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Reconstruction of microturbulence wave number spectra from radial correlation reflectometry data

Summary: Turbulence is supposed to be the main source of anomalous transport in tokamaks which leads to loss of heat much faster than as it is predicted by neoclassical theory.

Development of plasma turbulence diagnostics is one of the key issues of nuclear fusion to control turbulent particles and energy transport in a future fusion power station. Diagnostics based on microwaves scattered from plasma attract attention of researchers as non-disturbing and requiring just a single access to plasma. The phase of the reflected wave contains information on the position of the cut-off layer and density fluctuations. Correlation reflectometry is now a routinely used technique providing information on plasma microturbulence. Although the diagnostics is widely spread data interpretation remains quite a complicated task. Thus, it was supposed that the distance at which the correlation of two signals received from plasma is suppressed is equal to the turbulence correlation length. However this approach is incorrect and introduces huge errors to determined plasma microturbulence parameters.

The aim of this thesis is to develop an analytical theory, to give a correct interpretation of radial correlation reflectometry (RCR) data and to provide researchers with simple formulae for extracting information on microturbulence parameters from RCR experiments. Numerical simulations based on the theory prove applicability of this theoretical method and give an insight for experimentalists on its capability and on optimized diagnostic parameters to use.

Furthermore the results obtained on three different machines are carefully analyzed and compared with theoretical predictions and numerical simulations as well.

Recontruction des spectres microturbulence en nombre dʹondes à partir des données de la réflectométrie de corrélation radiale

Résumé : La turbulence est supposée être la source principale du transport anormal dans les tokamaks, qui conduit à la perte de chaleur beaucoup plus rapidement que celui prédit par la théorie néoclassique. Développement de diagnostics dédiés à la caractérisation de la turbulence du plasma est lʹun des principaux enjeux de la fusion nucléaire pour contrôler les flux de particules et de transport dʹénergie de la centrale électrique de fusion avenir. Les diagnostics basés sur la diffusion des micro-ondes induite par le plasma ont focalisé lʹattention des chercheurs comme outils non perturbants, et nécessitant seulement un accès unique de faible encombrement au plasma. Le principe de base est lié à la phase de lʹonde réfléchie qui contient des informations sur la position de la couche de coupure et les fluctuations de densité. La réflectométrie corrélation considérée ici, maintenant couramment utilisée dans les expériences, est la technique fournissant de lʹinformation sur le plasma microturbulence. Bien que le diagnostic soit largement répandu lʹinterprétation des données reste une tâche assez compliquée. Ainsi, il a été supposé que la distance à laquelle la corrélation des deux signaux reçus à partir du plasma est supprimée est égale à la longueur de corrélation de turbulence.

Toutefois, cette approche est erronée et introduit des erreurs énormes sur lʹévaluation des paramètres de la microturbulence du plasma.

Lʹobjectif de cette thèse fut dʹabord le développement dʹune théorie analytique, puis de fournir une interprétation correcte des données de la réflectométrie de corrélation radiale (RCR) et enfin dʹoffrir aux chercheurs des formules simples pour extraire des informations sur les paramètres de turbulence à partir dʹexpériences utilisant la RCR. Des simulations numériques basées sur la théorie ont été utilisées pour prouver lʹapplicabilité de la méthode théorique, pour donner un aperçu aux expérimentateurs sur ses capacités et pour optimiser les paramètres du diagnostic lors de son utilisation en fonction des conditions de plasma. De plus, les résultats obtenus sur trois machines différentes sont soigneusement analysés et comparés avec les prédictions théoriques et des simulations numériques. 

Chapter I

Introduction

_____________________________________________________________________________________

In this Chapter we give a short overview of world energy resources and estimate the future energy needs of the world. The most reliable future energy source, nuclear fusion, is briefly surveyed. One of the ways to produce energy from fusion -magnetic confinement -and the tokamak, the most likely device for the future power station are reviewed. We also describe the impact of anomalous transport caused by microturbulence on the fusion device performance and discuss advantages and disadvantages of contemporary turbulence diagnostics. We conclude the Chapter I by describing the scope of this work.

The world energy problem

As the population of the world has passed the 7 billion mark and continues to grow more than linearly in time [1], the demand for energy is becoming an ever more critical challenge. At present day the world annual primary energy (before any conversion to secondary forms of energy) consumption is about 15TWyr [2]. The World Energy Council [3] projects that by the year 2050 the world wide energy demand will be double its present level. Therefore in the 21 st century the prevalent task is to satisfy the need for new long-term sources of energy.

About 90% of energy consumption is satisfied nowadays by burning fossil fuels such as coal, natural gas, and crude oil [4,5]. These sources are not considered environment friendly for creating air pollution due to the release of gigantic quantities of CO2. Ice core data overlap nicely with the atmospheric record taken at Manua Loa, Hawaii since 1958 [5,6].

CO2 is a greenhouse gas, a higher concentration of it in the atmosphere leads to a continuous increase of the world's average temperature during the two last centuries, from the beginning of industrialization in the 19 th century when steam engines have been invented (see figure 1.1.). In the year 2008 the CO2 concentration has reached the value of  385ppm and continues to grow [5]. Consequently, this changes the ecosystem in a very short geological timescale what is a very risky geophysics experiment. Moreover, at the current rate of consumption the world's stock of oil will end in the nearest 40-50 years, of natural gas in 60-70 years. The estimated source of coal is enough for next 250 years however this won't satisfy the world's future energy demand [2,4,5].

The first alternative to burning fossil fuels is renewable energy sources, among them are: solar heating, ocean thermal, wind, waves, hydro electricity, tidal power, geothermal heat, biofuel, wood, etc. Currently the contribution of this kind of sources to the world primary energy production is only about 1.3% [4]. The most effective are considered to be solar heating, wave power and hydroelectricity. Unfortunately the exploitation of renewables is limited by natural conditions at the exact location. Renewable energy sources do not directly produce CO2;

the emission of greenhouse gases is released in life-cycle and is indirect. Hence the use of land and indirect emissions are the two negative aspects of renewables which should not be forgotten. Although these non-fossil energy sources are large and inexhaustible they have only limited potential.

The second alternative is nuclear energy (fission and fusion). Nuclear power in the form of fission produces large amounts of inexpensive fuel. Unfortunately it is not favorable as well due to the highly radioactive waste created and not stored properly. In addition, known uranium (U-235) sources will be run out in 50-80 years [7]. It could be stretched by extracting uranium from seawater or by transformation of non-fissile elements to fissile elements (breeder reactions using U-238 and Th) however the safety and environmental problems overbalance.

Nuclear fusion is the youngest and less developed energy source nevertheless it promises to produce safe, environment friendly and inexhaustible energy. This should be the best solution of the staggering task to develop new energy source for mankind.

Nuclear fusion: energy source for the future

The idea of controlled thermonuclear fusion appeared in the middle of 20 th century. Basic principles were borrowed from the most famous thermonuclear reactor -the Sun [8,9]. In the process that powers the Sun the four protons are combined to produce helium, releasing globally energy in three steps:

(1) The idea to realize controlled nuclear fusion on Earth was evoked by analogy with solar fusion production. However it is impossible to reproduce solar conditions on Earth. The probability of the fusion reaction is too small due to extremely low value of the proton-proton cross section reaction [START_REF] Sturrock | I: The solar interior[END_REF] and is compensated by space scales of Sun and other stars. By looking at the cross sections of fusion reaction (see figure 1.2.), on Earth the least difficult fusion reaction is between the hydrogen isotopes deuterium D (the stable isotope of hydrogen with a nucleus consisting of one proton and one neutron) and tritium T (the radioactive isotope of hydrogen with a nucleus of one proton and two neutrons):

(2) The products of the reaction are neutral helium which carries one third of the result energy and high energy neutron. The energy of neutron can be converted into heat. Other possible candidates for nuclear fusion are:

(3) 
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The cross sections of these reactions are shown in figure 1.2. The D-T reaction (2) has the highest cross section at lowest temperature and is easier to be realized. Usually the D-T reaction is accompanied by side reactions, the most important of which are D-D and T-T reactions however these reactions could be neglected due to small fusion cross section.

The energy production of reaction (2) using deuterium containing in 1l of water (33 mg) is equal to that of 260l of gasoline. Deuterium can be cheaply extracted from ordinary water.

Tritium is a radioactive isotope of hydrogen and has a rather short half-life about 12.3 years [7] and does not exist in nature. It can be produced as a product of nuclear reaction between neutrons produced in D-T reaction (2) and lithium [7] which is like deuterium a widely available element [START_REF]An Abundance of Lithium[END_REF]. Thus, sources for nuclear fusion present on Earth seem to be inexhaustible.

Figure 1.2.

Cross sections versus center-of-mass energy for key fusion reactions [7,12].

To launch the nuclear reaction in Earth conditions we need to heat atoms to high enough temperatures. During this process electrons separate from nuclei and the gas turns into plasma, the fourth state of matter. The term "plasma" was introduced 80 years ago by I. Langmuir to describe the charge-neutral part of a gas discharge [START_REF] Langmuir | ʺOscillations in ionized gasesʺ[END_REF]. It is a high energy electrically charged mixture of ions and electrons. It is quasi neutral if the scale of plasma system is much larger than Debye radius [START_REF] Golant | Plasma physics basis[END_REF] and influenced by electric and magnetic fields.

Plasma is by far the most common form of matter in the Universe. It makes up over 99% of the visible universe. Stars, stellar and extragalactic jets, and the interstellar medium are examples of astrophysical plasmas. In our solar system, the Sun, the interplanetary medium, magnetospheres and ionospheres of the Earth and other planets, as well as ionospheres of comets and certain planetary moons all consist of plasmas. While plasma is the most abundant phase of matter in the Universe, on Earth it only occurs in a few limited places. It appears naturally only in lightning and the aurora [START_REF] Golant | Plasma physics basis[END_REF]. Plasma can also be observed in welding, electric sparks and inside fluorescent lamps. In nuclear fusion plasma is used as a fuel for thermonuclear energy production.

To get energy from fusion, plasma is heated to very high temperatures. It is necessary to reach firstly a point where plasma temperature can be maintained against the energy losses solely by the  -particle heating. A "steady state" is achieved with equal external adsorbed power and fusion power produced ), the ignition is achieved and the reaction becomes self-sustaining [16
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The requirement for the plasma burn to be self-sustaining is called Lawson criterion [START_REF] Lawson | ʺSome Criteria for a Power Producing Thermonuclear Reactorʺ[END_REF].

The product Several ways to achieve the above conditions exist, mainly inertial fusion that uses inertia of the pellet [START_REF] Lindl | Development of the indirect-drive approach to inertial confinement fusion and the target physics basis for ignition and gain[END_REF][START_REF] Lindl | The physics basis for ignition using indirect-drive targets on the National Ignition Facility[END_REF][START_REF] Ongena | Heating, Confinement and Extrapolation to Reactors[END_REF] and magnetic fusion that exploits magnetic fields to confine plasma [7,[START_REF] Stacey | Fusion. An Introduction to Physics and Technology of Magnetic Confinement Fusion. Second, Completely Revised and Enlarged Edition[END_REF], and a wide variety of other fusion concepts developed over the years as well. The magnetic confinement is realized in several types of fusion devices, the two main of them are stellarator, firstly proposed by L. Spitzer in 1951 [START_REF] Spitzer | A Proposed Stellarator[END_REF], and tokamak briefly reviewed in this thesis.

The tokamak

Tokamak (from Russian "токамак", "ТОроидальная Камера с Магнитными Катушками", -"toroidal camera with magnetic coils") is the predominant device in thermonuclear fusion. It is the earliest fusion device which was firstly proposed by I. Tamm and his former postgraduate student A. Sakharov in 1950 [23-26].

Principal scheme of a tokamak is shown in figure 1. 4. It is a toroidal device surrounded by magnetic coils. The primary transformer circuit is situated in the center of toroidal camera; plasma itself forms the secondary winding of the transformer. The poloidal magnetic field, created by a toroidal current p I flowing through plasma, adds a vertical component to the magnetic field, giving the magnetic field throughout the vessel a twist. This configuration imposes to the particles that have drifted towards the outside of the ring to go back into the centre, preventing the plasma from escaping. Plasma is heated by the toroidal current so-called Ohmic heating however it is not enough to reach Lawson criterion and additional heating is required [START_REF] Artzimovich | Controlled Thermonuclear Reactions[END_REF][START_REF] Yu | Hot plasma and controlled nuclear fusion[END_REF][29]. In 1958 the first machine T-1 started in USSR. In 1968 T-3 tokamak has reached the temperature of plasma of 10 million degrees and tokamaks became the most spread thermonuclear machines in the world [START_REF] Smirnov | Tokamak foundation in USSR/Russia 1950-1990[END_REF].

At present time there are more than 200 of tokamaks in the world [START_REF]All-the-Worldʹs Tokamaks[END_REF]. Mostly it is experimental devices focused on a quite narrow nuclear task. The most famous in Russia are T-wing through the magnetic coils gen nt in a superconducting coil which has been cryogenically cooled to a temperature below its e the tokamaks mentioned in this thesis: Tore Supra, FT-2, JET and future nuclear fusion reactor ITER. The results of numerical modeling performed for all n in figure 1.5.) is a large machine (R=2.25m, a=0.72m) with superconducting toroidal magnetic coils (Bt=4.5T) and actively cooled first wall operating since 198 ma duration time for a tokamak 6 (Kurchatov Institute, Moscow) [32], FT-2, Tuman, Globus-M (Ioffe Institute, Saint-Petersburg) [33]. In USA the NSTX in Princeton and DIII-D in San-Diego are the most explored.

In Europe the largest tokamaks are JET and MAST in Culham, UK [30], and Tore Supra in Cadarache, France [START_REF]Commissariat à lʹÉnergie Atomique (CEA) Cadarache[END_REF] which utilizes superconducting coils.

A drawback of the tokamak concept is that it has to operate in pulsed mode. A tokamak needs very strong toroidal fields and the strong currents flo erate a lot of heat to increase the plasma current induced by an increasing current in the poloidal coils. A fusion power plant based on the tokamak design will only operate efficiently if it employs superconducting magnet coils. One of the first tokamaks using superconducting coils are EAST, an experimental superconducting tokamak, situated in eastern China [START_REF]EAST tokamak homepage[END_REF] and KSTAR [START_REF]KSTAR tokamak homepage[END_REF] launched in 2008 in South Korea. JT-60 has been operating in Japan until 2010 when it was dissassembled to be upgraded to JT-60SA also equipped with superconducting magnets [37].

Superconducting systems store energy in the magnetic field created by the flow of direct curre superconducting critical temperature. Tokamaks with superconductor coils are focused on reaching the steady state regime of operation which requires real-time control of transport.

