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Chapter 1

Introduction

1.1 Fusion Energy

The increasing energy demand is one of the worldwide questions in the present
century. The World Energy Council estimates double requisition of energy by
2050 with respect to the present consumption. The main energy sources consist
of exhaustible resources, such as coal, gas and oil. These sources are limited to
the emptying of fossil fuel reserves, and imply in environmental damage. Other
energy sources as hydroelectric, solar and wind power are restricted to specific
geographic locations. The fission energy yields large amounts of inexpensive
fuel, however there are several concerns over the safety issues and radioactive
wastes. In this context, the nuclear fusion researches lead to a safe, efficient,
and practically inexhaustible energy source.

Fusion is a nuclear process where two nuclei are combined to form heavier
elements, thereby releasing energy. The Coulomb barrier prevents the nuclei
of the reactants to approach each other and hence an external confining force
is necessary to overcome this repulsive force [1]. Below are some possible
candidates for fusion reactions:

2D +3 T −→4 He+ n+ 17.6MeV (1.1)

2D +3 He −→4 He+ p+ 18.4MeV (1.2)

2D +2 D −→2 He+ n+ 3.27MeV (1.3)

2D +2 D −→3 T + p+ 4.03MeV (1.4)

The cross sections between these reactant elements are fundamental to de-
termine the most promising reaction [2]. The Fig.1.1 shows the cross sections
for different fusion reaction as a function of the relative energy of the two re-
actant nuclei. The reaction 1.1 is the more accessible reaction, because shows
the highest cross section at lowest relative energies. The essential elements
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1.2 Toroidal Magnetic Confinement 3

involved in this reaction are Deuterium and Tritium, both isotopes of Hydro-
gen. The advantage of fusion is that the fuel elements are easily available.
Deuterium can be extracted from the oceanic waters (around 33 g/m3) by an
inexpensive process. Tritium is a rare element in nature with half-life of 12.3
years, but it can be produced in a nuclear reaction between the neutrons and
lithium, which is available in great supplies on the Earth’s crust. On the other
hand, very energetic neutrons are produced by the fusion reactions, which in-
teract with the wall of the plasma chamber and of the internal components,
and activate their materials.

Figure 1.1: Cross sections for different fusion reaction as a function of the relative

energy of the two reactant nuclei.

Deuterium and Tritium are first heated by external methods to high tem-
peratures thereby initiating the ionization process. Furthermore, the plasma
created under these conditions requires a confinement to keep the electrons
and nuclei trapped (in a specific volume for enough time) to reach the fusion
reaction. The ignition condition is achieved when the alpha particles from
fusion reactions itself sustain the plasma temperature in steady state without
external heating. This condition is expressed by the Lawson Criterion [3], and
in fusion reactors with D-T the following inequality has to be satisfied:

ni · Ti · τE ≥ 5× 1021
[
keV · s ·m−3

]
(1.5)

where ni is the ion density, Ti is the ion temperature, and τE is the energy con-
finement time. The high temperatures in fusion reactors are obtained through
several heating methods based on microwaves and high-energy particle beams.
The existing reactors have not achieved the Lawson Criterion, but ITER (In-
ternational Thermonuclear Experimental Reactor) aims to reach the fusion
ignition.

1.2 Toroidal Magnetic Confinement

The plasma confinement can be achieved by several methods, but the toroidal
magnetic confinement is considered to be the most feasible one. A stable
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toroidal magnetic configuration requires adding helicity to the magnetic field
lines of the plasma column, i.e. a poloidal magnetic field component, such
that the field lines become twisted. There are two toroidal devices which yield
helical magnetic field lines: tokamaks and stellarators. A schematic drawing
of a stellarator and a tokamak is shown in Fig.1.2. Other toroidal magnetic
configurations also exist, such as reversed field pinches and spherical tokamaks.

Figure 1.2: Schematic drawing of a stellarator (a) and a tokamak (b).

In a tokamak, the poloidal magnetic field needed to achieve the plasma
equilibrium is created by the toroidal plasma current (secondary transformer
circuit), which is induced by a central solenoid (primary transformer circuit).
In a stellarator, the poloidal and toroidal magnetic field is generated by the
arrangement of external coils [4].

The non-azimuthal symmetry of stellarators makes its design and manu-
facture more difficult. Nevertheless, stellarators show advantages in the sense
that toroidal plasma current is not needed to maintain the poloidal magnetic
field. This aspect allows an operation of steady-state plasma (stationary mag-
netic fields), which reduces the material fatigue and avoids plasmas disrup-
tions. This work was developed in the TJ-II Stellarator, and the experimental
features and plasmas parameters are presented in the next section.

1.3 TJ-II Stellarator

TJ-II is a 4-period heliac-type stellarator [5] in operation since 1997 at CIEMAT
in Madrid (Spain). This project was performed by the team of physicists and
engineers of CIEMAT, in collaboration with the laboratory ORNL in Oak
Ridge (USA) and IPP in Garching (Germany). TJ-II has a major radius
R0 = 1.5 m, average minor plasma radius 〈a〉 ≤ 0.2 m, and magnetic field
strength B0 ≤ 1.0 T . A schematic representation of the TJ-II is shown in the
Fig.1.3. The toroidal magnetic configuration is created by 32 toroidal field
coils (TF), and the horizontal position of the plasma is controlled by 4 vertical
field coils (VF). Two central coils, one circular (CC) and one helical (HX),
define the central axis of the configuration, so-called central conductor.

In accordance to the 4-periodicity symmetry, the TJ-II is divided in 4
sectors, which have an equivalent flux surface (for each 90◦). Consequently,
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Figure 1.3: Top-down view (a) and lateral view (b) of the TJ-II: vertical field coils

(VF); toroidal field coils (TF); central conductor (CC/HX); plasma (yellow); and

vacuum vessel.

the flux surface at ϕ are the same as those at 90◦ − ϕ mirrored at the central
conductor (i.e. R−R0 = Z = 0 m).

The plasma discharge of TJ-II lasts up to 300 ms, with hydrogen or helium
as working gas. The operational parameters of TJ-II are summarized in Ta-
ble 1.1. The heating systems operate through Electron Cyclotron Resonance
Heating (ECRH) and Neutral Beam Injection (NBI). ECRH system is achieved
using 2 gyrotrons heating at the second harmonic of the electron cyclotron res-
onance with frequency f = 53.2 GHz and microwave power PECRH = 300 kW
each [6]. NBI system consists of 2 neutral beam injectors with power supply
PNBI = 1 MW each [7].
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Parameter Value

major radius R0(m) 1.5

average minor plasma radius 〈a〉(m) 0.2

magnetic field strength B(T ) 1

rotational transform ι(0) 0.9 - 0.2

electron density ECRH nECRH
e,max (m−3) 1.7× 1019

electron density NBI nNBI
e,max(m−3) 8× 1019

maximum electron temperature Te,max(keV) 2

ion temperature Ti(eV) 150

Table 1.1: Technical data and typical plasma parameters of TJ-II.

1.4 Scope of this work

The confinement performance of toroidal devices requires a control of turbulent
transport. Many plasmas diagnostics and theoretical models investigate the
plasma turbulence phenomena in order to avoid the energy and particle losses
due to the radial transport process. This work presents a study on the radial
electric field and density fluctuations using an efficient and flexible diagnostic,
Doppler reflectometer.

This method is based on oblique scattering of electromagnetic waves at
the cut-off position, and allows measuring the perpendicular velocity of den-
sity turbulence and estimating the perpendicular wavenumber spectrum shape.
The fluctuation level can be quantified and characterized with high temporal
and spatial resolution along the edge density gradient region of the plasma.
Moreover, the radial electric field profile can be measured and applied to the
investigations on plasma turbulence suppression. In this work the measure-
ments are performed with different averaged-line densities of ECRH plasmas
in the TJ-II stellarator.

The perpendicular velocity of density fluctuations are measured for seven
line-averaged densities of ECRH plasmas. The development of edge shear re-
gion with increasing averaged-line density is discussed for these profiles, which
are connected to the radial electric field profiles. The correspondent fluctu-
ation level is measured and its dependence upon the radial electric field, the
perpendicular wavenumber and the radial positions are analized for the same
set of discharges.

