problems of different nature.
To avoid particle losses at the end of linear devices a close toroidal shape has been
conceived indeed the tokamak. Despite of this solution the toroidal structure in-
volves some problems originated from radially decreasing intensity of the con-
finement magnetic field: the gradient drift and curvature drift effects. The former
happens because of the non uniform of the magnetic field; the latter is a conse-
quence of centrifugal forces which particles undergo rotating around the centre
of the tokamak. These two effects cause a vertical displacement of particles in the
poloidal direction because both field gradient and centrifugal forces are radially
directed:

ug.c. =
c
q

F× B
B2 (1.9)

where F is the force due to the gradient of magnetic field or the centrifugal force
and ug.c the velocity of a single guiding centre. Therefore the guiding centres
are vertically shifted. However the particles move in opposite direction depend-
ing on whether they are positively or negatively charged. Hence it produces a
poloidal electric field.
This field together with the previous toroidal magnetic field, produces another
displacement, always following equation (1.9). This inherent behaviour needs a
correction to avoid now that particles radially drift hence another poloidal mag-
netic field is created to prevent particles to ruin the reactor chamber and remain
confined. The combination with the previous fields with this new one moves the
guiding centre upon and above the median horizontal plane with a helicoidal
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FIGURE 1.4: Coordinates system of a Tokamak. Bφ is main toroidal
field, Bθ is poloidal field. Ip is the plasma current. Taken from [8].

motion too. With this procedure is said that the field is provided with a rotational
transform.

Although all these procedures is really hard to perfectly confine the plasma
around the centre of cylindrical section of the torus hence, to avoid that too many
particles exceed the confinement, in the external region of the plasma there are
some structures done to handle the impurities originated due to many physical
reasons as adsorbed material from the surfaces or sputtering. These losses have
to be taken into account also for the continuous recycling of particles that consti-
tute or heat the plasma. These structures are specific surfaces named target: they
intercept the field lines to avoid that the energetic particles go to borders of the
chamber; they are divided into limiters and divertors. The former are solid objects
that come out of the surfaces to create a local area to prevent that particles to reach
the borders, the latter are a set of plates with specific coils system to ensure that
there is a spot of null poloidal field named X-point (figure 1.5). The RFX works in
a X-point configuration also named single-null.
The presence of a local magnetic field which deviates particles from the borders
lead to creation of a safe layer named Scrape Off Layer (SOL). The radially largest
magnetic surface which is directed to the X-point is the Last Closed Flux Surface
(LCFS) or separatrix. It defines the region of the SOL and all the particles external
to the LCFS goes towards the divertors and will not perform a full toroidal orbit.
The X-point or null is important to the purpose of this thesis because it had been
proved in lot of experiments that the single-null configuration with only one X-
point and the gradient of the magnetic field directed towards the X-point is more
favourable for the transition to High confinement mode [9]. The data used for the
thesis had been taken in this configuration.
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FIGURE 1.5: Divertors system in poloidal section. In the image is
represented a single null configuration. Taken from [10].

There exists an equality which the defines the toroidally uniform surfaces of
magnetic field in a plasma device permitting to establish some flux functions
that express the contour lines of the magnetic field. This equation is the Grad-
Shafranov equation. The physical measurement necessary to define the mathemat-
ical boundary conditions of Grad-Shafranov equations are done through a third
system of coils parallel to plasma current to determine its position and shape.
Another important factor for plasma devices is the safety factor q which describes
how much the magnetic lines are enveloped around the torus:

q =
〈

dφ
dθ

〉
' rBϕ

RBθ
.

The second approximation holds for tokamak devices. It can be seen as the
toroidal angle that a field line travels performing an entire poloidal orbit. The
value of safety factor at different radius plays an important role in the plasma
instabilities.
Last but not least the Beta factor:

β = p
B2/2µ0

which is the rate between the kinetic energy of the plasma and the magnetic pres-
sure of field that confines it, hence it defines the efficiency of the confinement of
the plasmas.

1.3.3 Alternative experimental devices

The other main configurations used as plasma physics experiment are Reversed
Field Pinch and Stellarator.
The RFX-mod experiment is a plasma reactor born as Reversed Field Pinch(RFP)
configuration reactor hence the name "Reversed Field eXperiment".
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FIGURE 1.6: Reversed Field Pinch magnetic field components and
safety factor. Taken from [11].

The RFP has the same toroidal structure of the tokamak but presents a particular
behaviour as regards the toroidal magnetic field for the outer region of the plasma
where the field changes its sign from which the name "reversed". In this region
the poloidal field dominates. The inversion of toroidal field implies a strongly
paramagnetic behaviour of the plasmas inside the device because the field trend
is decreasing with the increasing of the minor radius r. It implies also negative
values of safety factor q (figure 1.6).
The stellarator is a plasma device which permits to obtain a rotational transform
without the necessity of using more magnetic fields thanks to special helicoidal
coils outside the plasma in the torsatron scheme or a structure of deformed coils.
The absence of the plasma current lead to real stable operating conditions but
obviously their construction is considerably complicated as it can be seen in figure
1.7.
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FIGURE 1.7: Stellarator coils configuration. Taken from [12].
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Chapter 2

High Confinement Mode

Was on 4 February 1982 when the German physicists Fritz Wagner was faced
with an unexpected changing in the physical properties on the edge of plasma
experiment he was working on. A regime with improved confinement properties
has been observed during experiments with applied momentum torque through
Neutral Beam Injection, with improved confinement properties. It happened in
the ASDEX experiment at the Max Planck Institute for Plasma Physics (IPP, in
Garching, Germany) [13].
This was afterwards named High Confinement Mode (H-Mode).
The H-Mode is characterised by many physical aspects as steeper pressure gra-
dients, increasing of particles and energy confinement time, with increasing tem-
perature and radial electric field and many others. All these aspects can assure
that the plasma is in this better confined condition, nevertheless the main phe-
nomenon which defines the physics at the basis of the H-Mode is not still clear.
One evident consequence of the transition to the H-Mode is the turbulences re-
duction. One hypothesis of this behaviour is ascribed to the action of Reynolds
stress.