These requirements are followed by enhanced need in sensitive diagnostics able to follow the turbulence in time and space. The present thesis is exactly devoted to the developing of such a diagnostics which can be applied to determine plasma turbulence characteristics and may become an element of the real-time control system.

Tokamaks in this work

In this subsection we briefly describ these devices are shown in Chapter IV. In Chapter V we discuss the experiments performed at FT-2, Tore Supra and JET tokamaks. that will be used in its successor, ITER, demonstrating the capability of Tore Supra to run long pulses on a regular basis. A new ITER relevant lower hybrid current drive (LHCD) launcher has allowed coupling to the plasma a power level of 2.7MW for 78s, corresponding to a power density close to the design value foreseen for an ITER LHCD system [START_REF] Saoutic | Contribution of Tore Supra in preparation of ITER[END_REF].

As soon as the purpose of Tore Supra is to obtain long stationary discharges, the two major questions are addressed: non-inductive current generation and continuo oval. The physics program therefore has two principal research orientations, complemented by studies on magnetohydrodynamic (MHD) stability, turbulence, and transport. The first physics program concerns the interaction of electromagnetic (Lower Hybrid and Ion Cyclotron)

waves with the hot central plasma. All or part of the plasma current can be generated in this manner, thus controlling the current density profile. The second physics program concerns the edge plasma and its interaction with the first wall. The originality of Tore Supra is the ergodic divertor, which perturbs the magnetic field at the plasma edge by creating a chaotic magnetic field region, resulting in outfluxes of hot plasma collected on neutralizers. Highly radiative layers have been obtained with this device, while preserving a good particle extraction capacity. Front view of Tore Supra [START_REF]Commissariat à lʹÉnergie Atomique (CEA) Cadarache[END_REF].

A detailed description of cial CEA website [START_REF]Commissariat à lʹÉnergie Atomique (CEA) Cadarache[END_REF]. Tore Supra has been stopped for upgrade since 2011.

the machine can be found on the offi 1.3.1.2. FT-2

The relativelty small (R=55cm, a=8cm) experimental machine FT-2 tokamak (from Russian "Физический Токамак -2", "Physical Tokamak -2") is situated in Ioffe Institute, Saint-Pet ] and par ersburg, Russia (front view is shown in figure 1.6.). The tokamak possesses exceptional features: due to the small plasma current (Ip=22kA) the poloidal magnetic field is small compared to the toroidal field (Bt=2.2T). This leads to poloidal Larmor radii that can be several centimetres, of the order of the minor radius. FT-2 also has a large toroidal ripple with the ripple-loss region extending deep into the bulk plasma. With this wide ripple loss region, a large number of trapped particles can suffer a prompt loss even at half minor radius. [START_REF] Kurki-Suonio | Formation and detection of internal transport barriers in low-current tokamaks[END_REF] After its construction in 1980 many interesting and important results were obtained, in particular, in H-mode physics, lower hybrid (LH) heating [START_REF] Kouprienko | Dynamics of the Electron Thermal Diffusivity at Improved Energy Confinement during Lower Hybrid Plasma Heating in the FT-2 Tokamak[END_REF][START_REF] Lashkul | Effect of the Radial Electric Field on Lower Hybrid Plasma Heating in the FT-2 Tokamak[END_REF] and current drive [42 ametric instability. The auxiliary heating is provided by LH waves [START_REF] Lashkul | Analysis of the Efficiency of Lower Hybrid Current Drive in the FT-2 Tokamak[END_REF]. This allows reaching central temperatures of up to 700 eV for electrons and 400 eV for ions. The density of the plasma pulses is sufficiently high to disable any current drive. It turned out that strong heating significantly affects transport processes in plasma. A spontaneous transition into an improved confinement mode has been found during lower hybrid heating (LHH) [START_REF] Budnikov | Improved confinement by lower-hybrid heating in the FT-2 tokamak[END_REF]. The analysis of the effect of the radial electric field on the formation of transport barriers both inside and at the edge of the plasma column has been studied in [START_REF] Lashkul | Effect of the Radial Electric Field on Lower Hybrid Plasma Heating in the FT-2 Tokamak[END_REF]. It was shown that the profile of the radial electric field can be significantly affected by the combined action of LH heating and an additional rapid increase in the plasma current. JET possesses unique capabilities to operate with beryllium plasma-facing components mirroring the material choices of future fu ch important work to assist the design and construction of ITER. After more than 25 years of successful operation, JET is still at the forefront of fusion research and is closely involved in testing plasma physics, systems and materials for ITER. Today, its primary task is to prepare for the construction and operation of ITER, acting as a test bed for ITER technologies and plasma operating scenarios.

For more information please see the EFDA website [START_REF] Budnikov | Improved confinement by lower-hybrid heating in the FT-2 tokamak[END_REF]. approximately 500MW of fusion power sustained for more than 400s. ITER will be the first fusion experiment with an output power higher than the input power. 
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. Turbulence in fusio lasma

Magnetically confined fusion plasma is a more complex system than the neutral fluid. In plasmas there are at least two fluids, electrons and ions, which cause great number of instabilities. Microinstabilities cause fluctuations of electric and magnetic fields which in its turn cause fluctuations in velocities and particle positions therefore microinstabilities have an influence on transport. Turbulence is induced by incoherent motion appearing from instabilities. It is rather frequent phenomenon in plasma experiments. Observations show that plasma is a fluctuating medium in all its parameters such as density, magnetic field, potential and temperature. Various instabilities that cause turbulence present in various regions of plasma with different characteristics: SOL, edge and core.

Drift wave microturbulence is considered nowadays to be the main source of anomalous transport in tokamak which usually results in loss of heat much faster than it is predicted by neoclassical approach. In figure 1.9. a comparison between neoclassical and turbulence thermodiffusional coefficients is shown.

n p The central role of microturbulence in anomalous transport has stimulated intensive analytical and experimental investigations. The two types of turbulence cited before have been observed in experiments however there is no exact separation which of the types is responsible for anomalous transport. In recent years studies on plasma turbulence have been focused upon small scale fluctuations [START_REF] Hennequin | Scaling laws of density fluctuations at high-k on Tore Supra[END_REF][START_REF] Hennequin | Scaling laws of density fluctuations at high-k on Tore Supra[END_REF], long scale fluctuations [49-50] and mesoscale fluctuations such as zonal flows and streamers [START_REF] Fujisawa | Identification of Zonal Flows in a Toroidal Plasma[END_REF][START_REF] Yamada | Anatomy of plasma turbulence[END_REF][START_REF] Diamond | Zonal flows in plasma-a review[END_REF]. The mechanism of turbulence suppression is not well studied yet as well.

In this work, turbulence is considered only through plasma electron density, and only effects and the detection of density fluctuations will be studied.

How fluctuations cause anomalous transport

This subsection is based on works of N. Bretz [56] and D. W.Ross [57,[START_REF] Ross | On standard forms for transport equations and quasilinear fluxes[END_REF]. We shortly recall some theoretical background of anomalous transport formation. A generalized form of plasma transport coefficients and anomalous fluxes of quasilinear type can be written: A similar estimate of the particle diffusion coefficient ca m general ra walk arguments using average ste he magnetic field [START_REF] Horton | Anomalous drift-wave transport analysis of tokamak discharges[END_REF]. In absence of a fundamental, first-principles turbulence theory, heuristic, mixing length rules are often utilized to estimate size scaling of turbulent transport [START_REF] Horton | Drift waves and transport[END_REF]. This approach invokes a random walk type of picture for diffusive processes using the scale length of turbulent eddies as the step size and the linear growth time of the instabilit predi y as the step time. It cts that if the eddy size increases with device size, the transport scaling is Bohm-like, i.e., local ion heat diffusivity is given as:
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On the other hand, if the eddy size is microscopic (on the order of the ion gyroradius), the transport scaling is gyro-Bohm, i.e., local ion heat diffusivity is given as:
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where

* i    radius i a is ion gyro
 normalized by the tokamak minor radius a. There is a long history of confinement scaling studies that have correlated the thermal and/or particle confinement with either Bohm or drift wave scaling laws. The issue is still actively debated as to which transport scaling is to occur under given confinement conditions [START_REF] Lin | Size Scaling of Turbulent Transport in Tokamak Plasmas[END_REF]. th and forward energy cascades are neglected however in reality there are sm KLB theory gives the energy scales as: A large variety of modes can become unstable; they differ in particular by their typical scale.
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), the trapped electron mode (TEM) also of the same order, the smaller scale electron temperature gradient (ETG) mode (typical scale of the order of electron Larmor radius
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) [START_REF] Hennequin | Scaling laws of density fluctuations at high-k on Tore Supra[END_REF]. The turbulence at the largest scales is believed to be responsible for transport. In figure 1.12 the scale ranges of these instabilities are schematically shown.

Examples of turbulence wave number spectra

Though the theory gives main dependencies in the turbulence wave number spectrum, it could be different from that one shown in the previous subsection. Thus, as it was mentioned, in plasma a lot of processes take place. In numerical simulations there is nothing to do without assumptions. Therefore various shapes of spectra are used in numerical modeling of turbulence.

In one of the first works addressing to the 1D simulations [START_REF] Bretz | One-dimensional modeling of the wavelength sensitivity, localization, and reflectometry measurements of plasma fluctuations[END_REF] the perturbation of the form of a wave packet located at 0

x with a magnitude ( ) sin 2 ( )
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And the spectrum takes a form:
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where c l is the correlation length. This spectrum falls off rapidly with increasing  and is roughly consistent with theoretical drift wave models and with microwave scattering measurements of density fluctuation spectra in tokamak plasmas [START_REF] Bretz | One-dimensional modeling of the wavelength sensitivity, localization, and reflectometry measurements of plasma fluctuations[END_REF][START_REF] Mazzucato | Small-Scale Density Fluctuations in the Adiabatic Toroidal Compre Lett[END_REF][START_REF] Slusher | Study of density fluctuations in plasmas b scattering[END_REF][START_REF] Bretz | Proc. 17th European Conference on Controlled Fusion and Plasma Physics[END_REF]. The same shape of turbulence spectrum is used in works [START_REF] Leclert | Full-wave test of the radial correlation r nonlinear regimes[END_REF] and [START_REF] Fanack | Ordinary-mode reflectometry: modification of the due to the shape of localized density fluctuations[END_REF]. In the second work, another type of localized perturbation has been studied:
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where f w is the half-width of the perturbation centered around f w and f k is the fluctuating wave number.

In [START_REF] Leclert | Full-wave test of the radial correlation r nonlinear regimes[END_REF] in case of spatio-temporal turbulence the spectrum is introduced in the following way:

2 2 2 2 0 , ( ) ( ) sin( ) sin( ) exp( 8) exp( 8)

e j x j m t m j c m c j m n x n g x k x t k l t             (15) 
correlation function for a set of samples is also Gaussian, ( ) g x temporal accounts for a smooth inhomogeneous distribution of the fluctuation amplitude. The The electric field created a
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drift velocity is given by the expression:
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The field can be determined from the radial force alance: electric b

, ,

1 j r j j dp E B B e dr          ( 17 
)
where j is any plasma species and the last term is often called the diamagnetic contribution to 

Radial correlation reflectometry

On purpose to determine wave number spectrum or at least the turbulence correlation length radial correlation reflectometry (RCR) was proposed. Firstly osphere [START_REF] Ginzburg | The Propagati 94[END_REF]. Although the first experiments using microwave reflectometry were carried out many years ago [93,94] it is only in recent years that the technique has been developed to the point where quantitative information can be routinely obtained on tokamak plasmas. R.

Cano and A. Cavallo in 1980 [START_REF] Cano | Proceedings of the 5 th International Conference on Infrared and Millimeter Waves[END_REF] proposed to apply it for tokamaks and first experiments were held on the TFR tokamak using the ordinary mode of propagation in 1985 by F. Simonet [START_REF] Simonet | Etude de la réflectométrie hyperfréquence en modes mesure du profil radial et des fluctuations thesis[END_REF] and later was widely spread all over the world fusion devices. Nowadays RCR is a widely used method for measuring electron 97]. 
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rs mentioned before and possesses a wide range of possibilities to measure plasma density profile and its fluctuations [START_REF] Mazzucato | Fluctuation and reflectometer simulation studies on ASDEX Reflectometry Workshop[END_REF]. It is often used As soon as RCR measures directly the scattering signal and not density fluctuations themselves the diagnostic requires accurate and reasonable procedure of data interpretation.

Formerly it was naively supposed that the distance between cut-off positions at which the correlation of two reflectometry signals is suppressed should be equal to the turbulence correlation length, however this assumption is incorrect. It has already been shown in 1D numerical computations performed using the Born approximation performed by I. Hutchinson in [START_REF] Hutchinson | One-dimensional full-wave analysis of reflectometry sensitivity and correlations[END_REF] that the scattering signal CCF decays spatially much more gradually the TCCF. This gradual decay of RCR CCF was attributed in [START_REF] Hutchinson | One-dimensional full-wave analysis of reflectometry sensitivity and correlations[END_REF] the contribution of small angle scattering off very long s ater this observation was confirmed also in full-wave 1D [START_REF] Leclert | Full-wave test of the radial correlation r nonlinear regimes[END_REF] 

Propagation of electromagnetic waves in plasmas

This section is based on V. L. Ginzburg development in CGS units [START_REF] Ginzburg | The Propagati 94[END_REF].

Propagation of an electromagnetic wave in a medium is described by Maxwell equations:

4 D      (20) 0 B     (21) 1 B E c t         (22) 4 1 D H j c c  t          (23) 
Where and are electric and magnetic fields of the wave correspondingly; 

P      ( 24 
) P j t      (25) 
These relations enforce charge conservation:

0 j t         (26)
In plasma as in any dielectric, the relations between fields and their induction take the following form:

4 D E P       (27) 4 B H M       (28) 
where M  is magnetization. The linear relation between j  and E  is given by Ohm law:

j E     (29)
where  is the conductivity tensor.

Approximations and restrictions used

To obtain a general description of electromagnetic wave propagation in plasma it is needed to use simplifying hypotheses and approximations.