The perpendicular wavenumber spectra of density fluctuation are also mea-
sured for two different densities using the scale-selectivity of the scattering
system. These measurements are compared by the radial positions and the
line-averaged densities. The dimensionless parameter k⊥ρs at the apparent
injection scales are investigated in these spectra.



Chapter 2

Turbulence

The toroidal plasma transport can be classified into two categories: neoclassical
and anomalous transport. Neoclassical theory includes the toroidal geometry
of magnetic confinement fusion experiments to investigate the rate transport
caused by Coulomb collisions. Turbulent or anomalous transport is based
on the total fluxes to describe the particle losses as consequence of micro-
instabilities, which occur irregularly in the plasma as an intermittent process.
The electric and magnetic field fluctuations caused by micro-instabilities lead
in turn to fluctuations in the velocities and positions of the plasma transport.
The incoherent motion of the plasma arising from small-scale instabilities is
denoted turbulence. This chapter provides an introductory description to the
properties of turbulence and its relation with the plasma confinement.

2.1 Spectral Properties of Turbulence

Most fluid flows display a turbulent behavior, such as gases and plasmas [8].
Collecting together the various forces contributions for an incompressible neu-
tral fluid (∇ · u = 0) one can write:

ρm

(
∂u

∂t
+ (u · ∇) u

)
= −∇p+ ν∆u (2.1)

where ρm is the mass density, u the velocity field, p the pressure, ν the dynamic
viscosity. This is the basic dynamical equation expressing Newton’s second law
for a fluid motion and it is denominated Navier-Stokes equation.

The balance force between pressure and viscous forces of the flow is a
dimensionless parameter denominated Reynolds number,

Re =
ρm (u · ∇) u

ν∆u
∼ ULρm

ν
(2.2)

where L is the characteristic scale of the system and U its characteristic ve-
locity. The order of magnitude of Reynolds number describes the degree of
turbulence of a flow. The flow turbulence arises as the Reynolds number in-
creases and causes the formation of eddies and vortex structures.

7



8 2. Turbulence

The scale of those structures changes with temporal evolution of the system
and the turbulent energy contained in each scale yields a momentary character-
ization of the turbulent phenomena. The distribution of turbulent energy can
be represented by the energy spectrum Ek as a function of vector wavenumber
k. When the turbulence is isotropic the energy spectrum becomes indepen-
dent from the orientation of the vector k, and the inverse of wavenumber is
interpreted as a typical length scale.

The energy transfer between different scales in the system is labeled cas-
cades, and this process fundamentally depends on the dimensionality of the
turbulence. The main features of two and three-dimensional (2D and 3D) tur-
bulence are discussed below. This description explains the motivation to the
experimental results of wavenumber spectra obtained by Doppler reflectometry
due to the agreement with the spectral energy for Navier-Stokes turbulence.

The theory given by Kolmogorov in 1941 called the K41-Theory [9] de-
scribes how the energy is transferred between different scales in homogeneous
and isotropic 3D turbulence. This theory is based upon dimensional analy-
sis, and assumes that energy is injected at some large scales (injection scale
ki), then transferred to smaller scales (inertial range), and ultimately dissi-
pated through viscosity (dissipative range), as schematically represented in
the Fig.2.1(a).

In between the injection and the dissipation scales there is an orderly cas-
cade of energy which is nonlinearly transmitted from the large to smaller scales
by a continuously decreasing sequence of eddies. This process is controlled by
an energy transfer rate and is known as direct cascade. The smallest scales
correspond to the state where the energy transfer rate from the large scale
eddies becomes comparable to the energy dissipation rate. For self-similar
Navier-Stokes turbulence, the K41-Theory predicts the spectral energy Ek per
unit wavenumber k as

Ek = Cε2/3k−5/3 (2.3)

where C is the Kolmogorov constant and ε is the energy transfer rate. The
spectral index predicted by K41-Theory is α = −5/3 and has been confirmed
by several experiments in fluids dynamics [10].

In 2D turbulence the effect of vorticity stretching is absent, i.e. the vorticity
Ω = ∇× u is unidirectional for the velocity field u = (ux, uy, 0), such as Ω =
(0, 0,Ωz). Kraichnan in 1967 [11] proposed a dual cascade for 2D turbulence
due to the additional conservation of enstrophy, which is proportional to the
square of the vorticity.

A schematic representation of the spectral energy of 2D Navier-Stokes tur-
bulence is shown in Fig.2.1(b). In this context, if the energy is injected at
one scale ki (injection), two types of inertial range are expected in the spec-
tral energy: the inverse cascade due to the energy transferred towards smaller
wavenumbers, and the direct cascade due to the enstrophy transferred towards
higher wavenumbers. Thus there exist two equations related to the inertial
regions with particular spectral index for each cascade. The inverse cascade is
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Figure 2.1: Schematic representation of direct cascade (a) for 3D and dual cascade

(b) for 2D Navier-Stokes turbulence.

characterized by α = −5/3 while the direct cascade leads to α = −3. There-
fore, in the inertial region k−5/3 the energy is transferred to regions where the
wavenumber tends to zero, while in the inertial region k−3 the enstrophy is
transferred towards higher wavenumbers where the energy is dissipated.

2.2 Plasma Turbulence

In plasma confinement of toroidal devices, concentric magnetic flux surfaces
are formed by the helical field lines over isobaric surfaces, i.e. ∇p = j × B,
where p is pressure, j current and B magnetic field. On each magnetic flux
surface, the plasma parameters are nearly constant since the charge particles
in the plasmas move parallel to the magnetic field, hence the particle transport
is fast in this direction. The radial transport is slow due to the Lorentz force,
and then gradients of plasma parameters (such as density, temperature and
potential) are formed in the perpendicular direction to the flux surfaces. Due
to the fast parallel transport, the fluctuations in the plasma parameter can be
approach as a two-dimensional turbulence.

There are two fluctuations which may cause the anomalous transport in
toroidal plasma confinement: electrostatic and magnetic field perturbations.
The electrostatic perturbation is resultant of the E × B drift velocity, where
the electric field is E = −∇φ, and φ the potential. The plasma edge region
is mainly dominated by electrostatic drift-wave turbulence in a magnetically
confined plasma due to the strong gradients. Drift wave turbulence differs
from its fluid counterpart mainly by the coupling between the turbulent eddies
themselves and the transported quantities [12]. Since the instabilities in the
plasma edge affects the core plasma, the drift-waves are considered as a cause
of plasma turbulence.

The low to high (L-H) plasma confinement mode transition was discovery in
the ASDEX tokamak in 1982 [13], and characterizes the improvement of plasma
confinement and reduction of turbulence level. The H-mode operation exhibits
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steep gradients in density, temperature and radial electric field. Moreover, a
reduction of radial particle transport is observed by Hα monitors with transient
instabilities, so-called Edge Localized Modes (ELMs).

The mechanism of turbulence suppression and the confinement enhance-
ment through the sheared flows in the L-H transitions was proposed by Bligari
et al [14]. The H-mode operation is still not explained in detail by a theoreti-
cal model. However, experimental observations indicate a significant changed
in radial electric field Er at the plasma periphery in the L-H transition [15].
The radial electric field Er could be the essential element on the formation
of sheared plasma flows [16]. In turn, the shared flows could tear apart the
turbulent eddies, decreasing the correlation length and resulting in a reduction
of turbulent transport.

An electric field arises as the plasma moves along the magnetic field lines,
and E×B drift motion is created,

vE×B =
E×B

B2
(2.4)

The radial component of the electric field can be deduced from the radial
force balance for any plasma specie α,

Er = vθ,αBϕ − vϕ,αBθ −
1

ρα

dpα
dr

(2.5)

where vθ,α, vϕ,α, ρα and pα are the poloidal and toroidal velocities, charge
density and pressure of species α. Bligari, Diamond and Terry [14] proposed
the turbulence suppression independent on the sign of either Er or its radial
shear dEr

dr
= E

′
r. This criterion is called BDT, and it can be written as∣∣∣∣E ′

r

Bϕ

∣∣∣∣ > 4ωtkθLr
(2.6)

where 4ωt is the turbulence decorrelation frequency, Bϕ the toroidal field, Lr
the radial correlation length of the turbulent structures with poloidal wavenum-
ber kθ.