2.1 H-Mode

This section will describe the main properties of the H-mode, highlighting the
differences with respect to the previous regime that was thereafter named Low
confinement Mode(L-Mode).
The main importance of the H-Mode is the improvement of the confinement time
τE, introduced in chapter 1.1.
An useful quantity that can be considered is the ratio between the confinement
time in H-Mode and the one in L-Mode named H factor:

H =
τH−Mode

E
τL−Mode

E

which can reach values up to 4 [14].
Initially the H-mode was achieved through the injection of tangential neutral
beam power, which increased the total amount of power delivered to the plasma
as well as provided an additional source of momentum. Reproducing this led to
the possibility of creating scaling laws for the power threshold mainly depending
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FIGURE 2.1: Physical quantities before ad after transition to H-
Mode in TEXTOR: a) electron density b)temperature c) pressure

and d) pressure gradient. Taken from [17].

on the intensity of the toroidal field and the density, secondly a weak dependence
on the sizes of the plasma device [15].
The features which defines the physics of the H-mode at the edge of the plasmas
are the following:

• increasing of radial electric field* and consequent flow velocity

• increasing of velocity shear

• formation of an external transport barrier, with a strong pressure pedestal
thanks to the increase of temperature and/or density gradient

• in some cases formation of Internal Transport Barriers (ITBs)
with related turbulences reduction also in core region

Some of them are illustrated in figure 2.1. Since the physics which regulates the
generation of H-Mode is not totally defined this process could be described from
other points of view. Nevertheless these physical aspects are commonly observed
in different devices [18–21].

*The electric filed which characterises a magnetised plasmas is of ambipolar nature. An am-
bipolar electric field is a field generated due to imbalances between electron and ions densities
due to a pressure gradient or an external electric field. It is a steady state in which the system is
rebalanced from charged particles diffusion with equal number density fluxes known as ambipolar
diffusion against a background of neutral atoms.
In a simple way it can be expressed as

E = Di−De
µi+µe

∇n
n ,

where Di,e and µi,e are respectively diffusion coefficient and the mobility of ions and electrons [5].
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The increasing of the shear suggests a variation in the E× B velocity and hence a
contribution in the acceleration along the E× B direction as can be seen looking
at the momentum balance equation (1.8). It had been discovered that the H-Mode
can also be induced with an external electric field instead of exceeding the heating
power [18, 21]. This is the case of the RFX-mod experiment hence the data used
for the analysis of this thesis. Furthermore steeper ion saturation current profiles
have been reported for the H-Mode with respect to the L-Mode [4, 21]. Being
this signal related to the electron density current it highlights the formation of
transport barriers. An additional feature is the plasma impedance increase dur-
ing the H-Mode [21] probably related to the strong modifications of temperature
and density.
There are also some other interesting aspects that are beyond the scope of this the-
sis but are worth to be mentioned because of their possible purpose in the search
of a complete understanding of the confined regime. One of them is the evi-
dence of modulation of the plasma inductance due to edge barrier formation and
steepening of pressure gradient in the so called Limit Cycle Oscillations (LCO)
[19]. Another issue, more interesting from the standpoint of this thesis, regards
the biased induced H-Mode in RFX-mod experiment where an hysteresis-like be-
haviour between the L-Mode and what is named ’post H-Mode’, when the elec-
trode is switched off, has been reported [21]. It can suggest a possible subject of
investigation based on which physical quantities endure this hysteresis maintain-
ing the enhancements gained during the H-Mode.

2.2 Zonal Flow and Reynolds Stress

2.2.1 Zonal Flow theory and turbulences reduction

When the plasmas is perturbed by a pressure or density gradient a response is
generated in the perpendicular direction due to a diamagnetic current to estab-
lish the equilibrium. This happens both for ions and electrons and lead to what
are known as ions and electrons diamagnetic drift waves.
In the direction perpendicular to the magnetic field the drift turbulence propaga-
tion is characterised by a spatial scale ρS ≡ CS/ΩCi , as rate of ion sound speed
and ion gyro-frequency, and a drift wave number such that k// � k⊥. A non
linear transfer of energy occurs depending on the range of the product k⊥ρS char-
acterising different kind of drifts, according also to temperature and density of
the plasmas [18].
In the 1979 Hasegawa et al found that the drift turbulence kinetic energy with per-
pendicular wave number krρS ∼ 0.1− 0.3 condensed into an ordered anisotropic
flow with a scale length comparable to the turbulences one in the same direc-
tion while in the direction transverse to this latter the scale length was long i.e.
kθρS ∼ 0 in the poloidal direction. Considering the electric field due to the drift
wave, these streamlines of E× B drift can represent regions in which the turbu-
lences are reduced. These closed E× B iso-potential contours was named Zonal
Flows.
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These contour structures seem to not develop in density fluctuations.
Waves like the ones which propagates through Zonal Flows is known being char-
acterised by ion heat transport due to large ITG (ion temperature gradient) that if
increases can lead to ITG drift wave instability [18]. Hence the increasing of tem-
perature gradient and electric field too during the H-Mode led to an enhanced
E× B flow which reduces the turbulences.
The ZFs velocity behaviour can be expressed through the equation

∂

∂t
VZF = − ∂

∂r
< ṽrṽθ > −νdVZF, (2.1)

where VZF =< vθ > is along poloidal direction and < ṽrṽθ > is the Reynolds
stress. νd represents a collisionality dependent flow-damping rate as a relaxation
towards the neoclassical poloidal flow [18, 19].
These ZFs have the property of being toroidally and poloidal uniform with wave
number along these directions 0. This uniformity can be proved through a mea-
sure of E× B cross-correlation at different toroidal positions with a zero time lag
peak [19, 22].
The occurrence of the H-Mode can be seen also from the increment of radial
derivative of the E× B velocity named shear decorrelation rate ωE×B. If this quan-
tity definitively exceed the natural turbulent decorrelation rate ωD the transition to
the H-Mode is initiated:

∂
∂r vθ ≡ ωE×B > ωD ≡ 1

τAC
,

where τAC is the autocorrelation time of turbulences [9, 18, 19, 22, 23].

2.2.2 Reynolds stress as result of perturbed equations

From a mathematical point of view the definition of turbulence comes from the
decomposition of the fluid velocity considered in a point into a mean value v
and a fluctuation around it v′. The second one can be considered the turbulent
velocity field. If then the average is considered it naturally results that v = v and
v′ = 0, hence the only terms that stem from these kind of sights on the nature of
turbulent fluid are the averages of product components as v′iv

′
j.