Stationary plasma

Temporal variations of the plasma occur on a time scale considerably bigger than the period of the waves signifying that the plasma is stationary on the wave time reference. )

k k E E c   0         ( 31 
)
where  is the dielectric tensor related to the conductivity as follows:

4 1 i      (32) 
Eq. ( 31) can be rewritten in a form:

  2 1 0 N E  NN       (33) where c N k   is the refractive index an   d 0 k c  
the vacuum wave number. Eq. ( 33) is represented by the following matrix:

2 2 0 0 cos sin 0 sin xy xx y zz z i N E N N E       2 2 2 2 2 cos cos sin xy x N i N E                xx           (34) 
where 

      is
k  . 2 det 1 0 NN N       (35)
The elements of the system (34) are the following: . The wave propagates as it was in unmagnetized plasma. In this case the refractive index takes the simplest form:

2 1 pe    2 2 2 2 2 2 xx yy ce pe ce xy yx ce      2 1 0 pe zz xz zx zy yz          (36)                 
2 2 2 1 pe N     (39) 
The refractive index of the wave determines whether the ave will propagate 0 N  ) or be reflected ( 2 0 N  ). For the ordinary mode the refractive index never reaches the infinity. Thus, the wave propagates in plasma if its frequency is greater than the plasma The electric field of this wave is perpendicular

ternal magnetic field E 0 B    on (see figu
The propagation of the wave depends not the plasma density but the magnetic field as well. The refractive index takes a form: re 2.1.). only on

2 2 2 2 2 N  2 2 2 2 1 1 1 pe pe pe ce                 (41) 
For the extraordinary wave two cut-off positions take place. The condition for the left (lower

) cut   -off position is:   2 2 1 4  2 L c e c e p e          (42) 
The condition for the right (high) cut-off is:

  2 2 1 4 2          (43) 
If the refraction index reaches infinity ( N   ) the extraordinary wave will be absorbed

R c e c e p e

the uppe hybrid resonance:

2 at r 2 2 UH ce pe        (44) 
The ex wave propagates if i.e. 

Propagation in inhomogeneous plasma

In practice, plasma in a tokamak is not homogeneous. Plasma density profile has a maximum peak in the centre of the machine and is equal to zero at the edge. Moreover, uctuations of the plasma usually take place (will be discussed in the next section). To simplify the model efractive index depends only on radial position. We also suppose that plasma is inhomogeneous only in one (radial) direction.

T mogen the fl we suppose that plasma is stationary and the r he Helmholtz wave equation ( 31) is modified in the case of propagation in inho eous plasma:

2 2 2 ( , ) ( ) ( d E x k x E x  , ) 0 dx    (45) 
where the wave vector and the refractive index depend on radial position: 

2 2 2 2 0 2 ( ) ( ) ( ) k x N x k N x c    2 (46) 
( , ) ( ) exp( ( )) exp( ) E x t E x i x i t     (47) 
It should satisfy the following equation:

2 2 2 2 0 0 0 0 2 2 2 [ ] d E d dE d d iE i k E dx dx dx dx dx              0  (48)
Assuming that the electric field amplitude varies slowly comparing to its phase, eikonal

0 ( ) E x ( ) x  , the second order term 2 0 2
d E is negligible. In this case we obtain dx the equation in which each is equal to zero. Namely, term

2 2 d   0 k dx      
results in expression for the electric field phase:

( ) ( ) x k x dx     (49)
The solution of the remaining equation

2 0 0 2 2 0 d dE d E dx dx dx    
gives the expression for the electric field amplitude

0 0 0 ( ) ( ) E x d k x   
, in terms of wave vector:

E E dx 0 ( , ) [ exp[ ( ) ]exp ] ( ) E E x t i k x dx i t k x      (50)
In terms of the refractive index:

0 0 ( , ) exp[ ( ) ]exp[ ] ( ) E E x t ik N x dx i t N x     
This approximation is valid if the second order term is negligible comparing to other terms:

(51) 2 2 2 0 0 0 2 2 2 and d E d d E dE d E dx dx dx dx dx 0     (52) 
it means:

2 2 2 and d k dk dk k k dx dx dx   (53) 
In terms of wavelength:

2 2 2 1 d d dx dx     (54) 
These conditions are conditions of the geometric optics and are valid if the wavelength varies slowly at the distance equal to the wavelength. The plasma properties should vary slowly at the scale of the wavelength.

The WKB approximation is valid far from the cut-off. In the vicinity of the cut-off layer when the refractive index goes to zero the WKB approximation is no more valid and to find the solu We ntroduce density fluctuations to plasma as: tion it is necessary to treat the equation numerically.

Plasma density fluctuations

i ( ) ( ) ( ) n r n n r r    (55) 
In inhomogeneous plasmas density fluctuations are described by the function 

( ) i x n n x e        1 ( ) 2 i x n x n e d          (57)
We we obtain the expression for the correlation function of random Fourier-harmonics averaged over time or over ensemble (random phase samples):

' ) also suppose that turbulence is statistically homogeneous. Using Wiener-Khinchin theorem

* 2 ' , 2 ( n n n              (58) 
where -conjugate Fourier-harmonic; 

( ( ) ( ) ( ') 2 ik x x k dk TCCF x n x n x n e    ' )       (59) 

Mechanism of back and forward Bragg scattering

In 1D geometry the scattering processes are forward scattering and backscattering [START_REF] Fanack | Ordinary-mode reflectometry: modification of the due to the shape of localized density fluctuations[END_REF]115].

The injected wave into the plasma described by wave vector i k 

and angular frequency i 

s i k k       (60)
The scattering angle  (between s k  and i k 

) obeys the Bragg rule:

2 sin k 2 i      (61)
If this relation is satisfied the turbulence wave number   becomes resonant and the coupling between wave and fluctuations is maximal.

In case of stationary incident wave two turbulent wave vectors are involved into Bragg scattering process,   and . In 1D the relation ( 61) takes a form:

   2 ( ) i B k x     (62)
where ( ) 

exp ( ) ( ) c x x A E k k x            xd x (63)
and the cut-off it is the sum of incident and reflected waves: before

0 0 exp ( ) exp ( ) ( ) ( ) x x B C E i kx d x i kx d x k x k x                  ( 64 
)
The task is to find the phase of the reflected wave or the relation between amplitudes A, B and C.

The WKB form of the phase difference between points 1 and 2 is :

2  1 2 ( ) N x dx c      (65) 1
In the vicinity of the cut-off layer the wavelength is estimated as

1 ( ) 1 c n x n      (66)
and subsequently the geometric optics approximation is not valid there. It is necessary to connect the solutions at the point Phase shift between launched and reflected waves occurs to be equal to 2   and correspondingly the full phase shift at the plasma boundary is [START_REF] Ginzburg | The Propagati 94[END_REF]:

0 2 ( ) 2 c x N x dx c       (67)
This equation states that the phase is just what would be obtained from simple-minded application of the WKBJ approach, regarding the cut-off layer as a mirror, except that an additional 2  phase change at reflection must be included.

To determine the cut-off position using the phase shift generally speaking it is necessary to know the plasma density profile. However for close to linear plasma density profiles the integral in the phase expression could be estimated as:

0 ( ) 1 0 . 5 c x c c n x dx x c n c      ( 68 
)
in case of O-mode reflectometry using 

2 c     : * * 2 c d dx d * *2 2 d cd           wh   (69) 
ere

* * 2 c    
. The most convenient expression for the cut-off position for a given frequency  can be determined:

* * 2 * 2 0 ( ) c x a d    c d d          ( 70 
)
The position of the cut-off is deduced from phase delay for all frequencies less than  .

We would like to notice also that the quantity we require for the inversion is actually the derivative of the phase delay with respect to frequency. This quantity is precisely the group delay, that is, the round-trip time it would take a pulse or a modulation envelope to propagate out to the reflection layer and back:

1 2 d t d      (71)
In case of X-mode reflectometry there is no analytical formula for the cut-off positions and the equation ( 67) should be treated numerically using Bottlier-Curtet method [120]. 

Sweeping reflectometry providing information on plasma density profile in

( ) ( ) ( ) t t t      (72) 
The expression [START_REF] Diamond | Modern Plasma Phys Turbulent Plasmas[END_REF] describes the first slow changing phase term. Supposing that fluctuation amplitude is small 45) can be rewritten in the form:

2 2 2 2 2 2 ( ) ( ) 1 z z c c d nx nx E E dx c n c n                      (74) 
where the critical density at the cut-off position is given by (40).

Reciprocity theorem

In particular, the scatte amplitude in linear (Born) approximation can be obtained ring signal with the help of straightforward approach based upon the reciprocity theorem in the form Chapter II. 

          4 ; ; ; i rotH r D r j r ; ; 0 , i rotE r H r c        s c c               ( 
i i k k D r r r E r d           ; ; , ; r          ( 76 
)
This relation is applicable to any med ding hot inhomogeneous plasmas as well as dielectrics and metals. Thus, equation ( 75) with a proper dielectric operator describes the radiation fields in re space.

ium, inclu the enti

The required solution to equation ( 75) is determined by the demand that the fields are continues functions of co-ordinates and represent asymptotically at r    outgoing waves. Suppose that the radiation is received by a microwave antenna and transmitted through a plasma-free single mode wave-guide to a registration device (see figure 2.3). Then far from the antenna mouth within the wave-guide,

( ) ( ) ( ) out out E A H H                E        (77) 
where ( )

A  is the signal amplitude and   ( ) ( ) , out out E H  
are the electric and magnetic fields of the fundamental wave-guide mode propagating outward from plasma volume and normalized to unit energy flux by

( ) ( ) * ( ) [ ] 1 out E H dS 8 out c         (78)
where dS 

is the surface element in the wave-guide cross-section. The symbol of the real part before the integral is omitted because the integrand is a real function due to the wave-guide mode pro (s example, [123]). Equation ( 78) implies perfect mat perties ee, for ching with the receive .

At sufficiently small source current, the scalar amplitude r ( )

A  depends linearly on the vector s j 

. The most general form of this relation is

( ) ( ; ) ( ; ) A j r g r dr      s      ( 79 
)
where integration is over the plasma volume. The vector weight function ( ; ) g r    is, obviously, related to the Green function of equations [START_REF] Slusher | Study of density fluctuations in plasmas b scattering[END_REF]. Finding this n satisfying prop functio er oundary conditions represents the main difficulty in the signal calculation.

Alternatively the amplitude can be calculated in the following way. Imagine that the plasma in the experiment on the emission measurement is replaced by a fictitious medium whose dielectric operator, b ˆ, T  is obtained by transposition of the dielectric operator of the real plasma:

    ; , ; , T ik ki r r r r            (80) 
Suppose, further, that an electromagnetic field r ;

( ) ( ) ( ; ), ( ; ) E r H         power at
0 Q  electric E  . o ( ) ( ; ) ( ; , ) ( ; ) 8 A Q E r rr E r d r d r                      (82) 
T E i rotE r H r c i rotH r r c  0 , 0                   (83) 
la operator kernel in this p sma has physically reasonable solutions determined unambiguously by the boundary conditions.

In metallic and dielectric objects surrounding the plasma, including the chamber walls, the dielectric

( , ) ik r r     has the form ( , ) ( ) ik ik r r r r              , 
where  is a scalar.

Hence, ˆˆT    here and Eq. ( 9), similar to equations ( 75), is valid entire space.

The particular solution

( ) ( ) , E H    
to equati in the ons (83) which determines, according to equation ( 79), the signal asymptotically, at amplitude has r    , the form ) elsewhere. Here

( ) ( ) ( ) ( ) ( ) ( ) in out in out E E E R H H H                             (84)
in the antenna wave-guide and represents outgoing waves (or vanishes

      ( ) ( ) , )
in in H  is the incident (traveling toward the plasma) wave-guide mode normalised similar to equation ( 78) and the coefficient of reflection 

(E  R is a constant with 1 R  . Now
E  .    ( ) ( ) ( ) s E H H E i E c c ( ) ( ) 4 ( 
)

div D DE j E                        (85) 
me bounded by a surface assuming formally that the wave-guide feeding the antenna oes through the surface. The volu integral in the left-hand side of the equation transform into the surface integral:

Integrate this equation over a large volu

V   0 S g me     0 ) ( ) ( ) 3 ( ( ) V S div dS E H H E d r E H H E                       (86) 
Outside the wave-guide, solutions of equations ( 83) can be considered in a small area of the surface as plane waves propagating in the same direction. 

, E H   . modes the   ( ) ) 16 / ) ) dS E H с ( ( ( wg S H E A              (87) ( ( ) 3 



In the right-side, the volume integral hand

) ( ) ED DE d  r      
vanishes due to the relations ( 2) and ( 6). Now, equating rema (88) ining terms, obtain

( ) 1 ( ) 4 s A jE d r        (89) 
Comparing this expression with equation ( 79 The reciprocity theorem ta -dimensional case the form:

(0) 1 ( ) ( ) A j x E x   4 s s dx   (90)
The nonline ent entering the expression is given by ar curr

2 (0) ( ) ( ) s i e e n x j i SE x m      (91) i
where S and

2 s
A is an incident and scattered wave energy flux density correspondingly.

Finally the expression for the scattering signal amplitude takes a form

  2 (0) 0 ( ) ( ) 16 i s i S A      ( , ) c n x E x d x n    ( 92 
)
where e integration is made from the plasma edge (x=0).

Firstly, we consider the linear density profile case 

    (0) 4 ( ) 2 E x Ai x L c      (93) 
where . Thus the expression for the scattered signal amplitude is obtained in the following form:

    Ai x L   is the
  3 3 2 3 3 2 2 / 1 ( ) 2 4 2 t p i t z i p z i L z s i c L n d A i S e e e dtdpdz c n                                            ( 95 
)
variables Introducing new in the following way u=t+p, v=t-p, we obtain the integral representation as:

3 2 1 2 12 4 2 2 / 1 1 ( ) 2 4 2 2 u i u v u z z i L s i c L n d A i S e e dtdp c n     dz                                g ( 96 
)
Integrals over v and z can be easily evaluated here, providin 

L i u k i u k z L e e dz i u k             (98) 
under tion Im(u)>0. Finally the expression for scattered signal takes a form

  condi amplitude   3 2 1 ( ) 2 4 2 2 c A i S du c n u u                 (99) 
Assuming the plasma siz 

  

) the contour does not touch the pole, in the result there is no contribution. In case

1 | | 2 L    
the contribution to the integral by pole could be estimated as 

                (102) 
The integral scales as 1  with the wave number and is much smaller than contribution of the pole. Otherwise if

| |

  the parameter in denominator could not be neglected, nevertheless we may assume the cubic term in the exponent to be small. Under this assumption it is possible to express the integral in terms of the error function

( ) i L I e e r f i L      (103) 
where we use for the 

u L i i u i i i S e R e d u           (108) c u u   
As a result of the part 2.6.1, the partial amplitude ( ) 

R  tak rm es the following simple fo   3 i    12 2 4 3 2 2 2 , 1 2 ( ) 8 4 , 1 i i L i e c i S R e e c erf i L                           9) descr   (109) 

 

corresponding to small angle can be writ scattering ten accordingly it

2 4 3 2 2 ( ) 8 i i L i R e e c  4 2 , 1 1 4 , 1 i L i S e L L                       (110)
As it is seen from equation (110) for wave numbers of Airy range and smaller the singular E the following expressions

1 , 1 , 1 s A Const            (111)  
3/2 (0) 4 2 sin( | | ) 4 2 3 4 ( ) , 1 | | E c           (112) 3/2 2 3 (0) 2 2 ( ) , 1 e E c     4     ( 113 
)
Here it is assumed that the experimental scheme is calib to provide the sam ve for the RCR experiment.