The reduced turbulence level in L-H transition is also investigated by the
effect of oscillating shared electric fields, i.e. electrostatic fluctuations, so-called
Zonal Flows (ZF). In this theory, the turbulent vortices are tilted by the E×B
shear flow, the fluctuations become non-isotropic, and thus Reynolds stress
takes importance in the medium. The energy from small scales is transferred
into the ZF, reducing the turbulence energy in the plasma core.

This study focus on low-density plasma, where the H-mode is not reached.
However, even in low-density operation the radial electric field shear is ob-
served in between core and edge plasma region. The plasma scenarios of our
results have been obtained with ECRH. This study also leads to the edge shear
formation and how the turbulence energy is distributed at different turbulence
scales in the condition of line-averaged densities close to threshold density (in
which the Er becomes negative).



Chapter 3

Doppler Reflectometry
Diagnostic

Reflectometry is a radar technique used initially in ionospheric studies, and
after in plasma physics researches for density measurements [17, 18]. This
method is also a mean for the detection of plasma fluctuations in toroidal
magnetic confinement [19]. Due to the restriction of quantitative information
of fluctuation measurements by conventional reflectometry, the Doppler reflec-
tometry method was proposed in the late 1990’s [20]. Doppler reflectometry
provides measurements of the perpendicular velocity of density fluctuations
and the perpendicular wavenumber spectra. The radial electric field can be
also obtained through the measured perpendicular velocity and the knowledge
of magnetic field at the cut-off layer. The principles of Doppler reflectometry
and spectral resolution are explained in this chapter. Firstly, the fundamen-
tals of wave propagation and reflection [1, 21] are described according to the
situation of Doppler reflectometry.

3.1 Electromagnetic Waves in Plasmas

The electromagnetic wave propagation in plasmas is described by the relation
between the wavenumber k and the angular frequency ω, so-called dispersion
relation. The dispersion relation can be derived by considering a homogeneous
plasma with a magnetic field B0 = B0ez. The wave propagation in plasma is
governed by Maxwell’s equations,

∇ · E = ρ/ε0 (3.1)

∇ ·B = 0 (3.2)

∇× E = −∂tB (3.3)

∇×B = µ0j− µ0ε0∂tE (3.4)

11



12 3. Doppler Reflectometry Diagnostic

where E is the electric field, B the magnetic field, j the current density, ε0 the
permittivity of free space and µ0 the permeability of free space. Considering a
propagation of small amplitude waves, the quantities E and B are described by
linearized equations. By assuming the form of a plane wave∼ exp i (k · r− ωt),
the Eqs. 3.3 and 3.4 become

ik× E = iωB (3.5)

ik×B = µ0j− µ0ε0iωE (3.6)

The relation between the vectors j and E is described by Ohm’s law, which
can be expressed for an anisotropic plasma conductivity by introducing the
conductivity tensor ¯̄σ

j = ¯̄σ · E (3.7)

The refractive index is defined as N = kc/ω, where c is the velocity of the
light in vacuum. By combining the Eqs.3.5 and 3.6, a linear wave equation
can be written as

N2E−N (N · E)− ¯̄ε · E = 0 (3.8)

where the dielectric tensor ¯̄ε has been introduced,

¯̄ε = 1 +
i

ωε0
¯̄σ (3.9)

The plasma effect on the wave propagation is contained in the conductiv-
ity tensor ¯̄σ. The conductivity tensor is calculated from an approximation
of the plasma fluid equations known as cold plasma model. In this model,
the plasma pressure is assumed small and collision terms are neglected. For
high frequency waves, such as in microwave diagnostics, the ion motions may
be neglect (mion � me). Assuming electrons contributions only, the motion
equation is written as

me∂tv = −e (E + v×B) (3.10)

where me is the electron mass, e the electron charge and v the electron velocity.
In accordance with the plane wave, the time derivative is replaced as ∂tv =
−iωv, which allows to solve the Eq.3.10 for its x, y and z components:

vx = − i

ω

(
e

me

)
1

1− (ωc/ω)2
(Ex − i (ωc/ω)Ey) (3.11)

vy = − i

ω

(
e

me

)
1

1− (ωc/ω)2
(Ey − i (ωc/ω)Ex) (3.12)

vz = − i

ω

(
e

me

)
Ez (3.13)

where ωc is the electron cyclotron frequency defined as ωc = eB0/me.
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The current density in the cold plasma approximation comes entirely from
the electron motions, and the thermal motions are neglect. Following this
model, the current density is simplied as

j = −enev (3.14)

where ne is the electron density. Then, taking into account Eq.3.7 one obtains
a relation between v and E

v = − 1

ene
j = − 1

ene
¯̄σ · E (3.15)

which gives the expression for the conductivity tensor by inserting Eqs. 3.11-
3.13,

¯̄σ = ene
i

ω

(
e

me

)
1

1− (ωc/ω)2


1 −iωc

ω
0

iωc

ω
1 0

0 0 1−
(
ωc

ω

)2
 (3.16)

By combining the Eqs.3.16 and 3.9, the dielectric tensor can be obtained
as

¯̄ε =


ε⊥ εxy 0

−εxy ε⊥ 0

0 0 ε‖

 (3.17)

where the following substitutions have been taking

ε⊥ = 1−
ω2
p

ω2 − ω2
c

(3.18)

ε‖ = 1−
(ωp
ω

)2
(3.19)

εxy = i
ω2
p

ω2 − ω2
c

(ωc
ω

)
(3.20)

and ωp the plasma frequency given by ωp =
√
nee2/ε0me.

If the wave vector is assumed in the (z,x) plane, and γ the angle between
N and B (Fig.3.1), the wave equation 3.8 can be rewritten in a matrix form,

ε⊥ −N2 cos2 γ −εxy N2 cos γ sin γ

εxy ε⊥ −N2 0

N2 cos γ sin γ 0 ε‖ −N2 sin2 γ




Ex

Ey

Ez

 = 0 (3.21)

Nontrivial solutions to the homogeneous system of equations are obtained
when the determinant of this matrix is equal to zero. This condition finally
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gives the plasma dispersion relation expressed by N2
‖ = N2 cos2 γ and N2

⊥ =

N2 sin2 γ:

ε⊥N
4
⊥ +

((
N2
‖ − ε⊥

) (
ε⊥ + ε‖

)
+ ε2xy

)
N2
⊥ + ε‖

((
ε⊥ −N2

‖
)2 − ε2xy) = 0 (3.22)

Therefore, the waves propagating in the plasma are described by solutions
N2
‖ and N2

⊥ in the dispersion relation.

3.2 Perpendicular Wave Propagation to the

Magnetic Field

The case of perpendicular propagation (γ = π/2) with respect to the magnetic
field will be further described here since it is the situation in Doppler reflec-
tometry. In this special case k ⊥ B0, then N‖ = 0, and the following equation
is obtained for N2

⊥:

ε⊥N
4
⊥ +

(
ε2xy − ε2⊥ − ε⊥ε‖

)
N2
⊥ + ε‖

(
ε2⊥ − ε2xy

)
= 0 (3.23)

This equation leads to two solutions, which are satisfied in accordance to
the configuration between the electric and magnetic fields. These solutions are
discussed bellow.

Ordinary Mode

In the case of the electric field parallel to the magnetic field, i.e. E ‖ B0, the
wave is called Ordinary Wave (O-mode). Then, Ex = Ey = 0 and Ez 6= 0
satisfy the solution given by

N2
⊥,0 = ε‖ (3.24)

The electromagnetic wave propagates in the region where N2
⊥ > 0, and it is

reflected at the cut-off layer where N2
⊥ = 0. The cut-off condition for O-mode

is reached when ε‖ = 0, i.e. ω = ωp.