This reasoning can be done to any physical quantity. Hence if we apply it to
the entire momentum balance equation (1.8), written in explicit components, it
results that

∂vi
∂t

= −1
ρ

∂p
∂xi

+ ν
∂

∂xj

∂

∂xj
vi−

∂

∂xj
vivj−

∂

∂xj
(v′iv

′
j)+

1
µρ

(
εjlmεijk

∂

∂xl

(
BmBk + B′mB′k

))
.

(2.2)
Therefore the additional term that comes out from turbulences contribution is

− ∂
∂xj

(
v′iv

′
j − 1

µρ B′i B
′
j

)
.

It is expressed in S.I. units and in our case the i index represents the radial direc-
tion and

(
v′iv

′
j − 1

µρ B′i B
′
j

)
is named generalised Reynolds stress.
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FIGURE 2.2: Predator-prey relationship between Zonal Flows and
turbulences in TJ-II stellarator. Taken from [25].

The term
(

B′i B
′
j

)
is the Maxwell stress and it has been proved to be negligible

compared to the tensor
(

v′iv
′
j

)
hereinafter named Reynolds Stress.

The dominance of this term occurs in particular for low β cases [6] as for the data
used in this thesis.
The quantity v′iv

′
j is also expressed with the equivalent notation as < ṽiṽj >.

Furthermore turbulences can appear as eddies structure in the plasma, similarly
to what proposed in 1940 from Kolmogorov for fluid dynamics. This aspect has
been directly verified in some experiments [19]. One of the effects of the transi-
tion to the H-Mode is that this turbulent eddies are elongated along the poloidal
direction and broken [6, 18, 19, 21, 23, 24].

2.2.3 Limit Cycle Oscillations

In recent years it has been observed that just before the transition to the H-Mode
the intensity of the shear rate against the intensity of the turbulent rate follows a
predator-prey model behaviour [9, 22] (figure 2.2).
A predator-prey model is a model in which the two participants evolve in a π/2

shift phase and it seems to occur to Zonal Flows and turbulences intensities in
the phase named I phase. These trend between the shearing rate and the turbu-
lent rate is named Limit Cycle Oscillations.
The predator-prey behaviour is modelled by Lotka-Volterra equations, applied
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FIGURE 2.3: a) Normalised turbulence intensity b) Shear rate and
turbulent rate evolution for L-H transition in DIII-D tokamak.

Taken from [19].

in different areas of application as biology, ecosystems, physics, economy and so
on. This model consider the presence of a "predator" and a "prey", that in this
scenario are respectively the ZFs and the turbulences, that continue to grow and
decrease in this π/2 phase shift against each other.
This sight on the ZF-turbulences interaction lead to another possible way to anal-
yse the turbulence problem. It indeed has been proposed some set of equations
to model these LCOs and hence inferring more physical conclusions about the
argument [9, 19, 22]. It has been related the turbulence and Zonal Flow kinetic
energies with their dissipation rates in a K-ε framework. The full description of
this model can be found in many articles (e.g. [19, 22]).
The phase shift which characterises the LCOs is featured by an alternation be-
tween pressure gradient and turbulence intensity(ñ/n) magnitudes with a con-
tinuous increasing and decreasing of these conflicting quantities until the ion dia-
magnetic flow is able to sufficiently grow before the shear flow decays away, at its
dissipation rate, and eventually a state of steepened gradient is maintained. It can
be seen in particular that at each maximum of shearing rate ωE×B corresponds a
minimum in fluctuations (figure 2.3).
It has been noticed that the phase shift between turbulences and ZFs maxima
increases till it reaches about 180◦ at the LCO-H-mode transition [19].
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Chapter 3

Experimental setup

The data used for this thesis has been collected in the RFX-mod tokamak with
deuterium D-shaped discharges in Single Null configurations with edge biasing
induced H-Mode.
The RFX-mod has a major radius of R=2m and a minor radius of a=0.459m. The
plasma device is provided of a shape feedback control system with an algorithm
to obtain the real time (∼ 1ms) evaluation of the position of the Last Closed Flux
Surface [21] which accuracy had been verified thanks to numerical simulations
done with the MAXFEA Grad-Shafranov solver [26].

3.1 Measurement probe

The measurement system used to obtain the data is an advanced Langmuir probe
set composed of two boron nitride towers with 40 graphite tips each in an or-
dered array of 5 tips per column poloidally aligned. The tips have a diameter of
3mm and are 6mm spaced. The distance between the centres of the two towers
is 88mm [24]. In addition the probe is equipped with a system of magnetic coils
placed inside each tower allowing the simultaneous measurement of the compo-
nents of magnetic and electric field.
Due to its shape it is called U-probe. It is placed at the φ= 247◦30′ toroidal position,
corresponding to 15◦ toroidally distant from the electrode, kept radially fixed in
the radial-poloidal (r− θ) plane.
The position of the U-probe with respect to the minor radius and the average po-
sition of the LCFS can be seen in figure 3.2. The tips used to obtain the data for
the analysis are the ones represented in figure 3.3. It covers a measurement area
of 24mm x12mm per tower with a total space of 24mm x100mm considering also
the distance between the two towers.
The physical quantities measured thanks to the U-probe are the following: the

floating potentials Vf on the 10 tips of first and last rows of each tower and other
additional 2 in the middles for a total of 22 probes, the 6 ion saturation current
density signals Js along some columns and eventually the electronic temperature
Te inferred with the five pin triple-probe method thanks to the use of 2 electrodes
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FIGURE 3.1: Edge biasing electrode and measurement U-probe.
Taken from [21].
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FIGURE 3.2: Cylindrical section of measurement system. The U-
probe, the minor radius and a reconstruction of the LCFS are rep-

resented.
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FIGURE 3.3: U-probe measurement system. All tips assigned to a
measure are reported: 22 floating potential, 6 ion saturation cur-
rent columns and 4 fixed positive potential for five pin triple-probe

method for electron temperature measurement.

with fixed potentials and other 3 pins to estimate the temperature in 6 radially dif-
ferent positions. How these signals are produced exploiting the Langmuir probe
and what they represent is explained in the following section.

3.1.1 Langmuir probe characteristics

A Langmuir probe consists of an electrode inserted in the plasma by means of
a support built of insulant material. Its insertion in the plasma influences the
plasma itself and it is taken into account in the quantitative measurements through
this instrument. If the pin is biased with a varying voltage, from the characteris-
tics I-V curve different plasma quantities can be inferred.
Considering the Debye sheath formed around the probe the current signal presents
the trend reported in figure 3.4, in the form

I = Isat
i

[
exp

(
e(V−Vf )

KBTe

)
− 1
]
.