Substituting this formula into equation ( 92) rated e probing wa phase at the cut-off not depending on frequency. This kind of calibration is the most beneficial and performing integration there using the stationary phase method we obtain for partial amplitude ( ) 

R
   0   (114) 
and obtain after the integration over this region expression (110) for ( ) R  .

Long wavelength limit

It should be noted that in the long wavelength limit

1

   we may also directly apply the WKB approximation to describe the fluctuation contribution to the reflected wave phase.

The solution of (45) may be written in this case as a superposition of incident and reflected waves:

( ) ( ) 3 1 1 4 4 0 4
4 2 e e ( ) 1

x x c c L L x n x x n x i dx i i dx i c L n c L n z c E E c x n x L n                                (115) nce ase perturb re small
This form is valid everywhere except the very neighbourhood of the cut-off point. In the case the turbule level is low enough, so that the reflected wave ph ations a

  0 ( ) c x n x dx   ( ) 1 1 c c n x L       (116) ple expression  ( ) z E i E    
. the fluctuation reflectometry signal is given by sim When we substitute the density perturbation Fourier spectrum there we obtain the phase perturbation in the following form

0 ( ) ( ) 2 1 L i x c n e dx d c n x L               (117) 
We utilize the substitution

1 s x L  
to calculate this integral. Finally, the corresponding expression for ( ) R  obtained from (117) coincides with the expression (109).

Scattering signal in case of arbitrary plasma density profile

Plasma density profile in a tokamak in general is not linear; therefore the theoretical description of the wave propagation into the realistic plasma density profile is required.

We analyze the arbitrary profile case by means of approximate methods introduced in n in the form previous sections for investigation of the linear density profile case. Supposing the density profile to be monotonous, we find the solution of the unperturbed Helmholtz equation [START_REF]European Fusion Development Agreement[END_REF] using WKB approximatio

    (0) 4 2 ( ) sin c x x c E x k x dx k x c               (118) 
ives the distribution of the probing wave electric field in plasma in the case of unit incident energy flux density as it was shown in part 2.5

4 g integ (0) ( ) E x . When substituting (0) ( ) E x into the ral (92) we derive ( ) 2 c n s n d A R         
where e partial amplitude may be represented as

 (119) ( ) R   th 3 2 ( ') x i ' 2 ( ') ' 2 2 2 0 ( ) ) x c c c x x c c dx i i k x dx i x x x i x i i x i x i i S e e e k x 3 2 2 0 0 8 4( ) 2( 4( ) R e dx dx e dx                              (120)   c k x k x k x     
Here we integrate from the plasma edge to the cut-off ( ( ) 4 1

B c n x c n           (121) 
corresponding to Bragg backscattering conditions.

Neglecting the contribution of the second term we obtain the expression for the partial amplitude in the form:

2 ( ') ' 2 2 1 ( ) 2 B c x i dn x n dx i S i R   3 2 2 2 ( ') ' 2 1 , 1 2 
( ) 8 4 2 1 ( ) 2 x B B x c x B B i k x dx i x i n i k x dx i x i e c c dn x n d           1 , 2 1 x c n e c B c x x                           (122)       
In the opposite case of long scale fluctuations, at 1    , the second term in (120) provides the dominant contribution to the integral which is given by

2 3 2 2 ( ) , 1 8 4 2 ( ) c x i x i n i S i e dx R d x c n x             (123) 0 1 c n  It is significant that for 1 1 n n L    
the main contribution to the integral over coord in (123) is provided by the vicinity of the cut-off, where the density profile is linear and it is quite naturally that the partial amplitude in this case is given by the expression inate

1 n ( ) R     For  . 1 L  
the signal scattering does not take place only in the cut-off vicinity so that the profile n not be supposed linear, therefore taking in accoun ca t

1 i x e   for 1 n L  
, we o the expression (123) in the form btain (1 ( 1) ) ( )

2 c x 3 2 2 0 ( ) , 1 8 4 2 ( ) 1 i n c i S i dx R dx L c n x n           (124)
(1 ( 1) ) Thereby it is possible to draw a conclusion that both the approximations (122) and ( 123) could be utilized to describe the scattering signal partial amplitude with a sufficient accuracy. The WKB representation of the Airy function has been used as another approach to obtain the solution of the perturbed equation [START_REF]European Fusion Development Agreement[END_REF]. The WKB approximation and its limitations were described in sub-section 2.1.3.1. In case of arbitrary plasma density profile the only way to obtain analytical solution is to apply WKB approximation. In the vicinity of cut-off where it is no more valid the behavior of scattering signal has no analytical description and the solution of the equation ( 45) is given by numerical computations. 

pl c pl x L n x n L L      , (
0,0 0,1 0,2 0 1 (a 
s s s s CCF A A A A         ( 0 0 ( ) ( ) ( ) ( ) ( ) 
) 125 
where averaging is held over ensem oose one reference frequency 0  and change the probing frequency  .

RCR CCF for linear plasma density profile

In case of linear density profile appealing to the formula for scattering signal and assuming statistically homogeneous turbulence for which the relation (58) holds, we finally obtain the expression for the RCR CCF in the form

  0 0 0 2 2 ( ) ( ) L i CCF R n e d              (126) 
where 

      2 2 0 0 * 4 0 1 , 1 2 
( ) 16 4 , 1 i c S R LL erf  i L erf i L c                        

 

it can be written accordingly 

  2 2 0 0 4 0 1 , 1 1 ( ) 16 4 , 1 i L S R LL c L L L                     ( 
    0 ( ) 1 2 * ( ) i L L D CCF L e er erf   0 d n f i L i L        (129)     where   2 0 0 2 4 4 c i S D LL    (130) 


The 1  singularity in this formula saturates wave numbers due to the term for small

    * 0 erf i L erf i L   .
The dependence of CCF on the probing wave cut-off position can be obtained in experiment by sweeping the probing frequency. 

B B c c B B x x k x dx k x dx i x x                 (132) 
Utilizing Taylor series expansion we obtain

x x 0 0 0 0 0 0 0 ( ') ' ( ', ) ( ) ( ', ) ' c c c x x x dk x dx dx k x k x dx d d                    (133) ( ) ( ', ) ' B B B x x x k x dx       Using Bragg condition we consider 2 ( ', ) k x    . Mention that 0 0 ( ) B B x x   and 0 0 0 B B dx x x d  B      
we derive:

0 0 0 0 ( ') 2( ) ' 2 ( )( ) B c x d x dk x dx t d              (134) 
where 

The expression for RCR CCF takes the form:

0 2 2 ( )( ) 2 ( ) ( ) d i t CCF R n e d              (137) 
where 

  0 2 4 0 2048 4 1 1 1 , B B x x n n n n c L L L 0 0 2 2 0 0 1 1 , 2 ( ) ( ) ( ) c c n i n n dn x dn x c S dx dx R                 ( 
  0 0 0 2 ( ) 2 ( ) 0 1 1 , c c d d x x i x t i x t e d x e d x      0 0 0 0 0 2 2 0 2 4 2 ( ) 2 ( ) 0 0 0 0 ( ) ( ) 1 1 
( ) 2048 1 , ( ) ( ) 1 1 n n d d nc n c c i x x t t nc x n x n x n n S R c e dx e dx x n x n x      c c n n                       ber          (139) 

 

At small fluctuation wave num 

2 c 2 n      th Bragg
                              ( 
  0 1 2 4 2 * 0 2 0 1 ( ) 2 1 i i L y p e d F y n erf i L e dpd p                         (142) 
Using the Dirac   function features we substitute 

               y y       (144)
The solution of the Abel equation is found as

0 * 0 2 4 ( ) i L i e d F y d erf i L            0 * 0 , 0 4 ( ) , 0 i L dy y n e e d F y dy d erf i L y                          (145)
Changing variables p y    and substituting the expression (141) into (145) we obtain Differentiating the expression (147) over  finally we obtain the expression for the wave number spectrum:

  2 1 * ) i L n D e d L erf         0 2 ( CCF L i L       (148) 0 frequencies. Formula
where is the distance between the cut-off positions for reference and probing The expression for the forward transformation kernel is given in the form of Fourie transform:

L L L    ( 
r          ( ) 2 * ( ) i r L K r L e e d     2 / ( ) 2 / c i sign c erf i                      
The converted function is performed by an anti-symmetric fast oscillating complex function, which gives after being processed by F 

ourier transform, the real function of the kernel. The integration limits depend on the probing frequency  which in its turn is related to the distance between the cut-off positions as We would like to stress that the experimental signal CCF is measured on finite distance between probing frequency cut-offs as well as on finite probing interval. In this case one should apply numerical procedures of interpolation and extrapolation by exponential function to avoid discontinuities; an explicit demonstration dures will be given in Chapters III of such proce and

IV. e should also note that simplifying transformation thus additional complexity associated e procedu ed on form expression for the radial wave number spectrum as a Fourier transformation of the TCCF into W with integration of rapidly oscillating functions is introduced.

Inverse transformation kernel

Invers re of transformation is also bas ula (129). We substitute the equation (129): Integration here is held over the interval where the TCCF is defined. The expression for the inverse transformation takes the following form

 (157)    1 ( ) ( ) ( ) CCF L B C r U r L d r        1  where the normalized coefficient  B is     4 5 2 0 3 2 1 8 i S L B L     (158) 
and the expression for the kernel is described by

             2 / ( ) * 0 0 2 / ( ) ( c i r L c d U r L e erf i L erf i L L                  ) (159) 
that seems to be similar to Fourier transformation however this kernel possesses the dependence on in the argument of complex conjugate error function. Integration is performed in Bragg backscattering limits as was mentioned in the previous sub-section.  . We propose formulae to compute wave number spectrum and spatial TCCF from these measurements.

The interest to define expressions of ICF is to change the dependencies of CCF, and if it is possible to reduce the contribution of the long wavelength in the CCF as it will be shown. In this sub-section we develop theoretically the method of data interpretation of combined HIBP). We introduce ICF as reflectometry and other local diagnostics (e.g. . We also assume that reflectometry and other fluctuation diagnostic measurements can be held simultaneously. e modify formula (129) according to the expression for in the following way:

W ICF   1 2 * 0 ( ) ( ) i L d P CCF L n e erf i L L                (161)
where the coefficient is equal to The dependency of the ICF on the wave number is no more singular and it decays faster comparing to the signal CCF however it is still not possible to determine the TCCF or turbulence correlation length directly from the measurements.In the present paper we thod to determine spatial TCCF from the ICF. Similarly to comp ns performed in section 2.9 we derive an expression for the radial wave number spectrum in terms of ICF:

P     2 0 0 2 2 i S P L L c        (162) 
0 (1 ( )) ( ) 2 1 2 ( ) i s i g n i L L n e P CCF L e d L                            (163) ICF 2.

Forward and inverse transforms for

We derive the expressions for the forward and inverse transforms of the ICF into TCCF.

Thus, we substitute the expression for the spectrum (163) into Fourier transformation (152) and obtain the expression for the TCCF in form of convolution

  0 0 ( ) ( ) ( ) L L C r A CCF L K r L d L        (164)
where the expression for the forward transformation kernel is given by the integral

2 / 2 / ( ) c c K r L e d   ( ) i r L        (165) 
and the coefficient

   A is equal to (1 ( )) 2 g n A e P   1 i s i     (166) 
The expression for the inverse transformation is computed by substituting the equation (156) into relation (161

) 0 0 ( ) ( ) ( ) 2 L L P CCF L C r U r L dr              ( 167 
)
where the expression for the inverse transformation kernel is presented by the integral

    2 / ( ) * 0 2 / ( ) c i r L c d U r L e erf i L L               (168) 
In f . we show the forw measurement position. We the ICF as well as the TCCF are defined on finite interval which causes difficulties in theory applications to the experiment. Moreover integration over wave should be performed within Bragg limits. Before using the method it is necessary to process the ICF in a proper way applying interpolation and extrapolation procedures.

Summary

In this chapter the new analytical theory of RCR has been presented. 

 

that is significantly smaller than Airy scale length as it was supposed in earlier analytical approach [115] as of the order of Airy scale length. As it could be seen from figure 2.17 where the compari on of the two approaches is illustrated difference betwee s the n the correct scattering signal function and the assumption of [115] can reach a factor of 10. 

   

missed in previous approach is in charge of long logarithmic tail in the signal RCR CCF (see figure 2.9.) numerically demonstrated in [START_REF] Bretz | Proc. 17th European Conference on Controlled Fusion and Plasma Physics[END_REF]. In Chapter III this result will be confirmed in 1D numerical model in Born approximation.

The same exercise was performed in WKB approximation in case of arbitrary plasma density profile which is closer to real experiment. In vicinity of the cut-off position where WKB approximation is no more valid the scattering signal is described by the Airy function.

The relation between the signal RCR CCF which could be measured in RCR experiment and the turbulence radial wave number spectrum is the primary new result of this Chapter. Despite the huge difference between correlation functions of signals and turbulence it gives a simple and correct method of experimental data interpretation. Though this inverse relation is derived in case of linear plasma density profile in O-mode it is applicable for smooth monotonic experimental profiles as it will be demonstrated in Chapters 4 and 5. Definitively there are restrictions for the obtained results provided by the initial assumptions made in the beginning of this chapter. Thus, the method of RCR CCF transformation is applicable in case of small level of plasma density fluctuations as well as for X-mode probing and gives satisfying result 

Numerical model

In this sub-section the numerical code is described. The numerical model is based on the eoretical approach developed in Chapter II resulting in unperturbed differential equation [START_REF]European Fusion Development Agreement[END_REF] to be solved and further integral (99) and inversion relation (148) to be computed. The rogramming language Fortran is used to develop the code. ( ) 4 ( ) ( ) 0

z z E x N x E x    (169) 
To solve the Helmholtz equation the 4 th order Numerov scheme (see Appendix B) is used:

2 2 2 2 2 2 0 0 2 0 5 ( ) 1 4 ( ) ( ) 2 4 ( ) 12 6 
( ) 1 4 ( ) 0 12 z z z h h E x h N x h E x N x h E x h N x h                                
The Helmholtz equation is finally represented by a matrix equation:

E B 2 2 (170)     (171) 
where is a tridiagonal matrix defined by equation (170).