Figure 3.1: Diagram of directions assumed to the electromagnetic wave.
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Extraordinary Mode

In the case of the electric field perpendicular to the magnetic field, i.e. E ⊥ B0,
the wave is called Extraordinary Wave (X-mode). Then, Ez = 0 and Ex/Ey =
εxy/ε⊥ satisfy the solution given by

N2
⊥,0 =

ε2⊥ − ε2xy
ε⊥

(3.25)

Setting the Eq.3.25 to zero one obtains ε⊥ ± εxy = 0, i.e. there are two
solutions for the cut-off condition given by

ωR = (1/2)
(
ωc +

√
ω2
c + 4ω2

p

)
(3.26)

ωL = (1/2)
(
−ωc +

√
ω2
c + 4ω2

p

)
(3.27)

which are called as right-hand ωR and left-hand ωL cut-offś respectively. The
extraordinary mode is used for studying the low density plasma edge. The
Doppler reflectometer in the TJ-II Stellarator operates in X-mode in order to
investigate the turbulence at the density gradient region and the radial electric
fields.

3.3 Principles of Doppler Reflectometry

In contrast to the conventional reflectometry, where the microwave beam is
launched perpendicular to the cut-off layer in the plasma, in Doppler reflec-
tometry the microwave beam is launched obliquely with respect to the normal
direction of reflecting surface [20, 22]. The conventional reflectometry allows
stratifying the background density profile, and its antenna receives the re-
flected signal of zeroth order only. In the case of Doppler reflectometry the
back scattering is preferentially selected by the tilted angle θ0 of the antenna.

A plasma slab is indicated by black dashed line in the Fig.3.2(a), and
the density gradient increases in r direction. The magnetic field points into
the plane of this representation. The microwave (indicated by a red line) is
launched from the vacuum region, where the refractive index is N = 1. As the
wave enters into the plasma, the refractive index starts to decrease until the
minimum N = sin θ0 at the cut-off layer, and the wave is reflected out from
the plasma without scattering process.

This scenario is changed when the cut-off layer contains turbulence and
the scattering process takes place, such as schematized by a corrugated layer
(indicated by black dashed line) moving with velocity u⊥ in Fig.3.2(b). The
backscattered wave (indicated by a blue dashed line) follows the Bragg condi-
tion, which is given by

k⊥ = 2k0 sin θ0 (3.28)

where k0 is the probing wavenumber in vacuum. The backscattered signal of
first order scattering, i.e. m = −1, returns to the launching antenna. This
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Figure 3.2: Oblique incidence of a microwave beam in a slab plasma (a) without

and (b) with the presence of turbulence at the cut-off layer.

principle of Doppler reflectometry is called Bragg backscattering. The tilted
angle θ0 variation allows selecting a range of perpendicular wavenumber of tur-
bulence at the cut-off layer, and can be reached using either steerable antenna
or steerable mirror by reflecting the probing beam to the plasma.

The spectrum of the backscattered microwave signal is Doppler shifted,
and the value of the Doppler shift ωD depends on the velocity of the plasma
turbulence u and on its wavenumber k as

ωD = u · k = u⊥ · k⊥ + u‖ · k‖ + ur · kr (3.29)

However, Doppler reflectometers are usually optimized in the sense that
they are only sensitive to k⊥ by aligning the launched wave perpendicular to
the magnetic field B [23]. Additionally, in magnetically confined plasmas it is
usually assumed that k⊥ � k‖ and u⊥ < u‖. Moreover, the turbulence does
not displace itself in the radial direction [22]. Thus, the second term in Eq.3.29
is negligible and the third term vanishes, resulting in

ωD = 2πfD = u⊥ · k⊥ (3.30)

Through the measurement of Doppler shift fD and the knowledge of the
perpendicular wavenumber k⊥, the perpendicular velocity of the plasma turbu-
lence can be determined [24]. The Eq.3.28 is written considering a plasma slab,
which is not the real configuration for most confined plasmas. Since the cut-off
later curvature has to be taken into account, the perpendicular wavenumber of
density turbulence is determined by ray or beam tracing codes, which give the
wavenumber of the incident ray k⊥,i and the radial position of backscattering
process.
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3.4 Doppler Reflectometry Components

The hardware component of Doppler reflectometer in the TJ-II Stellarator
consists in two independent and identical heterodyne channels using fast fre-
quency hopping electronic systems, which allow measurements with high spa-
tial and temporal resolutions [25]. The two heterodyne channels work in X-
mode in frequency range of 33− 50 GHz (Q-band), and cover densities about
ne = 0.3 − 1.5 × 1019 m−3. The circuit diagram of one channel is shown
in Fig.3.3. Each channel uses two independent synthesizers in the frequency
range of 8.0 − 12.5 GHz, being a main synthesizer (RF) and a local oscillator
(LO) with frequency offset of 192 MHz.

Figure 3.3: Circuit diagram of one channel of the fast frequency hopping reflec-

tometer.

The RF signal is multiplied by 4 to achieve 33 − 50 GHz and then trans-
mitted/received by a corrugated antenna to/from the plasma. The frequency
of the two channels can be changed independently with respect to each other
on a timescale smaller than 1 ms, allowing high radial and temporal resolution
(4R < 1 cm, sampling rate 10 MHz ) for the analyses of radial electric field
and density fluctuations.

The returning signal is converted by a harmonic mixer to an intermediate
frequency (IF) of 768 MHz, amplified and band pass filtered around 768 MHz
with 10 MHz bandwidth. Then it is amplified to the requisite level of the
I.Q. detector. The LO signal is mixed with the RF signal and multiplied by
4 to attain the necessary 768 MHz, and then processed by the I.Q. detector,
which returns the In-phase (I) and the Quadrature (Q) signals containing the
amplitude and phase information of the received signal.
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Figure 3.4: Scheme of Doppler reflectometer in the vacuum vessel. Top-down view

(a) and lateral view (b) [23].

A scheme of Doppler reflectometer is illustrated in Fig.3.4, where the an-
tenna and ellipsoidal mirror components are represented in the vacuum vessel.
The top-down view of the system represents the alignment of the antenna-
mirror system perpendicular to the magnetic field B (arrow). The lateral
view illustrates the antenna 10◦ tilted with respect to the equatorial plane,
and the mirror following its projection. This configuration avoids the con-
tact of both components (antenna and mirror) with the plasma. The antenna
shutter is represented open and located below the antenna. This apparatus
protects the corrugated antenna from impurity accumulation and vessel wall
conditioning (with deposition of boron and lithium). The system employs a
choked-corrugated antenna to produce a Gaussian beam, which is important
to achieve a high spectral resolution.

The steerable ellipsoidal mirror focuses the beam at the cut-off layer with a
well defined beam waist. The mirror covers an operational range θ = 32◦−52◦

with respect to the equatorial plane, and the center of the mirror is located
approximately on the axis of symmetry of the plasma in all magnetic config-
urations. Since the 10◦ inclination of the antenna implies in a mirror angle
θs = 42◦ for a perpendicular incidence in the plasma, the launch angle θl with
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respect to the perpendicular incidence is defined as

θl = 2 (θ − θs) (3.31)

where the factor ”2” takes the law of reflection into account. Thus, for a
perpendicular incidence of the mirror the operational angle is θ = 42◦. The
operational angle is changed on a shot-to-shot basis, and manipulated by a
step motor. This aspect of the system is essential to the measurements of per-
pendicular wavenumber spectra further presented in chapter 4.3. The mirror
angles referred in the next chapters correspond to the range of the operational
angle θ.

3.5 Spectral Resolution

The scattered electromagnetic waves at the cut-off layer hold the essential in-
formation for the investigation of density fluctuations. The spectral wavenum-
ber resolution4k⊥ determines the wavenumber interval to be measured. Holzhauer
and Massing [26] showed a spectral resolution 4k⊥ for Gaussian beams being
inversely proportional to the beam waist w,

4 k⊥ =
2
√

2

w
(3.32)

This relation is valid if the tilt angle θ0 is small enough for the effect of the
geometric projection of the beam waist onto the reflecting layer to be neglected.
The Gaussian beams are defined by the electric field distribution E ∝ (−r2/w2)
axially symmetric, where r represents the perpendicular distance from the axis
of propagation. Taking into account the cut-off layer curvature [27, 28], the
spectral resolution of Doppler reflectometers becomes

4 k⊥ =
2
√

2

w

√
1 +

(
w2k0
ρeff

)2

(3.33)

where ρeff is the effective radius of curvature within the spot size, defined as

ρeff =
RCRB

RC +RB

(3.34)

being RB and RC the radii of curvature of the microwave beam and cut-off
layer, respectively. In case of plane beam wavefronts in the plasma RB →∞,
and the effective radius becomes ρeff = RC . For standard configuration, the
cut-off layer curvature is RC = 28 cm in TJ-II Stellarator.