Vf is the floating potential measured from the probe. A floating potential is the
potential of a conductor where no net current is collected. Hence this characteris-
tics has to be achieved through a variable potential measurement where V, which
is the probe bias, has to be taken from negative values until the plasma potential.
For very negative values represents a condition which prevent all the electrons to
reach the probe and hence the current measured results to be only due to ions:
this is the ion saturation current Isat

i . Furthermore is preferable to not explore in
the potential region of electron saturation current for instrument safety reasons.
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FIGURE 3.4: Langmuir probe I-V characteristics. Taken from [27].

The ion saturation current is related to the plasma density through the expression:

Isat
i = 0.5eAncs, (3.1)

where A is the area of the probe, n is the density and cs '
√

ZTe
mi

the ion sound
velocity. Hence from the measure of this quantity is possible to achieve the den-
sity once the electron temperature is known.
The temperature measurement is based on the five-pin balanced triple probe
method [28]. The triple-probe method is based on the use of two contiguous
electrodes biased in relation to each other, technique named double-probe, and a
third electrode such that the double-probe is at fixed voltage much greater than
the expected values of electron temperature, where the third electrode measures
a floating potential. The five pin triple-probe method is an enhancement of the
triple-probe method based on the average on two floating potential to reduce the
error contribution from the poloidal distribution of the probes.

3.2 Biased stimulated H-mode

As introduced in 2.1, the H-Mode has been induced due to a generated electric
field. It has been done thanks to a biasing electrode inserted in the edge of the
plasma.
The electrode head is made of graphite and has an ellipsoid shape of the dimen-
sions of 115mm x25mm x65mm and it is positioned 8 cm inside the LCFS (figure
3.1) corresponding to R/a ≈ 0.83. It is inserted from the bottom of the chamber
at the toroidal position of φ= 262◦30′.
For the analysed discharges the intensity of the voltage produced from the elec-
trode was -300 V. The I-V characteristics of the system has been studied and has
been observed to follow a Langmuir probe characteristic with a tendency to satu-
ration with a mainly ion current [21]. This is reported in figure 3.5. This working
condition seems to allow more reproducibility of the confined regime.
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FIGURE 3.5: Characteristics I-V of biasing electrode. Taken from
[21].

3.3 Analysed discharges

In the analysed discharges the plasma current is ≤ 50kA with a central line aver-
aged density within the range (2− 6) · 1018 m3. The magnetic field on axis is of
0.55 T [24].
The safety factor is in the range of q95 = 3 − 4.5 as reported in figure 3.6. A
multi-chord passive Doppler spectroscopy diagnostic allowed to know in simi-
lar experiments that the impurity flow, in particular for C III impurities, that it is
localised in the last 5 cm of the plasma edge with the same direction of electron
diamagnetic drift.
The full plasma discharge lasts about 1 s. The determination of the L-H transi-
tion time interval has been done considering the shape of the Dα signal which is
proportional to particle recycling and this is related to plasma flux incident at the
edge hence a reduction of this signal suggests a reduction in transport. It can be
noticed, as in figure 3.7 with an example of a considered shot, that the ignition of
the electrode causes suddenly the reduction of the Dα signal hence it is a simple
but reasonable marker of the beginning of the H-Mode that will be subsequently
verified with the complete analysis. The central density increases too, but with
a little delay sustaining the theory that the transition to the H-Mode is related to
a phenomena which start at the edge of the plasma and retro-propagates inside
after [18]. Also the soft x-ray (SXR) radiation vertical signal is reported. Its width
increment through the H-Mode transition indicates a density increase too [21]. In
function of the aim of the thesis it has been considered a time window from just
before the transition to immediately after the transition, with a precision of 10−2s.



24 Chapter 3. Experimental setup

FIGURE 3.6: Safety factor at R/a = 0.95. Acquired directly from
data.

FIGURE 3.7: Are presented in order: the electrode current, the Dα

signal, the central line ne density and the vertical SXR signal. Ac-
quired directly from data.
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Chapter 4

Experimental results

In this thesis we have analysed three different discharges, #39136, #39140 and
#39143, all of them in Upper Single Null configuration with applied edge bias-
ing: they all exhibit similar features with L-H transition, observed drop of Dα

and increase of core density and SXR radiation.
We will report results from shot #39140, since the three analysed discharges were
generally reproducible.
The errors of all physical quantities are illustrated in each section.
All the discharges have been analysed distinguishing temporal intervals before
and after the L-H transitions. Hence a coherent presentation logic in function of
time was required: throughout the thesis the blue and orange colours have been
used respectively to indicate conditions in L-mode and H-mode time intervals.

4.1 Characterisation of H-Mode

This section is devoted to the investigation of the effects induced by the L-H tran-
sition in the edge profiles, as measured by the U-probe already presented. We
will investigate in particular the profile of ion saturation current, as a proxy for
the density, of the plasma potential and of the temperature.

4.1.1 Saturation current

The figure 4.1 shows the ion saturation current density profile in function of the
distance from the separatrix for the L-Mode and the H-Mode.
The current density signal represents the variation of density through the L-H
transition as expressed in equation (3.1). Temperature profile is reported in fig-
ure 4.2. Signals used to obtain the temperature has been filtered with a 1 kHz
low-pass filter to achieve the averaged values. The temperature values for dis-
tances from the separatrix over 0.01m has been considered fixed in the analysis as
8eV ± 2eV because the triple-method measurement often tends to overestimate
the temperature near the SOL due to the locally non-Maxwellian distribution of
electrons [29].
The errors on distances from the LCFS have been computed as standard deviation
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FIGURE 4.1: Saturation current density signal of #39140 from L-
Mode to H-Mode.

on the equilibrium values in considered time intervals where the equilibriums in-
stant are evaluated from the specific algorithm as solutions of Grad-Shafranov
flux functions of magnetic field contours. The errors on current signal have been
computed as standard deviation on all values of the time interval considered.
They are evidently different in correspondence of different distances from LCFS.
It is probably due to the electronics of each independent tip of the U-probe subject
to different turbulence intensities. A variation in the radial derivative of the pro-
file during the H-Mode can be seen and it represents an increase in the density
gradient through the transition to the more confined regime. These variations
prove the formation of transport barriers.