 B 

.0 

( ) ( ) 1 N xL  B E xL          , The 2 
In the second part we al over wave numbers the integration limits according to the c nditions computations:

x     integr 1 x firstly o , k i   2 (0) ) ( ) i N j j j i k i i x I E x e  h          computations of (173)
The x-grid of integration by previous of the matrix

The grid this with points in the is is already 

defined in defined part resolution 1 ,..., N E E        . wave number  - interval the 2 1 N   2 2     
N M I I                containing the vector of wave numbers   , 2 j k c k h        , ... i N N    
and vectors of the integrals for each frequency j  and wave number  .

Plasma fluctuations are modeled in the following way: Further we compute the partial amplitudes as

2 ( ) ( , ) s k k k N i x i j j s k k N A I ne e             (175)
Here we introduce one more parameter: In the third part we compute the signal CCF according to formula (125). Simplifying calculations, we normalize it in the following way:

        * 2 2 0 0 ( ) ( ) ( ) ( ) j j s s s s s 0 0 ( ) ( ) ( ) ( ) ( ) j j s s s s j s s A A A A CCF         (176) A A A A      
We chose one of the frequencies j  to set as reference. We also chose the interval of pro which corresponds to experimental. Therefore new parameters are used: 

      1 2 i s i g n   2 1 1 0 2 ( ) k i N i L k k i n D e CCF L e L     * k erf i            (177)
where

The TCCF is co fast Fourier Transform (152):

  j L L L  . 0   mputed utilizing simple * * k N  2 * ( ) j k k N i L j C L n e h          (178)
Output data the vector of the w spectrum of the length and the vector are ave number ensity profile with the Gaussian turbulence used in the analysis:

2 2 /4 2 c l c n le    (179) 
The choice represents the sim Moreover one could predict the turbulence wave number behavior and presenting spatial scales relying on the signal CCF and TCCF dependencies. Thus, if the TCCF real part is negative the prediction that the turbulence wave number spectrum is suppressed for small wave numbers could be made.

CCF and spectrum reconstruction in conditions relevant to experiment

The role played by simulations is essential for setting the experimental parameters. The numerical compu required to determine the paramete me of technical limitations according to validity domain and theoretical expectations. Thus, in this section we aim to precise the parameters at which the reconstruction of turbulence characteristics could be held successfully. 

Realistic spatial probing step

The evaluation used for the reconstruction in figure with fine (cyan line).

4 c l   2 c l  

Reconstruction in presence of uncorrelated noise

In this sub-section we study limitations of the reconstruction pro associated with broadband noise. We model it a cedure s the white noise in the following way

( ) j i sN s s A A Ae     
where sN A is the measured signal, s A is the scattering signal,  is the noise level, ( )

j   - random uncorrelated phase.
Here we represent the numerical simulation results obtained only for noise level of 1.0   , whereas for the wide range of parameters (noise level 0.1 1.5

  

) the simulations were held as well. Figure 10 shows the CCF computed for Gaussian spectrum reconstruction procedure to explore quite different conditions when unlike previous size of the probing region is comparable to the probing vacuum wavelengt corresponds to y at the border of the validity domain and it is done to give a clearer idea on the possible application of the method on an existing experiment.

The probing frequency range is not wide enough in small machines, moreover the ratio of wave propagation region width to the vacuum wave length is small. Fo h FT-2 tokamak it is given by 0 0

L f c 

where the reference frequency is f0=40.1GHz and the reference frequency cut-off position . Nevertheless, according to experimental results [START_REF] Kouprienko | Dynamics of the Electron Thermal Diffusivity at Improved Energy Confinement during Lower Hybrid Plasma Heating in the FT-2 Tokamak[END_REF] a rather steep plasma density profile in FT-2 tokamak could be assumed linear that allows us to test the proposed reconstruction scheme in this tight geometry. is L0=0.04m

Standard conditions of reconstruction at FT-2

We make firstly computations using the following parameters: central plasma density According to the framework of the proposed method it is applicable for higher 0 19 m -3 ) subject to utilizing higher frequencies up to 80GHz and probing range 

8 c l   . densities (nt=8.0 1 -2 -1 0 1 2 0,0 0,5 1,0 L/l c CCF Re Im Gauss -2 -1 0 1 2 0,0 0,5 1,0 L/l c CCF Re Im Gauss

Amplitude CCF computation

In this section we present computations of the amplitude CCF (ACCF) held in case of linear plasma (red line).

density profile according to formula:

       0 0 2 2 0 0 ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) j j s s s s j s j j s s s s s s A A A A ACCF A A A A               (180) 
Computation parameters are the following: plasma size: a=0.1 m, reference cut-off:

0 0.09m  , reference frequency: 0 40 L f GHz  , ( 11 0 2.51 10 / rad s    , 0 0.0075m

 

). The radial wave number spectrum is modeled as:

max ( ) 0, otherwise n 1, 0           (181)
The correlation length is related to the spectral width via c relation length of the ACCF is significantly shorter than the correlation of reflectometry signals, the ACCF decay is slower than TCCF for all t is possible to draw a conclusion that the result of 1D computations differs from the result sho e measurement of ra lation length can not be obtained from the amplitud -0,020 -0,015 -0,010 -0,005 0,000 0,005 0,010 0,015

Re CCF Im CCF ampl CCF Re turb CCF Im turb CCF CCF L, m -0,06 -0,04 -0,02 0,00 0,02 0,04 

/ 1.2 c l   , 0.009 c l m  , 1 max 234m    , 0.003m   
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O-mode probing in case of density profile close to exp ne

This section is a first transition step from theory and simple numerical simulations to realistic experiments. Thus, we perform numerical simulations for O-mode probing by the example of Tore Supra-like smooth plasma density profile as well as ITER-like plasma density profile with a steep gradient zone.

        2 2 ( ) 0.5 1 1 b c a x x n x n th x x a                 (182) 
where . Averaging is performed over bulence spectrum used in the analysis given by [START_REF] Hennequin | Scaling laws of density fluctuations at high-k on Tore Supra[END_REF]: Re Spectrum Im Spectrum Input -0,2 -0,1 0,0 0,1 . The statistical averaging was held over Ns=500 random samples. The input turbulence spectrum is specified as [134]:

1 13 3 3 80 , 0.05 , 0.8 , , 3.9 10 2 a b c m x m x m a m n cm          (see figure 3.27.). 0,0 0, 2 0,4 0,6 0,8 0,0 0,5 1,0 n(x), xn c x, m -0,4 -0,2 0,0 0,2 0,4 0,0 0,5 1,0 CCF (L 
1 1, 1 ,1 cm m   2 3 1 1 6 1 6 , 6 n c c m cm                   
  1 2 3 1 2 2 1, 1 , 1 1 cm n cm                   (184)
shown in figure 3.38 by red line. The number of wave number modes N  =10000 is specified within the wave number interval -0,2 -0,1 0,0 0,1

Re CCF Im CCF turb CCF

CCF

x, m -0,2 -0,1 0,0 0,1

CCF x, m

Input e u li rt, line

Concluding we would like to stress that application of the proposed procedure to the turbulence spectrum and CCF reconstruction from RCR data have led to very promising results.

Numerical modeling in conditions relevant to experiment in case of few averaging random phase samples, small probing range and high white noise level recovers the input parameters.

The demonstrated possibility of fine reconstruction, at least in 1D geometry, is proving the procedure feasibility and appealing for further optimization and tests in 2D numerical modeling.

Basing on results of this Chapter we have determined the following parameters for reconstruction required in experiments: number of probing frequencies insight into capabilities of RCR diagnostic. We would like to notice as well that there is no universal method applicable to all machines; different hardware and different plasmas demand unique approach and it is needed to develop specific fo T

General remarks on data analysis

Although the RCR systems installed at Tore Supra, FT-2 and JET machines are different in terms of possibilities, constraints and specifications due to the specificity of each device. owever the reflectometer principal scheme is similar and the reflectometry signal acquisition realized in the same way as well as statistical analysis. The former numerical computations ecify general experimental parameters such as probing interval, step and statistics depending on experimental conditions. In this section we summarize these findings necessary parameters for data analysis. 

where f is a probing frequency, t is a moment of time.



( , ) 0 0 0 ( , ) ( , ) ( , ) ( , )cos ( , ) ( , )sin ( , ) ( ,

) i f t s A f t I f t iQ f t A f t f t iA f t f t A f t e         0 ( , ) ( , )cos ( , ) I f t A f t f t   (186) 0 ( , ) ( , )sin ( , ) Q f t A f t f t   (187) 
The amplitude and phase are obtained from the signal:

* 2 0 s s 2 A A A I Q    (188) arctan Q I    (189)
Since the phase is changing in time the angular velocity is given as:

( , ) d f t dt    (190)
The received signal is complex therefore both the positive and negative frequencies are resolved and the fluctuation spectra are two-sided. In this work the IQ-detection is used. In general the RCR experiment is realized as following: the reference frequency is fixed, it determines the reference cut-off position at which the turbulence parameters are defined. The probing frequency is swept within the specified frequency range. It is important to choose the probing frequency step which in its turn predetermines probing spatial steps. Here we would like to underline that equidistant spatial step is required due to subsequent FFT applied to the measured signal RCR CCF. Moreover the probing step should be less than half correlation length. In addition as it was pointed The received signal is discrete and depends on time point ( , ) 

s i A f t
The summation is carried out over s N , this determines statistical averaging. The resolution in turbulence frequency space is given by N  . The number of points in a plateau is determined by technical settings of experiment however it is limited by plasma conditions. When probing we assume that the plasma is "frozen". Thus, the total window duration should be less than plasma All these parameters ar etry system.

Results of RCR experiment at Tore Supra

Experiments on Tore Supra were the first attempt to apply the theoretical tho turbulence properties determination at real machine.

. In this section we discuss experimental results obtained during the campaigns on the 24 th of November 2010 and on the 23 rd of 201 . The aim of experiments is to determine plasma turbulence characteristics using the ra. In plasma, the phases of X-mode are given by: x w is the cut-off position and the permittivity is given by

2 2 2 2 2 ( ) 1 ( p p       2 2 
)

p c                (198) 
Phase of the propagation in vacuum between plasma and receiver: Finally the correlation function is computed according to the phase correction:

  0 0 0 0 ( ) (( ) ( )) * 0 ( ) ( ) ( ) cal cal i s s CCF L A A e                   (201) 
where index "0" corresponds to the reference frequency. Actually the probing interval covers the very center of plasma nd the top where esult 

N  =100.
 2, 2 2,3 2,4 2,5 2,6 2,7 2,8 0 

Summary

As an important result of the first RCR experimental campaign at Tore Supra the optimal experimental parameters are determined and the possible behavior on turbulence wave number spectra and the range of turbulence correlation length are estimated. The results obtained after the processing of the data seem to be very promising however some difficulties were faced when computing the spectrum and its spatial correlation function. Thus, exponentially growing probing step introduces addition difficulties when performing FFT while at the same time such During the probing window plasma parameters should be stationary, the hase calibration is also needed. In this section wide possibilities of RCR diagnostic have been demonstrated. To obtain more precise data further experiments are needed.

Experimental results obtained at FT-2 tokamak

FT-2 tokamak was described in section 1.3.1.2. In this section we present the reflectometry hardware installed at the tokamak, data analysis methods and results of two RCR experiments. 

d d t t             (202)
where 0  is the constant phase shift, is the time delay, d t 

 is the frequency shift between probing channels.

The probing is realized as follows: during a series of shots with equal conditions the frequency is shifted, one frequency separation per shot. Hence the statistics collected depends only on conditions of specific shot. Therefore the RCR experiment on FT-2 tokamak is quite hard to realize -to compute a single signal RCR CCF it is required to launch more than N  shots with the same conditions instead of Tore Supra or JET tokamaks. to underline that all the is experimental function which is absent theory in application to FT-2 small machine. It should be mentioned as well that very small correlation length values obtained numerically for turbulence frequency higher than 600kHz are smaller than the computation grid and therefore not reliable. The level of correlation between the two channels, reference KG8B and probing KG8C appeared to be rather low, below 0.4. Moreover the signal RCR CCF is damped for small R  (see figure 4.48, marked by magenta circle). Possible low level of turbulence in the top of pedestal comparing to the level of noise give this damping. However slow decay of the RCR CC could be observed even substantially spoiled by high level of noise. The KG8B spectra turned to be significantly smaller than KG8C spectra as well as the signal level. Although there are no physical result due to the hardware default the preliminary measurements and system settings determination have been held. Thus, these preliminary experiments held using newly installed equipment allow to predefine the experiments c stems at JET. Apart from that the software focused on JET data processing has been developed and fully prepared for further usage when the hardware problems are resolved. Later RCR experiments was realized at small FT-2 tokamak and gave results consistent to the results obtained at Tore Supra: the estimated radial correlation length was in the order of lc=0.1..0.8cm. However additional difficulties were faced at FT-2 due to small geometry of the machine and subsequent curvature of the cut-off layer. Obviously one dimensional approach gives rough description of electromagnetic wave propagation in the case of 0 0 The contribution of the author to this work is in developing of the theoretical basis of the RCR, performing of the numerical modeling, participating the experimental sessions at three machines, Tore Supra in Cadarache, JET in Culham and FT-2 in Saint-Petersburg and all the data processing for these machines.

_____________________________________Appendix Appendix A. Stationary phase method

The main idea of stationary phase methods relies on the cancellation of sinusoids with rapidly-varying phase. It is a generalization of Laplace method for the following integrals: 

E x h E x E x h h E x E x O h h

       (211) 
We obtain from here:

2 (2) (4) 4 2 ( ) 2 ( ) ( ) ( ) ( ) ( ) 12 
z z z z z E x h E x E x h h E x E x O h h        (212) 
We substitute this expression for the second-order derivative (212) to the Helmholtz equation (169): 

E x h E x E x h h N x E x E x O h h

       )  (213)
The key point of the method is to apply the operator 

z z z h d h d E x N x E x N x E x dx dx                 (214) 
Again, using (211) we obtain:

4 2 2 0 2 2 2 2 2 0 2 ( ) 2 ( ) ( ) ( ) 4 ( ) ( ) 4 
( ) ( ) 0 12

z z z z z E x h E x E x h O h N x E x h h d N x E x dx                (215)
All the terms of the fourth-order and higher are negligible. The term 
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Figure 1 . 1 .