The spectral resolution4k⊥ dependence on the beam waist w in the plasma
is shown in Fig.3.5. Three different probing beam frequencies (33, 41, 50
GHz ) are represented when RB → ∞ and RC = 28 cm. The better spectral
resolution is observed in lower frequency (f0 = 33 GHz ) with the optimum
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Figure 3.5: Spectral resolution for 33, 41 and 50 GHz with cut-off layer curvature

RC = 28 cm [24].

beam waist ωopt ≈ 2 cm. The vertical lines show the beam waist calculated
using a two-dimensional (2D) full wave code to simulate the TJ-II antenna-
mirror arrangement by Blanco et al. [29, 30].

This corrugated antenna yields in a beam waist of ω0 = 1.7λ0 at f0 = 41
GHz. For the whole frequency range in Q-band (33−50 GHz ), the beam waist
scales linearly with the square root of the wavelength, i.e. ω0 ∝

√
λ0. The

optimum beam spot and the plane wave fronts at the cut-off layer yield reliable
measurements of the perpendicular velocity fluctuations and their wavenumber
spectra.

3.6 Ray Tracing Code TRUBA

In case of cut-off layer curvature, the radial backscattering position and the
perpendicular wave number of density fluctuations have to be calculated us-
ing ray or beam tracing codes. The experimental results obtained by Doppler
reflectometry measurement in TJ-II are analyzed using the ray tracing code
TRUBA [31], which was previously applied to TJ-II plasma heating studies.
TRUBA solves the ray tracing equations for the full three-dimensional geom-
etry of TJ-II Stellarator in non-relativistic mode.

The inputs of TRUBA code are the magnetic configuration ICC IHX IV F
(established by the current in the circular, helical and vertical coils), the plasma
density profile ne(ρ) (analytical or experimentally obtained), the mirror angle
θ of Doppler Reflectometer and its launched microwave frequency f0. The ray
tracing starts at the mirror center and it propagates in a straight line, such
as vacuum wave propagation. As the plasma density increases, the dielectric
tensor (Eq.3.9) becomes significant until the refractive index reaches a mini-
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Figure 3.6: Ray tracing calculation of the perpendicular wavenumber and the

radial position for microwave frequencies 33− 42 GHz (CH1) and 33.5− 42.5 GHz

(CH2).

mum value. At this radial position, the ray is reflected and travels out of the
plasma. The calculation is interrupted when the ray reaches the vessel wall
position. Moreover, the absolute value of the magnetic field, the parallel and
perpendicular components of refractive index are obtained in addition to the
perpendicular wavenumber of the incident ray and the radial position at the
cut-off layer. Then, the perpendicular wavenumber of density fluctuations (i.e.
k⊥ = 2k⊥,i) is calculated at the ray retuning point.

The measured perpendicular wavenumber space depends on the magnetic
configuration, the density profile and the operational angle θ. A typical exam-
ple of perpendicular wavenumber space for ECRH plasmas in TJ-II are shown
in Fig.3.6. The probing frequencies range 33 − 42 GHz (channel CH1), and
33.5 − 42.5 GHz (channel CH2) in steps of 4f0 = 1 GHz. The operational
angle θ ranges from 32◦ − 38◦. In this plasma configuration, the radial posi-
tion range measured by the Doppler reflectometer is ρ ≈ 0.44 − 0.87 and the
perpendicular wavenumber range is k⊥ ≈ 4− 13 cm−1.

The error associated to the reflection position and the perpendicular wave
number at the cut-off layer can be estimated considering three parallel incident
rays by TRUBA code. The rays are independent of each other and their reflec-
tions occur in three different positions, which can yield significant divergence
to the reflected rays. Since the plasma curvature varies along these positions,
the tilt angle formed between the incident beam and the cut-off layer are also



22 3. Doppler Reflectometry Diagnostic

distinct. Therefore, the perpendicular wavenumber are calculated for each
tilt angle, such that k⊥ ± 4k⊥ is the correspondent result to the central ray
with deviations to the parallel ones. The value of 4k⊥ may also exist due to
wavefront curvatures and beam size at the cut-off layer.

These errors become more pronounced as the plasma curvature increases.
In order to represent this scenario, Fig.3.7 shows 2D Full wave calculation
combined with three parallel incident rays calculated by TRUBA on the plane
of the perpendicular flux surfaces. The analytical density profile used is of the
form ne = ne,0(1−ρα)β, with ne,0 = 1.7×1019m−3, α = 6 and β = 7. The prob-
ing beam frequency is f0 = 41 GHz and the mirror angle θ = 36◦. Through
the uncertainties the error bars associated to the perpendicular velocities of
density fluctuation are estimated for a specific probing frequency. The devi-
ation expected to u⊥ could be generated during the experimental extraction
of Doppler shift and/or with the estimation of perpendicular wavenumber by
TRUBA, such as discussed before. Since the errors associated to the Doppler
shift are smaller comparable to uncertainties of perpendicular wavenumber,
the value of 4k⊥,i obtained by TRUBA indicates an enough deviation to be
regarded to the perpendicular velocities of plasma turbulence. Note that these
errors are independent and can be analyzed separately. Therefore, the error of
4u⊥ can be approximated as

4 u⊥ ≈
4k⊥,i
k⊥

u⊥ (3.35)

where 4k⊥,i is defined by the additional parallel incident rays with perpendic-
ular wavenumbers k1⊥,i and k2⊥,i, such that

4 k⊥,i =
|k⊥,i − k1⊥,i|+ |k⊥,i − k2⊥,i|

2
(3.36)

Thus, errors associated to the perpendicular velocity and radial position at
the cut-off layer can be estimated and applied to the experimental results.
Other aspects about the uncertainties are further discussed in the experimental
results.

3.7 Calibration

The transmitted power related to a determined frequency is subjected to losses
along the components of the system. Consequently, the accuracy of wavenum-
ber spectra measurement may be significantly improved through a calibration
method. The simplest method of calibration consists in the measurement of
returned power when a launched probing beam is reflected by the vessel wall.
However, this method yields erratic results in the TJ-II Stellarator due to the
non-symmetric wavefronts reflected at the central conductor or other parts of
the vessel, and after collected by the ellipsoidal mirror. Alternatively, the cal-
ibration was obtained measuring the emitted power directly into the receiving
part of the system.
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Figure 3.7: 2D full wave calculation showing the absolute value of electric field

distribution, and three parallel incident rays (green) by ray tracing calculations with

the same parameters [23].

The launching and receiving waveguides are disconnected from the antenna
and joined by a 180◦ turn. A variable attenuator is added to the turning
part in order to protect the receiving system from high power signals, which
can damage the electronic circuit. This method allows determining the power
contribution of each channel and probing frequency in the experimental results.
The corrugated antenna and the ellipsoidal mirror are not included in the
calibration, but it is still reliable since the variation of the antenna directivity
is below 2.5 dB in the whole frequency range of the system, which is smaller
compared to the calibration power, and then much smaller to the dynamic
range of the system. Additionally, the 2D full wave simulation shows that the
ellipsoidal mirror has weak frequency and tilt angles dependency.

The microwave frequency f0 was swept in the range of 33−42 GHz in steps
of 4f0 = 1 GHz increased each 5 ms in the channel CH1. Simultaneously
in the channel CH2, the microwave frequency f0 was swept in the range of
33.5 − 42.5 in the same steps of 4f0 = 1 GHz increased each 5 ms. The
attenuator between the emitting and receiving waveguide is fixed at 20 dB.
The total acquisition of this calibration requires 50 ms for both channels (CH1
and CH2).

The amplitude signal for each frequency is obtained in the calibration,
and the associated power allows the calibration of the system. Fig.3.8 shows
the power of calibration detected for both channels. The received power for
channel CH1 varies between -16.7 and -5.1 dB. For the channel CH2, the power
varies between -11.9 to -5.3 dB.



24 3. Doppler Reflectometry Diagnostic

The calibrated Doppler peak height S(fD)c can be defined as

S (fD)c = S (fD)m − P (f0) (3.37)

where S(fD)m is the measured Doppler peak height and P (f0) is the mea-
sured power from the calibration in dB. Since the extraction of Doppler shift
is independent of the spectrum height, this calibration is not necessary to the
perpendicular velocity of density fluctuations and radial electric field measure-
ments.