4.1.2 Plasma potential

The plasma potential is computed indirectly from the measurement of floating
potential and temperature of the Langmuir probe:

Vp = Vf + αTe,

where Vf is the floating potential and Te is the electronic temperature. α is a
constant which depends only on the type of gas used and is equal to 2.7 for deu-
terium.
The plasma potential radial profile is reported in figure 4.3 for all temporal in-
tervals during the transition. A spline of 5th order is done useful for subsequent
analysis (chapter 4.2).

The errors on floating potential has been taken as standard deviation over the
time intervals, as done for saturation current signal. The same for temperature.
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FIGURE 4.2: Temperature signal of #39140 from L-Mode to H-
Mode. The L-Mode is before 0.55s. The H-Mode is after 0.61s.
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The errors on the plasma potential come from the propagation of errors obtained
for floating potential and temperature, while α is an error free value.
Clear differences may be observed between the profiles in L and H mode, in par-
ticular in the region −0.01 < R− RLCFS < 0.02 where stronger gradients are de-
veloped, giving rise to a modification of the radial electric field. It leads to change
in E× B velocity and its shear which is related to the second radial derivative of
the potential signal.
It can be noticed for 0.57 s and 0.59 s that the signal presents a lot of error mostly
due to the fact that these time intervals represents the L-H transition during the
change of confinement regime.

4.1.3 Turbulent autocorrelation time

The autocorrelation time represent a characteristic time for describing the inten-
sity of the correlation of a signal with itself in time evolution. Since it is asso-
ciated with the observed level of turbulence, it is expected to reduce during the
L-H transition.
The Autocorrelation Time defines the characteristic time τAC for which a quantity
is correlated with itself and it can be expressed as the time such that

< f(t)f(t + τAC) >= 1
e < (f(t))2 >,

where f is the considered physical quantity.
The computation with the factor 1

e is totally arbitrary, it can be done also with the
factor 1

2 , as it has been done for this analysis, depending on the convention. It just
represents a factor to determine the decreasing of the autocorrelation.
It has been obtained directly from saturation current signal and floating potential
signals using directly raw signals less subject to error and not derived physical
quantities as plasma potential. In order to avoid spurious effects due to the low
frequency evolution of the floating potential, which could be disturbed by MHD
modes for example, we applied an high pass filtering at 10 kHz, since we are only
interested in the turbulence contribution to the signal.
In figure 4.4 the autocorrelation time around the separatrix is reported in function
of time during all the transition. It can be seen, for both floating potential and
saturation density current, that is reduced for the H-Mode. It has been computed
for the same distance from separatrix for current and potential. The errors on
time intervals are taken as uniform distribution along the interval hence σt =

0.29 · 0.02s = 5.8ms.
In case of saturation current density signal the autocorrelation time is smaller
than the potential one and a greater decrease after the transition can be noticed.
It occurs because turbulences are peaks in density and dipoles in potentials hence
autocorrelation time of ion saturation current signal which is related to density is
reduced more.
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FIGURE 4.4: Floating potential signal and saturation current den-
sity autocorrelation time in function of time from L-Mode to H-

Mode.

4.2 Zonal Flow study

4.2.1 Flow velocity

The E× B velocity is given from vE×B = E×B
B2 . Therefore, considering the domi-

nance of the toroidal component of the magnetic field with respect to the poloidal
one, the physical quantity of flow velocity has been computed as follows:

vE×B,θ ≡ vθ =
Er

B
=

1
B

(
− ∂

∂r
Vp

)
, (4.1)

where Vp is the plasma potential, B is the radially decreasing magnetic field com-
puted in function of the distance from the centre of tokamak, r is the direction
orthogonal to the separatrix.The component along the radial direction is:

vE×B,r ≡ vr =
Eθ

B
=

1
B

(
− ∂

∂θ
Vp

)
. (4.2)

The values of E× B velocity has been obtained thanks to the spline of the plasma
potential signal, that turned out to be fruitful because the distances from a distinct
profile of VE×B data points would not allowed to obtain a trend as this continuous
function provided. In figure 4.5 the E× B velocity data as direct computation are
reported together with the VE×B function useful for the analysis. The velocity
for the case of L-Mode , H-Mode and two time intervals across the transition are
reported.
It can be noticed that VE×B reaches values of 30 km

s during the H-Mode which
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FIGURE 4.5: E× B velocity for L-Mode, H-Mode and during the
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is about 5 times of the L-Mode case. It is noticeable that it is of negative sign
which confirms that the acceleration due to the forces which act on the flow are
in electron diamagnetic direction as reported in many articles as [18, 19].
Another relevant aspect is that there is not a continuous transition during the L-H
transition as can be seen from 0.57 s and 0.59 s cases, when the transition occurs a
bit before than 0.58 s. The values double in just 20 ms and this robust and abrupt
changes is also seen on the corresponding shear of the E× B velocity.

4.2.2 Shear

The shear of E× B velocity is an important physical quantity to consider in the
analysis of effects of the L-H transition. Its increase across the transition suggests
a variation in the E× B velocity profile as noticeable also from equations (1.8)
and (2.2). The shear is expressed by the radial derivative of the VZF and it has
been obtained from the derivative in function of the distance from the separatrix
of the continuous function of E× B velocity.
It is reported for the intervals of L-Mode and H-Mode and in the middle of the
transition (figure 4.6).

The shear assume values of 105 − 106 s−1 coherently with results obtained for
many experiments [19, 22–24] and changes from about −3 to −20 · 106s−1 in 0.02
s across the transition. Its robust change suggests that the shear can be a relevant
quantity in the phenomena of Zonal Flow. This aspect will be taken into account
later in the analysis of time evolution of flow acceleration (section 4.2.5).
It can be seen that the shear presents different sign for inner or outer region with
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FIGURE 4.6: E× B shear for L-Mode, H-Mode and during the
transition.

respect to the separatrix. These regions in literature are named Inner Shear Layer
and Outer Shear Layer [22]. The presence of this regions also for the L-Mode could
be associated to a weak preset phenomenon which tends to displace turbulences
towards the edge of the plasma referable to the mean shear flow reported in some
experiments [9, 22] interpretable as a self-organising behaviour of the plasma it-
self. However in the L-Mode is not enough for a confined regime and the action
of an external agent as the electric field is required to initiate the phenomenon.
The shear intensity is increased for the H-Mode and can be noticed also looking
at the variation along the radial direction of VE×B of figure 4.5, where the velocity
tends to return to 0 moving away from LCFS. Therefore this permits to claim that
the region of higher shear modification occurs around the separatrix.