 11 Figure 1.1. Evolution of the CO2 concentration in the atmosphere. The level of CO2 has increased rapidly during the last 200 years. Data points are measurements on air bubbles entrapped in Antarctic ice cores.

  it is possible to turn off the external heating, (or



  is the global energy confinement time, is a measure of quality of the plasma confinement. The so-called "fusion product" (or "triple product") is also widely used for characterizing the performance of fusion devices. It combines requirements on the two quantities, * e E n  and temperature, which both have to be large for ignition, into a single quantity. It is the function of the temperature only. For ideal conditions at the minimum the criterion takes a form[7]:

Figure 1 . 4 .

 14 Figure 1.4. Schematic diagram of a tokamak [30].

  front view is show 8 situated at the nuclear research center of Cadarache, Bouches-du-Rhône in Provence, one of the sites of the Commissariat à lʹÉnergie Atomique (CEA). Tore Supra is specialized to the study of physics and technology dedicated to long-duration plasma discharge. It now holds the record of the longest plas min us heat and particles rem utes 30 seconds and over 1000 MJ of energy injected and extracted in 2003. It allows to test critical parts of equipment such as plasma facing wall components or superconducting magnets

Figure 1 . 5 .

 15 Figure 1.5. Front view of Tore Supra [34].

Figure 1 . 6 .

 16 Figure 1.6. FT-2 tokamak, front view [33].
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 17 Figure 1.7. Overview of JET diagnostics [44].

1. 3

 3 .1.4. ITER Despite the progress con lear fusion energy on a reactor scale. This is the purpose of the research and development project ITER (International Thermonuclear Experimental Reactor), an international nuclear fusion research and engineering project [46]. It is the first attempt of the humanity to build the worldʹs largest and most advanced experimental nuclear fusion reactor. It is beibg built at CEA Cadarache facility in the south of France. The project is the first step on the way from experimental reactors to first DEMO-reactor and fi ducing power plant. The project is funded and run by seven member entities -the European Union (EU), India, Japan, China, Russia, South Korea and the United States. The history of ITER began in 1985 when the Soviet Union, European Union, Japan and the USA have built the collaboration to develop the hugest tokamak in the world. In 2006 the ITER agreement was officially signed and in 2007 entered into force, the ITER Organization was established. The schematic view of the tokamak is shown in figure 1.8. The heart of ITER is a superconduc ensions. It will have a plasma volume of around 840m 3 . It is designed to produce
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 1811 Figure 1.8. ITER schematic view [46].
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 19 Figure 1.9. Comparison between neoclassical (collisional) thermodiffusional coefficient (dashed line) and anomalous transport e (blue squares) and i (red circles) coefficient.

Q

  ) where total fluxes consist of a sum of transport) and terms arising from fluctuation terms arising from Coulomb collisions (neoclassical s (anomalous transport) and apply only to transport between closed flux surfaces. In this expression j  and are ambipolar particle and energy fluxes, respectively, D and j are particle and diff coefficients, respectively, and V is a convection velocity. The subscript i refers to (electron or ions) to fluctuation quantities which may be electrostatic, E  , or magnetic, B .In terms of measurable quantities the particle flux is



  . Subscripts r,  , and  represent radial, poloidal, and toroidal coordinates ... to be negligible due to electromagnetic thermodiffusional coefficient which is proportional to parallel velocity is much smaller than electrostatic thermodiffusional coefficient proportional to turbulence correlation time (except at high flow due to electrostatic and electromagnetic fluctuations are found in literature.When both e n  and E   can be measured simultaneously, the average convection flux can be calculated directly without further assumptions. However, in cases of wave scattering, reflectometry, ECE, and BES only and depend on specific form turbulence. Limiting expressions obtained from additional assumption of st of ro can be ng turbulence, called the mixing length limit: the tokamak c re imply that density fluctuation levels of loss that exceeds neoclassical processes. As a result, observations of fluctuations in this range along ith drift wave models have been used to estimate core ansport [



  are correlation length d time for dens fluctuations acr the field. Th are other electrostatic modes that have been investigated as a source of anoma transport: resistive/neoclassical M D-like modes driven by field curvature and ripple, viscosity, and plasma current; electromagnetic skin depth modes [61]; and thermal instabilities at the plasma edge [62]. Compared to drift waves MHD-like modes are characterized by longer, and skin depth modes are characterized by shorter wavelengths. However, of numbers characteristic of drift waves in the core of large tokamaks, that is, different times and in different regions in plasma. Some modes c m  There are a number of mechanisms that can give rise anomalous transport. Different mechanisms may dominat cause transport and some do not. Experimentally, one sees MHD and turbulent processes to occurring simultaneously. In addition tokamak plasmas can ve toroidal and poloidal flows.Instruments must be able to distinguish different modes in moving plasma. Finally, the fluctuation amplitudes the ha mselves are small. In the plasma core typically 1% example see figure1.10). Thus, measurement techniques need to be accurate and be able to separate broadband turbulence from significantly higher levels of narrowband, MHD-like, activity.
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 110 Figure. 1.10. Radial profile of density fluctuations at different density at Tore Supra [63].

5 3   and an enstrophy inertial range with an energy spectrum scaling 3 

 533  . The existence of two conserved quantities complicates the construction of theory. Energy enstrophy are transfers towards low  and forms the inverse cascade, the most of enstrophy transfers downscale towards high  and is called the enstrophy cascade of direct cascade.Energy dissipates at large scale due to friction between the box size vortices and the boundary, e enstrophy dissipates at small scales due to molecular viscosity[START_REF] Boffetta | 1544 eflectometry analytical theory in linear and 389, 2006 scattering and cut-off responses 30, 1996 d High Beta in Neutral-Beam-Heated Divertor t. 49 1408, 1982 kamak[END_REF]. The inverse enstrophy all fractions of upscale enstrophy flux and downscale energy flux.
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 11137 Figure 1.11. Schematic of energy spectrum for dual cascade.

Figure 1 . 12 .

 112 Figure 1.12. The range of poloidal wave numbers covered by ITG, drift-waves, TEM and ETG modes of turbulence. Large scales are dominant.

  close to the plasma edge. The H-mode formation is still not clearly understood as well as turbulence suppression or properties modifications of fluctuations. Some of mechanisms of spo fluid like motion is known as Some other kinds of turbulence spectra will be presented and commented in Chapter IV.1.4.5. T ressionIn the impro gime (H-mode)[START_REF] Wagner | Regime of Improved Confinement an Discharges of the ASDEX Tokamak[END_REF] cross-field losses of particles and energy are reduced due to transport barriers which are formed by sheared poloidal plasma flows and located such an effect are briefly described in this subsection. 1.4.5.1. Radial electric field shear In 1988 S.-I. Itoh and K. Itoh have introduced the radial electric field r E into the explanation of the H-mode confinement regime [80] and therefore have shown its importance. A ntaneous bifurcation of r E nowadays is used as a theoretical model to explain the improved confinement.
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 113 Figure 1.13. unching the two microwaves to the plasma simultaneously.

  for ler reflectometry [99-101] or poloidal correlation reflectometry [102-104]. The RCR has the benefit of the plasma curvature to reduce the 2D dependencies as it was shown for classical reflectometry [105].

  uniform and homogeneous plasma in external magnet According to linear approximation we perform Fou lysis of Maxwell equations. By taking the curl of the eq. (22) and combining it with the eq

  the angle between external magnetic field B  and wave vector stem consists of three scalar and possesses non-zero solution on if the determinant of This sy equations a ly the matrix is equal to zero. Thus, the dispersion relation is obtained:

  in toroidal plasmas electromagnetic waves are usually launched and received with the wave vector k  perpendicular to the external magnetic field 0 B  .In this case two types of waves are possible: "ordinary mode" and "extraordinary mode".e (O-mode)It is a wave with a linear polarization, the electric field of the wave is parallel to the

1 . 2 .

 12 Propagation of electromagnetic waves in plasmasThe cut-off position is determined by the condition pe Extraordinary mode (X-mode)

Figure 2 . 1 .

 21 Figure 2.1. Geometry of ordinary and extraordinary waves.

  is correlation The frequencies of microturbulence involved are of th order of the diamagnetic freque i.e. very low compared to length the impact on the frequency shift on the dispersion relation of the scattered wave can be neglected. changing in time. In this case the fluctuation part can be treated as a approximation). The Fourier transform gives the relation between fluctuations and their image in wave

-

  Dirac's delta-function. Taking into account the relations (56) and (58) we obtain the expression for the function (or TCCF): turbulence spatial cross correlation

2

 2 

 interacts with the fluctuations characterized by wave vector   and frequency 2 

 2 scattering in crystals. The which determines its propagation direction:

.

  of the wave vector at the resonance position B x . In 1D the incident and scattered wave have equal frequencies and opposite wave-vectors for back Bragg scattering and similar wa -ve ve ctors for forward scattering at the scattering point. In case of ordinary mode relation takes place only for turbulence wave numbers less two Bragg backscattering of the wave leads to phase fluctuations of the reflectometer signal. The forward scattering component of the signal 116].. Re tion of the microwave (with frequency from 1 300 GHz) launched to plasma from the cut-off layer. If the reflected wave is detec it is possible to use it to diagnose the plasma density. The phase of the reflected wave contains information on the position of the cut-off layer and density fluctuations.

. 4 . 1 . 2 In figure 2 . 2 .

 41222 Standard reflectometry for plasma density profile masurementsA again provides a single number that is directly proportional to the distance of the cut-off layer from to nalogy with radar breaks down because plasma between the launching point and the reflection point acts, as it does in interferometry, to a t w st refractive index of all along the wave path, unlike radar, in which the refractive index is unity everywhere[84].probing contributes very little to the received signal phase perturbation, especially if antennas are far from plasma, however non-linear contributions from forward scattering at the edge of plasma influence on the reflectometry signal in 2D approach [ the principal scheme of one channel reflectometry experiment is shown.wave launched into plasma is reflected from the cut-off layer, and detected near its launch point. It might be thought, by analogy with radar, that the phase or group delay the launching point, independent of the density profile elsewhere in plasma. It is important emphasize that this is not the case. The a lter the phase delay. In o her words, e mu take into account the plasma

Figure 2 . 2 .

 22 Figure 2.2. Reflectometry scheme in plasma. The wave is reflected from the cut-off layer.

   . Nominally WKB solutions are not valid in the vicinity of the cut-off and as it is well known one should extend solutions analytically in upper and lower half planes of the complex variable far enough from the cut-off ___________________________________________________________2.4. Reflectometry principles point[117, 118]. The squared wave number is linearized around an interval centered on the reflection point and the solution of equation (45) is expressed in terms of Airy function[119].

  along the reflectometer's c wave path can be deducted from phase measurements at different frequencies. For ordinary mode the integral transform is u to obtain an explicit analytic solution. For all relevant frequencies the function Abel sed after differentiating with respect to constructed by interpolation for example. Substituting the O-mo  we express the result in vacuum wave length terms of

2 Fixed

 2 th dient region along the path of the reflectometry wave is based on this prin e gra ciple, for example [121]. .4.2. Fluctuation reflectometry Te only single access to plasma. Ho wever, it is also sensitive to fluctuations along the entire radiation path, and so the localization of the measurement is not the same as if one were probing an oscillating mirror at the cut-off position (despite the fact that m published analyses have adopted this analogy). on measurements could be described as following. In presence of plasma density fluctuations (55) the relation between the fluctuation characteristics and frequency fluctuation reflectometry provides information on tokamak low frequency turbulence. chnically this method is simple and requires wever due to one dimensional scattering geometry interpretation of fluctuation reflectometry results, in general, is a very complicated task. The phase delay is most sensitive to density fluctuations located near the reflection layer. Ho any Roughly the principle of fluctuati received signal characteristics can be found. The received signal phase contains two components as well:

)

  vicinity of the cut-off layer. Thus it is possibl to obtain the relation between density fluctuation and scattering signal characteri and estimate turbulence frequency spectrum and its level. The attempt to confirm this 1 of the refl as assumed there that the singular (inverse proportional to fluctuation wave number (73) Usu rpretation of fluctuation reflectometry results is based on the assumption that the signal originates due to e stics assumption was undertaken by numerical [73] and analytical treatment [1 5] ectometry problem performed in 1D model. In [115] the fluctuation reflectometry has been addressed analytically, in the framework of the one dimensional WKB analysis. A singular dependence of scattering efficiency on the fluctuation wave number was demonstrated for the linear density profile. However it w behavior of the scattering efficiency saturates due to the violation of the WKB approximation at so called Airy wave number Ln is the density gradient scale length. This conclusion appears to be erroneous that predetermines 2.5 Basic assumptions and equations in 1D analysis x magnetic field. The electromagnetic wave pro the subsequent difficulties of one-dimensional theory in interpretation of experiments and numerical modeling. . Taking into account that RCR uses perpendicular incidence of microwave onto plasma and essentially 1D e perimental geometry is less sensitive to 2D effects, compared with Doppler reflectometry or poloidal correlation reflectometry, we analyze it in the frame of 1D model simplifying calculations and allowing investigation of the arbitrary density profile case.As it was already introduced in subsection 2.1.1., we use cold plasma approximation to describe microwave propagation in plasmas. Plasma is supposed to be an isotropic media;anisotropy is introduced only by external pagating into plasma is supposed to be monochromatic and stationary. Plasma density fluctuations are supposed to be small 1% n n   and the linear (Born) approximation and the perturbation theory could be applied. Plasma is supposed to be "frozen", i.e. the turbulence correlation time propagation strictly in the direction of plasma density gradient we describe the O-mode probing by Helmholtz equation[START_REF]European Fusion Development Agreement[END_REF], where ;  is a probing angular frequency. Under assumption that density fluctuations are small the perturbation theory methods are used. Equation (

  radiation source current and D  is the electric displacement vector. In the case of the collective scattering the source current results from non-linear coupling between the incident radiation and fluctuating plasma parameters. For spontaneous noise-like emission, the source is the fluctuating current of non-interacting («bare») electrons. We assume linear relation between dielectric operator  defined according to

Figure 2 . 3 .

 23 Figure 2.3. (a) Schematic of experimental arrangement for emission registration. (b) Imaginaryarrangement for launching antenna beam (E (+) ,H (+) ).

  ) obtain equation (81). Because of its relation to the fictitious radiation, will be referred to as the antenna beam. Equation (89) represents a formulation of reciprocity theorem for the case of emission and relates weight of a point in the al formation to the antenna ability to illuminate this point in has been e except general non-local relation (76) between and » plasma. In obtaining equation (89), no assumptions concerning the nature of the emitting E  D  . Thus equation (89) is valid for any medium, including arbitrary inhomogeneous hot magnetized plasma. The

th 2 . 6 .

 26 Scattering signal in case of linear plasma density profile ( ) c n x n x L  . The classical solution of unpertur the bed equation (45) takes a form:

Figure 2 . 4 .