Figure 3.8: (#202108) Power of calibration for channels CH1 (green) and CH2

(red) with 20 dB attenuation for the wavenumber spectra measurement.



Chapter 4

Experimental Results

4.1 Analysis Method

In this section we present the analysis method applied to the experimental data
of Doppler reflectometry. The Fourier analysis of received signal is processed in
IDL (Interactive Data Language) and the acquisition of Doppler frequency fD,
its height AD and its width 4fD are estimated by fitting a Gaussian function
to the measured power spectrum S(fD)m.

The heterodyne detection by the fast hopping frequency system (showed in
the previous chapter) allows receiving the measured signal as In-phase (I ) and
Quadrature (Q) components, given by: I = A cosφ and Q = A sinφ, where
φ is the phase and A the amplitude of the signal. These components of the
received signal are sampled at 10 MHz, and combined to obtain the complex
amplitude signal: C = I + iQ = Aeiφ. The signal is time windowed with
1024 points for each 0.1 ms, and a fast Fourier transform (FFT) is applied to
the complex amplitude signal C to give a power spectrum S(fD)m two-sided
(positive and negative frequencies due to the complex amplitude signal).

Through the signal in frequency domain for a certain time window length,
the spectrogram can be represented, such as in Fig.4.1(a). The spectrogram
is interrupted by white stripes of about 1 ms at each frequency transition.
The color code represents the power of the spectrum in dB. This is the typical
spectrogram for low line-averaged density, i.e. 〈ne〉 ≈ 0.65 × 1019 m−3. The
plasma was heated via ECRH with PECRH = 2 × 250 kW, and the mirror
angle of DR was θ = 35◦. By comparing the consecutive frequency steps, we
observe the density fluctuation decrease at higher probing frequencies (inner-
most positions). This representation allows visualizing the fluctuation level
and the Doppler shift along the required time by the probing frequency scan,
which is shown in Fig.4.1(b). The time window length is 30 ms, in which 10
frequencies steps were realized in the channel CH2 from 33.5 GHz to 42.5 GHz
with frequency steps of 4f0 = 1 GHz.

The power spectrum S(fD)m can be obtained by selecting the time interval
correspondent to certain probing frequency, such as in Fig.4.1(c). The power
spectra have been represented for probing frequencies 36.5 GHz and 42.5 GHz,

25



26 4. Experimental Results

(a)

(b) (c)

Figure 4.1: Spectrogram (a) of the Doppler Reflectometer in ECRH discharge

(#26984), for 10 frequencies steps (b) in the channel CH2. The power spectrum

(c) is correspondent to the time interval of probing frequencies 36.5 GHz and 42.5

GHz.

which have their correspondent intervals selected in Fig.4.1(a). The amplitude
of the power spectrum reflects the density fluctuation level ñ2, and the max-
imum position gives the Doppler shift fD. One can observe the reduction of
density fluctuation level around two orders of magnitude between those fre-
quencies. This evidences the reduction of turbulence level for innermost radial
positions. However, the Doppler peak height calibration has to be taken into
account for an accurate measurement, such as described in the previous chap-
ter. The Doppler shifted peaks (m = −1) are clearly visible in the negative
part, and its value becomes higher as the probing frequency increases. When
the line-averaged density is above a certain threshold density [32], the Doppler
shifted peaks are located in the positive part of the power spectrum.

Some spectra measured with Doppler reflectometry in TJ-II show a zero-
order contribution, and fit methods are used to extract fD and AD. An atten-
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tion is also given to the width 4fD due to the fact that the density fluctuation
level ñ2 is proportional to the area under the Gaussian fit, i.e. ñ2 ∝ 4fD ·AD
[33]. Since the amplitude uncertainty increases in high frequencies, the width
4fD has to be taken into account for determining the fluctuation level with
high accuracy.

In case of zero-order contribution, the fitting of a Gaussian is possible
when there is a minimum in the spectrum between the Doppler peak and the
zero-order one, such that they are separated from each other. The analysis is
accurately reached by fitting a Gaussian to the asymmetric part of the power
spectrum S(f)∗, which is defined as S(f)∗ = S(f) − S(−f). In this method,
the zero-order peak is vanished and a double Doppler peak is obtained in the
spectrum with positive and negative amplitudes. However, this fitting method
is only possible when the width of the Doppler peak is small compared to the
Doppler shift.

4.2 Perpendicular Velocity of Density Turbu-

lence

The perpendicular velocities of density fluctuations were measured for different
ECRH plasma conditions. The radial profiles of perpendicular velocity were
analyzed for several line-averaged densities, such that each plasma density cor-
responds to a stationary discharge with constant density during one frequency
scan of the Doppler reflectometry. The plasma density profile of each specific
discharge was obtained with AM reflectometry [34], interferometry and Thom-
son scattering methods [35], and then applied to the ray tracing calculation
by TRUBA code.

As mentioned in the previous section, the probing frequency was swept
from 33 to 42 GHz (channel one CH1) and 33.5 to 42.5 GHz (channel two
CH2) with frequency steps of 1 GHz. The operational angle of the mirror was
fixed at 35◦ for all measurements presented in this section in order to verify the
perpendicular velocity profile with respect to the increasing of plasma density
at the same radial line (i.e. line of sight). This procedure allows quantifying
the density fluctuations along the effective plasma radius ρ. The magnetic
configuration was 101 42 64 (102A) for all discharges, and the heating power
in these experiments was PECRH = 2× 250 kW.

The perpendicular velocities were measured for seven line-averaged densi-
ties between 0.40 × 1019 to 0.82 × 1019 m−3, such as in Fig.4.2. This density
range covers values greater and smaller than the threshold density nth, in which
the orientation of radial electric field is found to be partially inverted in the
TJ-II ECRH plasmas. Each point measured corresponds to one microwave
frequency. As the plasma density increase the cut-off layers become closer to
each other at the plasma edge, thereby the radial positions of the cut-off layer
are displaced outward to the plasma. Velocities range from about -1 to +2.5
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Figure 4.2: (#26970-86) Radial profiles of perpendicular velocity of density fluc-

tuations of seven line-averaged densities covering values greater and smaller than

the threshold density.

km/s. For 〈ne〉 < 0.72× 1019 m−3, the perpendicular velocities are positive in
the whole radial range. A small dip is observed in the perpendicular velocities
around ρ = 0.77, and it becomes more pronounced as the line-density increases.
When 〈ne〉 ≈ 0.75× 1019 m−3 (i.e. around to the threshold density) the radial
profile of perpendicular velocity has a positive signal for the plane range, and
the dip region starts to become negative. This corresponds to the inversion
direction of perpendicular velocity and the formation of two shear layers at
ρ ≈ 0.76 and 0.83. For 〈ne〉 ≈ 0.82 × 1019 m−3, the perpendicular velocity is
negative in the whole radial range probed by the Doppler reflectometer.

The error bars of each frequency measurement were calculated using 3-
ray method by TRUBA code. As the probing frequency increases, the in-
nermost measurements are obtained and the plasma curvature becomes more
pronounced, and the errors related to the radial position increase at those cut-
off layers. Since the curvatures are higher in those innermost positions the tilt
angles of the parallel rays show higher divergence with respect to the central
one, and the uncertainty in perpendicular velocity (Eq.3.35) also increases.
The error bars of perpendicular velocity vary by comparing measurements at
the same radial position for different line-averaged densities. These variations
are justified by the relative error method, in which measurements close to the
null perpendicular velocity show smaller uncertainty.

For the same measurement set previously discussed, the perpendicular
wavenumber space is shown in Fig.4.3. The perpendicular wavenumber in-
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Figure 4.3: Perpendicular wavenumber space for the same set of line-averaged

densities presented in Fig.4.2.

creases as the probing frequency increases. When the line-averaged density
increases the cut-off layer is shifted outward to the plasma edge and the per-
pendicular wavenumber spaces are located closer to the other ones. The shape
of perpendicular wavenumber space depends upon the density profile associ-
ated with each measurement.