4.2.3 Reynolds stress

The fluctuations of the velocity along the poloidal and radial direction has been
computed. They correspond to variation in time with respect to their averages of
the quantities vθ and vr, equations (4.1) and (4.2) respectively.
The computation of the Reynolds stress requires the determination of the fluctu-
ating values of the radial and binormal components velocity. The arrangement
of the probe does not allow for a proper determination of these quantities since
the Cartesian frame of reference is not aligned with the flux surfaces. Thus we
needed to interpolate these quantities in an appropriate frame of references with
direction perpendicular and parallel to the local magnetic surface provided by
the LCFS. Furthermore this permitted to compute the quantities in function of
the distance from the separatrix. In order to maximise the radial resolution, and



32 Chapter 4. Experimental results

2.400 2.415 2.430

R [m]

−0.06

−0.04

−0.02

0.00

0.02

0.04

0.06

z
[m

]

LCFS and Reference system

FIGURE 4.7: Rotated reference frame for the analysis of < ṽr ṽθ >
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given the location of the measurements we duplicate the grids in two different
z positions as seen in figure 4.7. For each grid the poloidal and radial compo-
nents has been calculated with derivatives along the points in figure eventually
evaluated on central row (represented in red). This procedure allow to exclude
the values near the border of measurement system more subject to error in the
derivative computation. Due to the necessity of having some grid points across
the LCFS it has not been possible to obtain a set of points with radii farther than
0.01m.
Thanks to this system has been possible to estimate the values of the Reynolds

Stress < ṽrṽθ > as time average of the product of fluctuating parts of E× B veloc-
ity along the two directions. It has been computed also the quadratic fluctuation
of the radial component < (ṽr)2 >, useful to a secondary analysis reported in
section 4.3. These quantities can be seen in figure 4.8.
In this section the distances from separatrix are taken as ideal because they are

obtained in function of rotated frame starting from original R and Z positions of
the U-probe tips that are fixed and preset as error free. The errors on the fluctu-
ations are computed as standard deviation on each time interval considered of
the final computed quantity. It can be seen that errors are considerable for the
quantities computed during the L-H transition due to the strong intensity of the
fluctuations being subject to the external agent that led to the variation of the con-
finement regime.
The fluctuations reach values up to 106 m2

s2 . It can be seen, for both < (ṽr)2 >



4.2. Zonal Flow study 33

−0.015 −0.010 −0.005 0.000 0.005
Distance from LCFS [m]

−20

0

20

40

60

M
ag

ni
tu

de
10

5
(m
s

)2

〈
(ṽr)
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and Reynolds stress, that the quantities during the L-H transition (about 0.578s)
has magnitude at least double the most value assumed before and after the tran-
sition. It can be interpreted as the absorption of energy from the external phe-
nomena which initiates the transition. This energy will be then transferred to the
Zonal Flow through the force which acts thanks to the radial derivative of the
Reynolds stress. It performs a change of regime with an increase in velocity of
about 2 · 104 m

s in 0.02 s. A robust change from flat plasma potential to a sheared
one in the same time can be noticed.
One might think that this behaviour for L-H transition could be due to a last
attempt of a re-organising process of plasma just before the system completely
change towards the confined regime, as reported in section 2.2.3 for many exper-
iments in case of LCOs [9, 22]. Nevertheless this phenomenon does not happens
here due to the method with which the transition has been triggered: the external
electric field. The absence of LCOs is verified in next section. The importance of
the exploitation of electric field in the dynamics of the phenomenon will be better
treated in section 4.2.5.

4.2.4 Shearing rate and Turbulent rate

When the H-Mode transition occurs the shearing rate exceed the turbulent rate.
This is a manifestation of turbulences reduction where the shear intensity in-
creases more than the increase of turbulent decorrelation rate and this represents
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the changing to the more confined regime, as described in section (2.2.1). Com-
paring the time evolution of shearing rate against the turbulent decorrelation rate
has been verified that the former exceed the latter as expected since the transition
to the H-Mode occurs, as verified from previous physical quantities.
It has been analysed this trend in function of time for the radial position just out-
side the separatrix at R− RLCFS = 0.009m. It is reported in figure 4.9.
The turbulent rate has been estimated as the inverse of the autocorrelation time

of section 4.1.3. The error-bars on the shearing rate are taken as standard devi-
ations of the values around the radial position corresponding to the computed
autocorrelation time, this for each time interval.
Looking at the behaviour of turbulent rate in function of time it increases from
2 · 105 s−1 to 3 · 105 s−1 but the shearing rate increases of a significant extent to
exceed the value of turbulent rate confirming the confined regime of the H-Mode.
Having analysed the physical quantities for all the time interval, not only around
the L-H transition, is evident that the system does not exhibit Limit Cycle Oscil-
lations for the case of induced H-Mode from a biased electrode.

4.2.5 Analysis of Zonal Flow model for biased induced H-Mode

In this section are reported the results of the analysis of the flow acceleration
along poloidal direction compared to the intensity of the Reynolds Stress force
expressed as − ∂

∂r 〈ṽrṽθ〉.
This is based on the analysis of the Zonal Flow model reported in section 2.2.1
and on momentum balance equation (1.8). As can be seen from the analysis of
VE×B (figure 4.5) from 0.59 s to 0.65 s the system undergoes an acceleration of
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FIGURE 4.10: Reynolds stress force and flow acceleration are re-
ported. They are respectively in scale of 108 m

s2 and 104 m
s2 .

' 104 − 105 m/s2 for -0.005 m < R− RLCFS < 0 m. While looking at the results
obtained for the Reynolds stress (figure 4.8) in the same spatial range the radial
derivative seems of the order of ' 107 − 108 m/s2. Hence is evident that in the
momentum balance there are huge damping terms to consider. Furthermore the
Reynolds stress manifests an abrupt increasing in the intensity for the time inter-
val during the L-H transition but the phenomena of LCOs is not manifested, as
appeared from the turbulent rate analysis in previous section, hence other self-
organising mechanisms of the plasma are present.
Therefore the hypothesis of a forcing quantity due to the ignition of the electrode
has to be analysed.