 24 Figure 2.4. Airy function, 0.09 , 40 , 0.005 L m f GHz m    

  figure 2.5. The integration contour has two stationary phase points 1 2 u L 

Figure 2 . 5 .

 25 Figure 2.5. The integration contour of the integral.

10 ibes

 10 Bragg back scattering; it scales as 1  with the turbulence wave number as it was predicted in [115]. In case | | scattering takes place directly at the plasma boundary.The expression for the partial amplitude

pendence 1 

 1 persists as well, in contradiction with unjustified assumption made in [115] by B. B. Afeyan in 1994:

  Bragg detection limit do not cont e to the phase fluctuations. Figure numerical calculations show that the function is smooth and its behaviour can be described by proposed analytical asymptotic form (109) also in this region.

6 .

 6 Fig

n

  is provided by the first or the under the integral (120). third item _____________________________2.7. Scattering signal in case of arbitrary plasma density profile Here We use the stationary phase method (see Appendix A) analogous to part 2.6.2. for an asymptotic evaluation of the integral (120) in this case. Stationary phase point B

 2 . 7 . 1 .

 271 Numerical computation example for parabolic plasma density profileIn case of parabolic plasma density profile 2 2 0

(figure 2 . 7 .Figure 2 . 7 .

 2727 Figure 2.7. The comparison of real, imaginary parts and modules of analytical approxim d lines) and numerically calculated partial amplitude ( ) R

Figure 2 . 8 . 7 . 2 .

 2872 Figure 2.8. The comparison of real, imaginary parts and modules of analytical approximation (123) (solid lines) and numerically calculated partial amplitude ( ) R   ((a) -(c)) (dotted lines) shown in relative units,

  and L are the cut-off positions for reference and probing frequencies correspondingly. Expression (127) for the partial amplitude can be simplified as it 0 L was done for the equation (109) using asymptotic representation (110) in the intervals

.

  function is responsible for underlining the contribution of small angle off long scale fluctuations into the RCR signal. It is important to stress here that expression (128) correctly describes the behaviour of Using the proposed asymptotic form (109) for scattering signal we ter obtain the following representation of the CCF in ms of the turbulence spectrum

Figure 2 . 9 .

 29 Figure 2.9. The comparison of analytical approximations (127) (dashed line real part and dotted line imaginary part) and the CCF (solid line real part and thin dotted line imaginary part) numerically calculated in Born approximation. 0 0.4 L m  , 0 95 f GHz  , Gaussian spectrum,

  between the cut-off and the Bragg resonance point can be considered as linear, so that the delay time in expression (134) takes a form

  138) to formulae (122)-(124) we consider limits of the long scale fluctuations and obtain the partial amplitude in the form:

  140)Left part of the quation (140) can be denot e

1 e 2 . 10 .

 1210 148) is one of the main results of this thesis. It suggests the procedure of wave number spectrum reconstruction from RCR experimental data. coefficient In figure 2.10. for the same parameters as in figure 2.6. we show the weighting (a) Function Figur ( ) S  ; (b) ( ) of spectrum reconstruction. Nevertheless as we show i Chapter I numerical simulations in most RCR experiments the suggested formula gives rather precise tu So far as we use the Born approximation to derive the formula (148) it is applicable only at low enough fluctuation amplitude when the reflected wave phase modulation is not strong. The corresponding criteria of the linear regime proposed in [110] and [111] takes a form: n II by reconstruction of rbulence properties.

  noted that the expression for CCF (137) obtained in arbitrary profile case takes a transform Fourier transform of CCF given by form of nearly Fourier as well. Therefore one may expect that inverse for turbulence spectrum reconstruction from experimental data. for RCR Thi section addresses the theoretical expression for integral kernel, which converts dir the correlation function into the two-point CCF of plasma turbulence should be quite useful for experimentalists in order to compute TCCF avoiding error accumulation ersion. I 2.10.1. Forward transformation kernel Expression (148) allows to compute the turbulence radial wave number spectrum from the signal CF measured in experiment. integral transformation to compute the TCCF straight from the signal CCF ose to avoi on purp d the error accumulated during numerical procedure of turbulence spectrum reconstruction and further Fourier transformation and to provide a simple formula determining TCCF directly from reflectometry measurements. When substituting the expression (148) for the spectrum into the expression (152 expression for a forward transformation of signal CCF into the TCCF in a simple form of reference frequency cut-off position. Integration is performed over the interval where the signal CCF is defined. The coefficient the expression for the coefficient (130) taking into account the relation  for linear plasma density profile and Airy scale.
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 2119 Figure 2.11. The kernel of normalized forward transformation show ver ance from the cut-off position. Vertical dashed lines express the interval

Figure 2 . 12 . 2 (

 2122 Figure 2.12. An example of TCCF

Figure 2 . 13 .

 213 Figure 2.13. The kernel of the normalized inverse transformation.

Figure 2 .

 2 Figure 2.13. shows the normalized inverse transformation kernel in relative units versus normalized distance from the cut-off position. The function decays logarithmically therefore the long range tail is introduced into the signal CCF computed using formula (157).

Figure 2 . 14 . 2 .

 2142 Figure 2.14. Comparison of TCCF ed line (r ), ICF (green line) and signal CCF (blue line). Horizontal dashed line shows the 1/e CCF level.

Vertical igures 2 .Figure 2 . 15 .Figure 2 . 16 .

 2215216 Figure 2.15. The kernel of the normalized forward transformation for ICF.

  analytical solution of 1D Helmholtz scattering signal singular dependency on fluctuation wave number saturates for smaller number of the order of the inverse distance between plasma boundary and the cut-off position 1 L

Fig to saturate. The strong scattering signal dependency proportional to ure 2 . 17 .

 217 Fig

  e. in linear regime, however this does not disparage the value of new formulae.Analytical asymptotic forms and direct transforms have been confirmed by numerical computations of corresponding integrals and shown in figures 2.6. -2.17. of this Chapter. simulation results are given firstly, to validate the new theory of RCR able to access to turbulence characteristics, secondly to determine the limits and the sensitivity of the radial correlation reflectometer to different parameters encountered in experiments and possibilities of this diagnostic to detect relevant events existing in fusion plasmas. Results of reflectometry experiment numerical modeling in simplest linear plasma density profile as well as in conditions close to real experiments are presented.

  Analytical formulae are derived in Born approximation linear regime and possess no ependence on fluctuation amplitude therefore the numerical code is not sensitive to uctuation amplitude and gives only linear solution of the Helmholtz equation.As soon as our goal is to study the RCR diagnostic from the experimental point of view we oose the set of input parameters of the code close to experimental. The numerical procedure nsists of four parts: solution of the unperturbed Helmholtz equation; partial amplitude lculation (calculation of the integral over applying finite difference scheme based on forth-orde quidistant grid with the step h is used. The solution is the electric field r Numerov method. Finite difference method is selected due to its simplicity (less computing time) and easiness to implement. The of probing frequencies where j is the index of probing frequency. Initially the elmholtz equation takes a form: H

  is the vector defined by boundary conditions of finite amplitude in vacuum ( ) 1 E xL  and the evanescence of the wave the cut-off ( ) 0.0 E xR  thus behind ,



  are generated anti-symmetrically for the wave numbers k  of opposite sign and to the number of samples of averaging s.

1 (

 1 sets of samples of averagingThe result of this part of computations is a matrix each sample of random phase. Finally, is represented in terms of real and imaginary parts as (

  Essentially, to compute the CCF we make the av erically over random phase eraging num samples and therefore we allow numerical modeling of experimental noise. The result of the computation is a vector difference between reference an probing cut-off positions L

  integration x-grid points 3.2. O-mode probing in case of linear plasma density profile In this section the capabilities of the proposed procedure are shown numerically. Her just give qualitative criteria deduced from simulations done in cases of relevant density .2.1. Reconstruction of turbulence spectrum and CCF for large machine frequency which corresponds to the reference cut-off position the number of points is also fixed Nx=10000 and number of e we gradient lengths for actual fusion devices. 3 le of simulations is given for large tokamak plasma where wave propagation is mu larger than the turbulence correlation length in the simplest linear plasma density profile case wh set satisfies fully all the validity conditions of the theory.his section are obtained under the fo re the case without limitations by diagnostic technique parameters an test capabilities of the method assuming the probing to be realized in plasma within the

Figure 3 . 1 .

 31 Figure 3.1. Signal CCF (real solid blue input Gaussian TCCF (dashed red line) calculated in the interval Horizontal dashed line shows the 1/e CCF level.

2 .

 2 is shown in figure 3.1., real part by blue solid line and imaginary part by green dotted line. Its real part is much broader than Chapter III. Numerical modeling_______________________________________________________ turbulence Gaussian corr hed curve) and asymmetric and ossesses small, but finite imaginary part, shown by dotted line. The 1/e CCF level sh elation function (red das p is own by horizontal ashed black line. As it is obvious, the CCF contains information on turbulence but does not peaked about ero and shows slow logarithmic decay, unlike the initial Gaussian TCCF. ply the extrapolation procedure to the signal CCF by exponential function in order to avoid fast oscillations of the resulting spectrum caused by delta-function. After extrapolation of the CCF to higher d provide direct information on the TCCF. Accordingly, the calculated CCF is very z As soon as Fourier transform over signal CCF is performed we ap L  values and data processing according to (148) the real part of the reconstructed spectrum similar to d Gaussian spectrum are produced by discontinuities of the extrapolation procedu A smaller imaginary part of the reconstructed spectrum is oscillating around . Smoothing of these oscillations results in a spectrum sim Gaussian and possessing very small imaginary part, as it is shown in figure 3.2. The computed spectrum versus normalized wave number. Reconstructed real (blue solid line) and is important to note that these oscillations originated from extrapolation procedure cou F imaginary (green solid line) parts, averaged curves by dotted black and yellow lines, input Gaussian spectrum by red solid line. It ld be removed to the matching region the contribution of the Bragg scattering processes, in accordance with (59) ds to all providing the TCCF. The result of this transformation in the same case as in figure 3.2. is shown in figure 3.3.
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 34 Figure 3.3. r Gaussian (re in the same conditions as figure 3.1.

  Figure 3.5.1. Figure 3.6.1.

Figure 3 . 6 .

 36 Figure 3.5.2. Figure 3.6.2

Figure 3

 3 Figure 3.5.4. Figure 3.6.4.

Figure 3 . 5 .

 35 Figure 3.5. Calculated spectrum w

CCF shown in figure 3 . 6 . 1 .

 361 Summarizing we underline that numerical computations tations are rs in the fra 3.2.1.2.1. Determination of optimized realistic spatial probing interval In the previous sub-section we have performed reconstruction based on the signal CCF computed in a very wide probing frequency range corresponding to 40 c l   never possible in experiments. Thus to hold numerical modeling in conditions relevant to experiment we reduce the probing interval in order to determine the conditions critical for reconstruction.

Figure 3 . 7 .Figure. 3 . 7 .

 3737 Figure 3.7. shows the reconstructed Gaussian TCCF for realistic cases (a) and (b). The computations are done for the parameters of large machine. It is clearly from figure 3.7. (b) that the probing interval is no sufficient to provide the length with the error level of 25% in contrary interval

1 ureFigure 3 . 8 .

 138 Figure 3.8. CCF shown in relative units for 0.08 c l  

Figure 3 . 9 .

 39 Figure 3.9. TCCF reconstructed at 10 c l   , 0.08 c l  

  random phase samples by the solid line the real part and s dotted the imaginary part. The CCF oscillations could be reduced by increasing the number of lue of CF is damped due to the presence of noise in comparison with figure 3.1. line sets of samples up to Ns=10000 (see figure 3.10.). It could be seen that the maximum va CIn figure3.12. we represent the turbulence radial wave number spectrum for Ns=500. The Gaussian spectrum kernel is observable there at 5 5 by vertical dashed lines) however the noise level at wings is very high, not allowing the TCCF reconstruction (see huge oscillations in figure3.13). We overcome the oscillations by decreasing the spectrum interval used for the Fourier transform. Thus, to obtain the TCCF shown in figure3.14, we process the spectrum from figure3.12. in the interval 5 despite the high noise level ere is still a possibility to select a spectrum the Fourier transform which allows to dec ly the th interval for rease the oscillations in the TCCF. Meanwhile using the CCF computed for increased number of samples Ns=10000 (see figure3.11.) we are able to app Fourier figure 3.15., though we should mention that this method is rather difficult to be realized in experiment.

  Figure 3.10. CCF at 1.0   , Ns=500.Figure 3.11. CCF at 1.0

Figure 3
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  Figure 3.12. Spectrum at 1.0  

Figure 3 . 13 .Figure 3 . 14 .

 313314 Figure 3.14. The TCCF reconstruction at 1.0   , Ns=500, spectrum interval 5 5 c l     .

Figure 3 . 15 . 4 .Figure 3 . 17 .

 3154317 Figure 3.15. The TCCF reconstruction at 1.0   , 0000, spectrum interval 20 20 c l     . Ns=1

nt=4.10 19 m - 3 ,Figure 3 . 18 .

 3318 Figure 3.18. Signal CCF (blue line real part and green line imaginary part) and TCCF (red line) shown in relative units. Dashed-dotted vertical lines show the probing interval used for computation.

Figure 3 . 19 . 1 2 .

 31912 Figure 3.19. TCCF (real part by blue line and imaginary part by green line) compared to the input TCCF (red line) shown in relative units.

Figure 3 . 20 .Figure 3 . 21 .

 320321 Figure 3.20. RCR CCF (real part by blue line and imaginary part by green line) compared to TCCF

  cases, the scan in the radial correlation length is

Figure 3 . 22 . 1 .Figure 3 . 22 . 2 .

 32213222 Figure 3.22.1. Signal CCF, ACCF and TCCF. 0 / 0.4 c l  

  0

Figure 3 . 22 . 3 .

 3223 Figure 3.22.3. Signal CCF, ACCF and TCCF.

Figure 3 . 22 . 4 .

 3224 Figure 3.22.4. Signal CCF, ACCF and TCCF.  

Figure 3 .Figure 3 .

 33 Figure 3.23. CCF, reference cut-off Figure 3.24. The TCCF reconstruction, 0 0.4 L m  0.01 c l m 

Figure 3 . 25 .Figure 3 .2 re 6 . 1 .

 325361 Figure 3.25. CCF, reference cut-off 0 0.5 L m  Figure 3.2 re 6. The TCCF construction, 0.02 c l m 

Figure 3 . 27 .

 327 Figure 3.27. Density profile for Tore Supra as a function of radial position. Dashed lines show the computation probing interval.

Figure 3 . 28 .