The Doppler reflectometer diagnostic allows determining the radial elec-
tric field at the cut-off layers. Since the strong shear in the radial electric
field may be one of the mechanisms responsible for the turbulence suppres-
sion, Doppler reflectometry has an important role in this investigation. The
perpendicular velocity u⊥ measured by Doppler reflectometry is a composi-
tion of the plasma drift velocity vE×B and the phase velocity of turbulence
vph, such as u⊥ = vE×B + vph. The vph can be interpreted as the velocity
with which the turbulence moves in the plasma frame. This displacement of
density fluctuations in the plasma frame is negligible compared to vE×B (i.e.
vph � vE×B). With knowledge of the magnetic field at the reflection position of
a probing frequency the radial electric field Er can be determined: Er = u⊥B.
The magnetic field range in TJ-II for the measurements discussed in the pre-
vious section is around 0.90 to 0.96 T. Consequently, the radial electric field
(Fig.4.4) follows a similar profile compared to the perpendicular velocity of
density turbulence.

Another important aspect of these measurements is how the plasma tur-
bulence varies along the radial positions. Fig.4.5 represents the dependence of
the density fluctuation level upon the line-averaged densities. The measured
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Figure 4.4: (#26970-86) Radial electric field of seven line-average densities cover-

ing values greater and smaller than the threshold density.

Figure 4.5: Density fluctuation level for the same set of line-average densities

presented in Fig.4.2.

power for each probing frequency is calibrated by the method discussed in the
section 3.7. Moreover, the area under the Gaussian fit is considered in order
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to estimate the fluctuation level with high accuracy. For lower line-averaged
densities, the fluctuation level shows a decrease around three orders of mag-
nitude between edge and core plasma. In case of higher line-densities, the
fluctuation level is observed two orders of magnitude lower with respect to the
outermost measurement. However, the set of line-averaged densities follow the
same fluctuation decay towards the core plasma. This characterizes a reduc-
tion of fluctuation along the same line of sight at innermost positions as an
independent relation to the line-averaged densities and to the radial electric
field profile.

The measured fluctuation level corresponds to the range of perpendicular
wavenumber showed in Fig.4.3 (i.e. k⊥ between 6 and 10.5 cm−1). However,
the observed reduction of fluctuation level can occur due to the combined
effect of two factors: radial position and perpendicular wavenumber ranges.
As the probing frequency increases, the cut-off layer is located at innermost
positions and the measured fluctuation level decreases. On the other hand, the
perpendicular wavenumber of turbulence increases at innermost positions, and
the spectra of turbulence are expected with higher energy at smaller scales.
Fig.4.6 shows the fluctuation level for k⊥ restricted between 8.5 and 9 cm−1

only. Even for shorter range of perpendicular wavenumber, the fluctuation
level shows a decrease around two orders of magnitude. Therefore, there exist
both contribution to the measured fluctuation level, but its dependence upon
to the radial position is dominant.

Figure 4.6: Density fluctuation level for perpendicular wavenumber between 8.5

and 9 cm−1.

Since the density fluctuation level shows independence with respect to the
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parameters here analyzed, the perpendicular wavenumber spectra were mea-
sured for two similar line-averaged densities of our set of measurement and
presented in the following section. This spectral analysis represents the repar-
tition of fluctuation level over different spatial scales, and characterizes the
turbulent transport by the power laws [36].

4.3 Perpendicular Wavenumber Spectra

For the experimental results presented in this section, the magnetic config-
uration and heating power were the same of those discussed in the previous
sections. The probing frequency scan was programmed in the same range and
step frequency. Nevertheless, the operational angle of the mirror was varied on
a shot-to-shot basis in order to measure the perpendicular wavenumber spec-
tra of turbulence in the ECRH plasmas. The measurements consist in large
number of probing frequency and incident angles to obtain the perpendicular
wavenumber spectra with a high level of resolution in terms of wavenumber
discretization. The steerable ellipsoidal mirror enables to select a range of per-
pendicular wavenumber between k⊥ = 3− 15 cm−1, and allows to investigate
the energy content in the correspondent turbulence scales.

Figure 4.7: (#24726-34, #26967-69, #28045-52) Perpendicular velocity profiles

of density turbulence for two line-average densities.

This study is performed for two perpendicular velocity profiles of density
fluctuations with different line-averaged densities. Each set of perpendicular
velocity comprises seven stationary discharges with comparable and constant
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densities during one frequency scan of the Doppler reflectometry. Density
profile, magnetic configuration, mirror angle and frequency were used as in-
put for TRUBA code to obtain the scattering position and the perpendicular
wavenumber of turbulence.

The perpendicular velocities of density turbulence are shown in Fig.4.7.
The flat velocity profile (in blue) corresponds to a line-averaged density 〈ne〉 =
0.64 × 1019 m−3. Measurements with similar density also have less variation
along the radial positions in the previous section. The curve velocity profile (in
red) corresponds to a line-averaged density 〈ne〉 = 0.46×1019 m−3. This profile
is characterized by shear region at outer radial position. Measurements with
comparable low density do not clearly show the shear region in the previous
section due to the fixed condition of the mirror. Those measurements cannot
obtain a cut-off layer in lower densities for operational angle of 35◦. Smaller
operational angle of the mirror (i.e. 32◦, 33◦ and 34◦) allowed measurements
at outer positions around ρ = 0.85 in line-density of 〈ne〉 = 0.46 × 1019 m−3.
The absolute errors of perpendicular velocity are not included due to the u⊥
variation of several measurements induce the relative uncertainty associated
to the data sets.

The perpendicular velocities of both set of measurements were first an-
alyzed in order to verify the presence of shears in a specific radial interval.
Additionally, the perpendicular wavenumber spaces were calculated and the
amount of measurements in this interval was verified for a high resolution of
the wavenumber spectra. This procedure allowed grouping by radial intervals
a reliable quantity of measurements to investigate the energy content in dif-
ferent plasma regions. Fig.4.8 shows the perpendicular wavenumber space for
both perpendicular velocity profiles. The inner and outer radial intervals are
also represented, in which the perpendicular wavenumber were measured with
significant spectral range. The measurements of this section are focused on the
perpendicular wavenumber spectra and how the energy distributes for different
turbulent scales. For low density case (curve u⊥ profile), the radial intervals
were considered for the shear perpendicular velocity and the inner positions.
The perpendicular wavenumber space was calculated for a reliable number of
data with operational angle between 32◦ and 39◦. For high density case (flat
u⊥ profile), the wavenumber space was the prevalent criterion to determine the
radial intervals with operational angle between 32◦ and 38◦. The perpendicu-
lar wavenumber range and number of measurements are comparable for each
radial interval. Significant variations on the spectral indices were observed
between intermediate and edge regions of ECRH plasmas, which are further
discussed for both plasma density cases. By considering a data averaged value,
the spectral indices were estimated for the sloped regions of the wavenumber
spectra.

The wavenumber spectra of higher density are shown in the Figs.4.9 and
4.10 for the radial intervals ρ = 0.68− 0.78 and ρ = 0.78− 0.90, respectively.
The density turbulence level decreases from large to small scales for both radial
intervals around three orders of magnitude. In the inner interval, the spectral
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Figure 4.8: Perpendicular wavenumber spaces for flat (a) and curve (b) velocity

profile, and the grids indicate the radial intervals considered to the spectral analysis.

index is α = −2.1 ± 0.3 for a range of perpendicular wavenumber between 4
and 7 cm−1, and α = −2.9± 0.3 for a range between 7 and 14 cm−1. In case
of outer radial interval, the spectral index becomes α = −1.3± 0.2 for a range
of perpendicular wavenumber between 4 and 9 cm−1, and α = −5.7 ± 1.8 for
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a range between 9 and 13 cm−1.

Figure 4.9: Perpendicular wavenumber spectrum in the radial range ρ = 0.68 −
0.78 for the measurement with line-averaged density 〈ne〉 = 0.64× 1019 m−3.