The time derivative of E× B velocity and the opposite of radial derivative of
Reynolds stress for the same spatial range are reported. It has been analysed for
−0.005 m < R − RLCFS < 0 m which is a region just inside the separatrix of in-
terest for the characteristics of the H-Mode. It corresponds to a radial position of
decreasing VE×B .
This analysis has been done considering a time interval starting prior to time in-
tervals considered for previous sections. The comparison starts at 0.45 s when the
electrode had not still been ignited and the difference in intensities between the
ZF acceleration and RS force can be seen in figure 4.10. Is peculiar what occurs
during the L-H transition.
To obtain the errors on the time derivative of the flow velocity an error on the
average on the spatial range has been taken for each instant. The error on the
Reynolds stress force has been obtained as propagation on the errors on Reynolds
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stress in the considered range as a discrete derivative for each time interval of pre-
vious analysis (section 4.2.3).
The ZF acceleration during the L-Mode is of the order of ' 4 · 104 m/s2 or a little
less, as expected from a rough estimation from figure 4.5. Is evident that after
the transition to the H-Mode the flow acceleration comes back towards positive
values. It occurs when the RS force decreases. Hence there exists a mechanism
opposite to − ∂(RS)

∂r that contributes to the VZF. This could be related to a quantity
that drives against the RS force towards the original equilibrium. Furthermore
looking at the L-Mode the flow acceleration is almost 0 and the RS force of about
1 · 108 m/s2 hence a difference of the order of magnitude of 108 m/s2 is present
and has to be associated to a damping mechanism. The acceleration produced
from the Reynolds stress is of the order of 108 m/s2 hence having a flow velocity
of 104 m/s it would imply a damping coefficient of 103 − 104 1/s which results
small compared to the turbulent rate of 105 1/s (figure 4.9). Furthermore from
a simple computation of the difference between the intensity of the flow accel-
eration and the Reynolds stress force it results that it is not linearly dependent
in velocity as for the original Zonal Flow model and the dependence on velocity
changes a lot in function of which time condition is taken. Therefore additional
terms has to be considered in case of induced H-Mode. One of them is proba-
bly proportional to the electric field which triggers the transition. Another one
is suggested directly looking at the balance momentum equation (1.8) where the
Laplacian of the velocity expressed in cylindrical coordinates contains terms pro-
portional to the shear and its radial derivative. These terms are extremely difficult
to estimate experimentally due to the associated error from the propagation of re-
lated physical quantities. A starting improved model has to be implemented.
This is beyond the scope of this thesis but it is a suggestion for future works.

Observing the peak of the Reynolds stress it occurs before the transition and com-
pared to E× B flow increase can be noticed that this latter occurs in late with re-
spect to Reynolds stress increase. Furthermore the Reynolds stress magnitude is
reduced after the transition. With these observations seems that the E× B veloc-
ity assumes one value during the L-Mode and it increases (as in figure 4.5) thanks
to the Reynolds stress, but this latter is not enough to lead to the confined regime
unless an external agent acts on the system. Hence this external force results in
the enhancement of the phenomena which increases the E× B velocity and con-
sequently the turbulences reduction.
Therefore the evidences that the Reynolds stress force decreases before the L-H
transition and the flow acceleration starts to increase (towards negative values)
when the Reynolds stress force starts to decrease in intensity are proofs that the
Reynolds stress force acts as intermediary gaining energy from the external agent
and then transferring it to the flow increasing its velocity and eventually reducing
turbulences.
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4.3 Additional analysis: anomalous transport

In this section a further analysis is reported with the aim to estimate the turbu-
lent contribute to viscosity in the anomalous transport. A method to obtain this
quantity has been recently proposed in the article of T.Long et al. on the HL-2A
tokamak [23] where the Reynolds tensor is decomposed in different stresses. It
allows to obtain a contribute in the Reynolds stress 〈ṽrṽθ〉 directly depending on
the shear. In this way a diffusive transport due to turbulences can be deduced.
The expression of the Reynolds stress is the following:

〈ṽrṽθ〉 = −χθ
∂vθ
∂r + ve f f

r < vθ > +ΓRes
rθ ,

where −χθ
∂vθ
∂r is the diffusive stress due to turbulent momentum diffusion, with

χθ the turbulent viscosity for the flow. ve f f
r < vθ > is the radial convection of

poloidal momentum and compared to the viscous diffusion it can be neglected
in the strong shear layer at the edge of the plasma. The last term on R.H.S. is the
residual stress which does not depend on the flow velocity or its shear but it is a
function of temperature and density profiles. This latter contribute has not been
completely analysed in this thesis but it is suggestion fo further analysis.
The analysis done on HL-2A tokamak has been performed only for L-Mode dis-
charges with ohmic heating or electron cyclotron resonance heating (ECRH). There-
fore an eventual exceeding of power threshold to obtain the H-Mode would have
damaged the measurement system. Here, being the H-Mode obtained through
induced electric field, the implementation for the H-Mode has been possible.

4.3.1 Turbulent contribution to viscosity

Therefore the turbulent viscosity contribution has been analysed:

χθ =< (ṽr)2 > τAC

where τAC is the turbulent autocorrelation time and ∂vθ
∂r obviously the E× B shear.

< (ṽr)2 > has been obtained with the same frame used for Reynolds Stress. It is
reported in figure 4.8.
To obtain the values of the coefficient has been done splines on τAC and then eval-
uated in the points in which < (ṽr)2 > has been obtained. Finally the product
in the L-Mode and the H-Mode has been computed. These are reported in figure
4.11.

The values of the turbulent contribute to the viscosity in the L-Mode has been
found to be smaller than 2 m2/s as for T.Long et al. experiment and this con-
tribute is almost uniform with a little increase before the separatrix. The results
obtained here for the H-Mode show instead a contribute to the anomalous trans-
port throughout increasing radii. It represents a radial region towards which
turbulences are moved and confined, hence the transport due to them increases.
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FIGURE 4.11: Turbulent viscosity for L-Mode and H-Mode.

4.3.2 Turbulent diffusive stress

Once estimated the turbulent viscosity the computation of the diffusive stress has
been possible evaluating the shear ∂vθ

∂r in the same radial positions of the viscosity
coefficient. It is reported in figure 4.12.

The diffusive stress ΓDi f f = −χθ
∂vθ
∂r can be interpreted as a diffusive momen-

tum transfer as if we analysed the momentum balance equation from a diffusive
point of view. Hence the area where this quantity turns out to be greater defines
the zone towards which the momentum transfer is stronger. The negative values
would represent a momentum transfer in opposite radial direction.
In the case of L-Mode the same order of magnitude and trend reported in the
T.Long et al. article for negative radii with respect to the separatrix can be seen.
Furthermore with this analysis this quantity results stronger in the same region
of the viscosity coefficient. In that region the contribute of the shear during the
L-Mode can be seen to be present but not so robust (figure 4.6).
For the H-Mode an increase in the turbulent diffusive stress for the radial area
around the separatrix can be seen. It is coherent with the region of most increas-
ing Reynolds stress (figure 4.8) and the E× B velocity from instants during L-H
transition to H-Mode (figure 4.5).
Hence the confinement region around the separatrix is confirmed, consistently
with results obtained in the rest of thesis.
A rough estimation of the order of magnitude of residual stress can be done.
Looking at the values of Reynolds stress and diffusive stress for the same time in-
tervals, that in this analysis defines the L-Mode and the H-Mode, an order of mag-
nitude can be estimated. For the L-Mode the residual stress results of the order of
−2 · 106 m2

s2 greater than HL-2A tokamak, due to greater Reynolds stress. For the
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FIGURE 4.12: Turbulent diffusive stress for L-Mode and H-Mode.

H-Mode it reaches values up to −5 · 106 m2

s2 at the position of R− RLCFS = 0.
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Chapter 5

Conclusions

Through the work of this thesis the dynamics of self-organising processes of
plasma has been studied. The importance of the Reynolds stress in the attain-
ment of a regime of turbulences reduction has been confirmed. The transition
to the High confinement Mode has been achieved through the exploitation of an
external electrode. The method of harnessing an electric field to induce the H-
Mode is again validated through the physical quantities analysed that testify the
occurrence of this more confined regime. A robust increase in the velocity and its
shear have been verified. Values of 30 km/s are found to be reached from the flow
velocity during the transition and of 2 · 106 s−1 for the shear. This demonstrate a
change in the regime for which the turbulent eddies are stretched and thus de-
stroyed. During the transition from L to H mode other modifications of plasma
profile are observed as well, as the steepening of the density gradient, the vari-
ation of the momentum turbulent diffusion and the contribution to momentum
generation by the Reynolds stress mechanism, which has been the subject of the
present thesis.
In this induced transition to the H-Mode the LCOs have not manifested.
A remarkable aspect is that all these physical quantities have been verified for
all the analysed discharges and they have similar or identical behaviour demon-
strating the reproducibility of the studied phenomena.

A fundamental result of the analysis done during the work of this thesis is the
evidence that the Reynolds stress acts as intermediary to transfer the energy from
the external electric field to the plasma resulting in an increase of the flow velocity
and hence turbulences reduction. An increase in the Reynolds stress before the
L-H transition is manifested and the delay between the increase of the flow accel-
eration and the decrease of the force generated from the Reynolds stress testify
the relevant role of the Reynolds stress in the achievement of the H-Mode. The
external agent which initiate the process of Reynolds stress force reinforcement
is associated to the external electric field induced from the electrode. The role of
energy transfer of the force acted from Reynolds stress can explain also the strong
variation of the Reynolds stress found during the L-H transition (figure 4.8), with
values completely different from the ones in the L-Mode and the H-Mode. These
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time intervals represent the instants in which the RS absorbs energy from the ex-
ternal agent and then transfers it to the flow. Coherently the flow velocity (figure
4.5) does not manifest this behaviour, because it is the target of the energy trans-
fer and does not undergo intermediate actions.

An analysis of the Zonal Flow model for the case of induced biased H-Mode, as
for discharges analysed in this work, reported that other forces have to be consid-
ered to have a complete model. Some theoretical hypothesis of possible additive
terms can be done. Significant terms can be obtained for the equation (2.1) consid-
ering contributes of non turbulent nature from the momentum balance equation
(1.8). A complete analysis allows to achieve the order of magnitude of radial elec-
tric field and furthermore the flow damping νd. From a first sight at the MHD
equations (1.6) and (1.5) inserted in the momentum balance equation (1.8) the
contribute of the electric field created from the external electrode can be obtained.
Considering E radially directed and v× B from Ohm’s law radially inward di-
rected, one term results, contributing to the increase of flow acceleration intensity.
This term is related to the induced electric field as σB

ρ E, where the conductivity σ

can be found thanks to Spitzer resistivity and ρ from saturation current density
signal. Besides the electric field contribute also a thorough analysis on the force
which acts against the Reynolds stress force should be done to obtain a complete
model. This has been suggested to be related to the shear through the Laplacian
of the flow velocity, which is neglected in the previous model, but here has to
be evaluated taking into account the multiplying factor, which is the viscosity,
that has been proved to increase a lot for the induced H-Mode. Taking into ac-
counts all this for different radii and considering all the possible contributions
to an implementation of a new Zonal Flow model for biased induced H-Mode is
suggested for future analysis.
In addition further analysis are proposed. In the computation of the Reynolds
stress has not been possible to obtain informations for distances from the sepa-
ratrix greater than 0.008m and possible interesting analysis can be done inves-
tigating deeper in the SOL the force acted from the Reynolds stress compared
with other forces. Furthermore an interesting topic just mentioned in the thesis
(section 2.1) and not treated due to the required time for this type of analysis, is
the study of hysteresis-like behaviour manifested in some RFX-mod discharges in
the same biased induced H-Mode configuration [21]. The idea is that analysing
which physical quantities maintain the effects of the H transition, after having
turned off the electrode, could reveal the real nature of the H-Mode.

In conclusion the Reynolds stress has seen to have a fundamental role in tur-
bulences reduction and self-organising mechanisms of plasma. Nonetheless it is
not the only force at work. Is evident that the induced electric field and the shear
play an important role in this mechanism. Thanks to the results obtained during
this thesis, in comparison with theory and model at present existent, suggestions
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for future analysis are proposed to be done for a complete understanding of the
phenomenon of transition to the High confinement Mode obtained through edge
biasing technique.
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List of Abbreviations

MHD MagnetoHydroDynamics
SOL Scrape Off Layer
L-Mode Low (confinement) Mode
H-Mode High (confinement) Mode
RS Reynolds Stress
ZF Zonal Flow
LCFS Last Close Flux Surface
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Physical Constants

Boltzmann Constant kB = 8.617 333 262× 10−5 eV K−1 1.380 649× 10−23 J K−1 (exact)
Elementary Charge e = 1.602 176 634× 10−19 C (exact)
Speed of Light c = 2.997 924 58× 108 m s−1 (exact)
Electron mass me = 9.109 383 701 5(28)× 10−31 kg 0.510 998 950 00(15)MeV/c2
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