In case of low density, the wavenumber spectra are measured for the radial
intervals ρ = 0.65−0.75 and ρ = 0.75−0.90 in Figs.4.11 and 4.12, respectively.
The density turbulence levels decrease from large to small scales around four
orders of magnitude in the inner interval and around three orders of magnitude
in the outer interval. In the inner interval, the spectral index is α = −1.7 ±
0.3 for a range of perpendicular wavenumber between 3 and 7 cm−1, and
α = −3.6 ± 0.8 for a range between 7 and 14 cm−1. In case of outer radial
interval, the spectral index becomes α = −2.4±0.2 for a range of perpendicular
wavenumber between 3 and 9 cm−1, and α = −5.1 ± 0.8 for a range between
9 and 13 cm−1.

The perpendicular wavenumber spectrum is usually given by dimensionless
quantity k⊥ρs, where ρs =

√
miTe/eB is the ion Larmor radius evaluated

with the electron temperature. Alternatively, this dimensionless parameter is
indicated for three values only in order to avoid the uncertainties associated
with the electron temperature measurement by Thomson scattering method.
In the high density case, the parameter k⊥ρs ranges from 0.57 to 2.65 and for
low density case from 0.56 to 2.68. A knee is detected for both line-averaged
densities at similar scale k⊥ρs for comparable radial intervals: k⊥ρs ∼ 1.8 with
ρs ∼ 0.18 at outer regions; and k⊥ρs ∼ 1.4 with ρs ∼ 0.19 at inner regions. The
scales correspondent to the knee is believed to be the energy injection scale,
such as discussed in the second chapter for two-dimensional fluid turbulence
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Figure 4.10: Perpendicular wavenumber spectrum in the radial range ρ = 0.78−
0.90 for the measurement with line-averaged density 〈ne〉 = 0.64× 1019 m−3.

Figure 4.11: Perpendicular wavenumber spectrum in the radial range ρ = 0.65−
0.75 for the measurement with line-averaged density 〈ne〉 = 0.46× 1019 m−3.
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Figure 4.12: Perpendicular wavenumber spectrum in the radial range ρ = 0.75−
0.90 for the measurement with line-averaged density 〈ne〉 = 0.46× 1019 m−3.

(characterized by two power laws). However, particular attention must be
given to the case of magnetized plasmas. While the energy transfer takes
place mainly by cascade processes in neutral fluid, several instabilities can be
also present in plasmas. These instabilities may sustain the fluctuation level,
and some of them are briefly discussed in this chapter.

Fig.4.13(a)-(d) shows the perpendicular wavenumber spectra represented
in pairs for two comparative studies: spectra with same line-averaged density
discharge, and spectra with correspondent radial interval (inners and outers
ρ). The averaged values of each spectrum are shown by the straight lines (with
the same color of data set). The perpendicular wavenumber spectra show the
repartition of fluctuation energy over two ranges of spatial scales. By com-
paring inner and outer regions in Figs.4.13(a) and (b), the second power law
of edge interval is comprised in higher values of k⊥ and the knee parts of the
spectra are found in lower values for inner regions. Fig.4.13(a) shows corre-
spondence with the results discussed in the previous chapter, where the inner
positions yields lower fluctuation level. However, those turbulence behaviors
are not observed in Fig.4.13(b), where the inner and outer spectra have similar
fluctuation level for whole range of scales. In Fig.4.13(c) one can observe the
knee around perpendicular wavenumber 7 cm−1 for both inner intervals, and
the fluctuation level of low density case is below to the entire range of the
high density. Analogous scenario is found in the outer intervals in Fig.4.13(d),
where both knees are observed around 9 cm−1, and lower fluctuation level in
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case of low density. A decay is observed at higher k⊥ for both perpendicular
velocity profiles, but more pronounced in edge plasma intervals. Furthermore,
the knees are observed close to each other at intermediate scales in case of inner
regions, and displaced at high scales for outer positions. Therefore, no clear
relation between the density fluctuation level and radial electric field profile
(or perpendicular velocity profile) has been observed, but the spectral analyses
yield to particular feature of energy repartition over different scales at inner
and outer radial intervals.

Figure 4.13: Perpendicular wavenumber spectra grouped by the same line-

averaged densities in (a) and (b), and by the same radial intervals in (c) and (d).

The anomalous transport in toroidal confinement may arise from micro-
instabilities with different dependencies on plasma parameters and appear at
various characteristic scale lengths (which are comparable to the ion Larmor
radius). Electrons and ions intrinsically respond to the evolution of micro-
instabilities due to their disparate masses. Among these instabilities, Ion Tem-
perature Gradient (ITG) modes are expected at small values of k⊥ρs . 0.5,
Trapped Electron Modes (TEM) at intermediated values of k⊥ρs . 2 and Elec-
tron Temperature Gradient (ETG) modes at large values of k⊥ρs > 2 [37]. The
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TEMs are dominant for electron temperatures greater than the ion one (i.e.
Te > Ti), such as in the core regime of TJ-II ECRH plasmas. Another feature of
this instability is given by the strong electron temperature gradient in compar-
ison to the ion one. This fact implies an ion temperature gradient scale lengths
greater than the electron one (i.e. LTi > LTe). On other hand, the ETGs are
destabilized when Te . Ti, and the ratio electron temperature gradient scale
length is greater than the density scale length (i.e. ηe = Ln/LTe � 1). The
ITG modes and TEMs may either coexist at ion Larmor radius scales. These
instabilities are driven by electron temperature gradients in the presence of
magnetic curvature. The dimensionless parameter k⊥ρs at the injection scales
indicate fingerprints of TEMs. In this sense, TEMs instabilities may sustain
the measured fluctuation levels S(k⊥).



Chapter 5

Conclusions

The Doppler reflectometer in the TJ-II Stellarator has been used for the inves-
tigation of the perpendicular velocity of density fluctuations, the radial electric
field and the perpendicular wavenumber spectra in ECRH plasmas. The per-
pendicular velocity has been measured at seven line-averaged densities with
fixed angle of the ellipsoidal mirror. This procedure allowed analyzing the
fluctuation level along the same line of sight. The measured fluctuation level
is observed with dominant dependence upon the radial positions of the plasma
with a reduction around two orders of magnitude at innermost positions.

Since the phase velocity of turbulence is negligible compared to the drift
velocity, the radial electric field has been measured for this set of line-averaged
densities. The radial electric field follows similar profile as the perpendicular
velocity. These profiles have been observed with a shear at the plasma edge.
The shear becomes more pronounced as the line-averaged density approaches
the threshold density, i.e. plasma density in which the electric field reverses in
the plasma edge. The inversion of radial electric field has been also measured
at line-averaged densities greater than the threshold density. The extreme
values of radial electric field have been measured around 2.5 kV/m for a line-
averaged density 0.40 × 1019 cm−3, and -1 kV/m for a line-averaged density
0.82×1019 cm−3. Both, the perpendicular wavenumber and the radial position
of the cut-off layer are calculated by 3-dimensional ray tracing code TRUBA,
and the uncertainties of these measurements are calculated using 3-rays to
simulate the Gaussian shape of the probing beam. As the probing frequency
increases the plasma curvature becomes more pronounced, and the error in the
effective radial position increases up to 0.05.

The perpendicular wavenumber spectra of density fluctuations has been
measured for two line-averaged densities in order to characterize the energy
content in different turbulence scales and the turbulent transport by spectral
shape. At each line-averaged density, seven comparable and stationary dis-
charges are used to measure the perpendicular wavenumber spectra and the
perpendicular velocity profile. The steerable ellipsoidal mirror enabled to se-
lect a wide range of perpendicular wavenumber: from 3 to 15 cm−1, which
correspond to k⊥ρs from 0.56 to 2.68 in these ECRH plasmas. The perpendic-

40
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ular wavenumber spectra were measured in radial intervals covering a broad
range of k⊥.

The spectral indices of these spectra are observed with significant variations
between intermediate and edge regions in ECRH plasmas. A knee is identified
in the spectra around k⊥ρs = 1.33 in inner positions, and at k⊥ρs = 1.70 in
outer positions of both perpendicular velocity profiles. Two spectral indices
can be used to fit the spectra: -1.7 and -3.6 in inner positions and -1.3 and
-5.7 in outer positions with strong decay at smaller scales. The comparison
between wavenumber spectra measured at equivalent radial positions but dif-
ferent plasma density shows an increase in the fluctuation level in the whole
wavenumber range as the plasma density increases. This result could be a con-
sequence of an increase in the plasma pressure gradient with increasing plasma
density.
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