 328 Figure 3.28. The RCR CCF (real part by blue line and imaginary part by green line) compared to the TCCF (red line) shown in relative units.

is shown in figure 3 .

 3 29. by red line.
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 332 Figur 2 Calcula normalized wave nu

Figure 30 ..Figure 3 . 31 .Figure 3 . 35 .

 30331335 Figure 30. al par by blue and imaginary part by green) compared to input TCCF (red) shown in relative units.

Figure 3 . 38 . 3 .

 3383 Figur active index of the probing X-mode wave positions (1) e 3.37. Refr for cut-off

Figur 3 . 39 .

 339 Figur 3.39. RCR CCF (bl e ne real pa green line imaginary part) and input TCCF.

Figure 3 . 40 .

 340 Figure 3.40. Reconstructed TCCF (black real part and green line imaginary part) and input TCCF (red line).

  necessary to mention that the spectrum reconstruction procedure developed for Omo de linear plasma density profile needs to be improved to be applied for X-mode arbitrary profile case to decrease inaccuracy of reconstruction. this thesis covered theoretical background of RCR applications and nu construction undertaken before results described in this section are preliminary and are c l wave num atial CCF in sma and large machines and give an software and data interpretation methods r each experiment. his part of the thesis is devoted to three separate methods of data processing obtained at three different machines -FT-2, Tore Supra and JET. Furthermore experimental results using the proposed method of turbulence properties determination are discussed. ____ P merical modeling of experiments which are certainly convincing however experimental approbation of the method is also required. How to move from the theory and simulations to the real world? Passing from theoretical models to real experiments we face plenty of additional tasks and problems: hardware volatility, additional noise, shot conditions, technical problems of data acquisition and huge volumes of data to be processed… Since there were no RCR experiments applying the new method of radial wave number spectrum re focused on estimation of experimental parameters and settings. Besides that the more ambitious task was to estimate and compare turbulence parameters such as orrelation length, radia ber spectrum and turbulence sp ll

4. 1 . 1 .Figure 4 . 1 .

 1141 Figure 4.1. Circuit diagram of one channel of a heterodyne reflectometer.

Figure 4 . 2 . 2 4. 1 . 2 .Figure 4 . 3 .

 4221243 Figure 4.2. Simplified radial correlation reflectometer circuit diagram. Taken from [132].

____________________________________________________4. 1 .

 1 General remarks on data analysis 4.1.3. Probing range and step out in Chapter III for satisfactory reconstruction the minimum probing range is limited by

  needed to estimate the correlation length in advance. 4.1.4. Statistical analysis In figure 4.4. the example of experiment realization is shown. Within a window the set of steps is realized by the sweeping channel, the number of steps N  (is equal to number of probing frequencies). The time acquisition rate provides the upper frequency seen and the time step the lowest one. The reference channel is synchronized to the eeping channel

Figure 4 . 4 .

 44 Figure 4.4. Probing frequency evolution in a time window during RCR experiment.

  correlation time. Therefore, the total of points in a window is limited and we should balance between increasing number s N , N  or N  : other words, N  is dictated by probing range and step limits, N  should correspond the required turbul frequency resolution, ence s N should be enough satisfactory statistical averaging. Finally, having fixed the parameters, we obtain the RCR

4. 2 . 1 .

 21 Reflectometers at Tore Supra iven in table 4.1. For more detailed information the reader is referred to[START_REF]Commissariat à lʹÉnergie Atomique (CEA) Cadarache[END_REF]. installed on Tore Sup A list of the reflectometer systems installed at Tore Supra is g

Figure 4 . 6 .

 46 Figure 4.6. Schematic of the reflectometers, V and W bands. Taken from [121].

Figure 4 . 7 .

 47 Figure 4.7. Phase in waveguides and inside the vacuum vessel without plasma.

Figure 4 . 8 .

 48 Figure 4.8. Phase in waveguides, vacuum and plasma.

  phase. As we analyze the fluctuating phase the rest terms should be removed by multiplying the weighting function

Figure 4 . 9 .Figure 4 . 11 .

 49411 Figure 4.9. M #46333. Vertical dashed line show probing interval.

figure 4 .

 4 figure 4.10.dashed lines show the spa g interval in the cen sma.

Figure 4 . 12 .

 412 Figure 4.12. Absolute value of experimental signal RCR interpolation (red line), shot #46323.

Figure 4 . 13 .Figure . 14 .

 41314 Figure 4.13. Absolute value of signal RCR CCF lack line) compared to normalized reconstructed TCCF (red line), shot #46323. CCF (black squares) and smoothing (b

Figure 4 . 15 .

 415 Figure 4.15. Absolute value of experimental

Figure 4 . 16 .)

 416 Figure 4.16. Absolute value of signal RCR CCF (black line) compared to normalized reconstructed TCCF (red line), shot #46323.

Table 4 . 2 .

 42 List of shots of the campaign on the 23 rd of June 2011. ||---134..144 (20), 137..147 (20) 139, 47685 ---||---140..150 (20), 143..153 (20) 145, 47686 ---||---140..160 (20), 147..157 (20further. The target of the campaign was to follow th at fixed pos tion depending o pla ma density stationary parameters and was pe evolution of the turbulence correlation length or plasma current. Shot #47669 was held with er to obtain result with max

Figure 4 . 17 .

 417 Figure 4.17. Plasma current plateaus (a) and plasma density plateaus (b) evaluation during shot #47670.

Figure 4 . 18 .

 418 Figure 4.18. Plasma density profile. Shot #47669, t=7s, 0 138 f GHz  , 0 2.024 R m  .

Figure 4 . 19 .

 419 Figure 4.19. Shot #47669. Cut-off position versus probing frequency.

Figure 4 . 20 .

 420 Figure 4.20. Shot #47669. Plasma density, R=2.024m. Red points show the windows of RCR experiment.

Figure 4 . 22 .

 422 Figure 4.22. RCR CCF and interpolations, real part.

Figure 4 .

 4 Figure 4.23. RCR CCF and interpolations, imaginary part. 160kHz   160kHz  The waveguide dispersion and the vacuum propagation is removed using a wall reflection signal which is acquired before each shot. The calibration phase

Figure 4 . 24 .

 424 Figure 4.24. Shot #47669. RCR CCF real part (blue), imaginary part (green) and absolute value (red). 100kHz   .

.

  

Figure 4 . 25 .

 425 Figure 4.25. Reconstructed turbulence wave number spectrum.

Figure 4 . 26 .

 426 Figure 4.26. Signal RCR CCF (blue) and TCCF (red). 100kHz   100kHz   TCCF (red line in figure 4.26) was computed as a Fourier transform of the spectrum and its correlation length was estimated rather low, as

3 Figure 4 . 27 ..

 3427 Figure 4.27. Plasma current plateaus (a) and plasma density plateaus (b) evalution during shot #47685.

  derived, namely in the region of close to linear plasma density profile.
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 312 Radial correlation reflectometers at FTradial correlation reflectometer was installed at FT-2 tokamak in 2009 and then first measurements in X-mode from LFS were held. Measurements from HFS started in summer 2011 and the results from this campaign are presented in this section. Currently a double antenna sets for O-and X-mode are installed from both LFS and HFS and allow measurements in O-and X-modes uti z) bands for probing frequencies in RCR experiments. hown [136]. rial plane o lizing Ka (26.5 -40 GHz) and V (50 -75 GH In figure 4.28. the scheme of 8-mm radial Ka-band correlation reflectometers installed from the HFS of the FT-2 tokamak is s The horns are shifted from the equato f the tokamak by 16mm. Also the horns could be moved for  20mm plane.

Figure 4 . 28 .

 428 Figure 4.28. Radial correlation reflectometer,

  3cm (  1.5cm) The obtained real (black squares in figure 4.30) and imaginary (black squares in figure 4.31) parts of the signal RCR CCF are for turbulent fluctuation frequency 160kHz. As it is seen in the figure, the imaginary part is much smaller than the real one; however both only slowly decay with growing separation of wave -offs. is seen from figure 4.32 the coherence is low (less than shown the probing cut As it 0.3 a.u.) due to geometry of horn, low mode selectivity of antennae and high noise level. Red line shows the result of 5-point smoothing procedure. The extrapolation procedure by exponential functions was applied to both real and imaginary parts at

Figure 4 .Figure 4 . 31 .

 4431 Figure 4. RCR CCF, real part, Figure 4.31. Signal RCR CCF, imaginary part, 30. Signal z . 160kH   160kHz   .

Figure 4 .

 4 Figure 4.33. Turbulence radial wave number spectrum (blue real and green imaginary),

  3cm (  1.5cm) The double antenna set was shifted out of equatorial plane by 1.5 cm that corresponds to poloidal probing wave number of 3 cm -1 . The corresponding reflectometry (Doppler) spectrum shifted by 400 kHz from the probing frequency is shown in figure 4.35.

Figure 4 . 34 .

 434 Figure 4.34. Plasma density profile 19 April 2012.Figure 4.35. Quadrature reflectometer spectrum.

Figure 4 . 35 .Figure 4 . 36 .

 435436 Figure 4.34. Plasma density profile 19 April 2012.Figure 4.35. Quadrature reflectometer spectrum.

Figure 4 . 37 .Figure 4 .

 4374 Figure 4.36. CCF coherence.Figure 4.37. Turbulence wave number spectrum.

Figure 4 . 3 ,0 9 .

 439 Figure 4.38. TCCF.Figure 4.3 TCCF, ElmFire fullwave gyrokinetic global modeling. [137]

Figure 4 . 40 .

 440 Figure 4.40. System layout, KG8C reflectometer.[138]

Figure 4 . 41 .

 441 Figure 4.41. Flux surfaces from EFIT. Horizontal black line shows the line of sight of the reflectometer

Figure 4 . 42 .

 442 Figure 4.42. Frequency evaluation during a single window.

Table 4 . 7 .

 47 Parameters of the RCR system. , 64000000 points of data are acquired by both reference and sweeping channels I and Q parts of signal. To data we need to a time window of 0.3s (corresponding to probing during In figure 4.43 the magnetic field is computed using EFIT is measu LIDAR (magenta line in figure 4.43) and HRT dashed lines show time of the window start process the choose window duration) plasma parameters dependence a stationary phase of plasma. on time is shown. The [139], plasma density profile red by KG10, -or H-mode. Plasma and magnetic field profiles are hown in figures 4.44 (L-mode) and 4.45 (H-mode).

  windows in L-mode (t=48.4s) and in H-mode (t=59.7s).

Figu 45

 45 Figu 45. P den magnetic field, H-mode, t=5

Figure 4 . 46 .

 446 Figure 4.46. Frequency diagram. Black line shows upper cut-off for X-mode.

Figure 4 . 47 .

 447 Figure 4.47. Frequency diagram. Black line shows upper cut-off for X-mode.

Figure 4 .

 4 Figure 4.48. Signal RCR line), imaginary part (blue line) and absolute value (black line).

Figure 4 Figure 4 .

 44 Figure 4.49. C spectra diagram comparison. CCF, real part (red hannel

Figure 4 . 52 .

 452 Figure 4.52. Signal comparison between the two channels
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 453 Figure 4.53. Absolute value of RFR CCF depending on number of samples of averaging s N , een), 100kHz   , 100 s N

Figure 4 . 54 .

 454 Figure 4.54. Re(CCF) for different turbulence frequencies. JET (a), 0..200kHz   and Tore Supra (b), shot #47669, 100..80kHz    .

  is shown in figure 4.52.(a). The same data, s t #4766 (figure 4.52.(b) s JET algorithm has been tested with Tore Supra een tha the behavior master channel no physical result h been in March 2012 no correlation between channels ob The le s obtained. During the experimental session parameters set for JET such as probing frequen duration according to technical abilities of RCR sy y step and range, window and plateaus ____________________________________Conclusion Turbulence is considered to be the main source of anomalous transport in tokamaks which leads to faster loss of heating than it was predicted by neoclassical theory. Consequently it makes measurements of turbulence properties important for better understanding of turbulence nature. Measurements of plasma density fluctuations are the easiest and provide information not only on the turbulence amplitude but also on its dispertion relation, frequency and wave number spectra and phase. Although plenty of turbulence diagnostic tools are already developed the problem of high quality turbulence properties measurements is still especially acute. Reflectometry is a widely used method of plasma diagnostic in tokamaks. It provides information on averaged plasma density profile and on fluctuation properties as well. One of its applications, radial correlation reflectometry (RCR), studies correlation between the two signals received from plasma equency difference with growing frequency difference. This correlation decay possesses a logarithmic slow behavior observed in majority of experiments looking at the plasma core [106]. However, numerical computations show that it differs from the turbulence correlation function dependency. The discrepancy predetermined subsequent erroneous approach in experiment data interpretation however it could be explained analytically. This thesis is focused on new correct RCR data interpretation and covers the development of the innovative method providing from RCR data the turbulence characteristics such as radial wave number spectrum and turbulence radial correlation length from the theoretical model to experimental validation on various machines with completely different parameters. in linear regime. Furthermore the simple relation between measured in experiment signal RCR CCF and turbulence radial wave number spectrum is developed from the integral equation obtained for RCR CCF. The direct transform forward and inverse kernels are also proposed in order to simplify the calculation of turbulence parameters and reduce errors accumulating during numerical computations. Numerical simulation is an intermediate step between the theoretical approach and the real world allowing to model real experiment and estimate required experimental settings. It is the first step in developing the methods of experimental data processing. First application of the method has been realized at Tore Supra tokamak. As the prevalent results was estimated lc=0.5..0.8cm and the behavior of number spe rum for small wave numbers one at fixed frequency and the other with growing fr Theoretical basis in Born approximation framework gives a correct analytica description of RCR signal dependency on turbulence radial wave number and ex the long the CR CCF in of the experiment turbulence radial rrelation length in the range of co radial wave ct two-fluid model discussed subsection 1.4.3 was studied as well. in

  into account two dimensional effects such as small angle scattering. The inverse transform of the RCR CCF gives the general shape of radial wave number spectrum and does not The last used. The problem of synchronization between the two channels of different refl een developed.Addressing to applications to ITER we should also discuss the limitations of RCR. On ITER es are flat that means long probing wave path up to several meters. herefore the reflectometer can suffer from destructive influence of plasma turbulence which ma allow us to exhibit a clear dependency., JET experiment was planned as a test of the proposed method for further development for ITER reflectometry systems. Unfortunately the installation of the new RCR system was not finished and great capabilities of new fast sweeping correlation reflectometer have not been ectometers was not resolved however even having no physical result the experimental campaign was quite fruitful. As a result of the experiment the equipments settings have been determined and necessary software for data processing has b the plasma density profil T y lead on one hand to multiple small angle scattering or strong phase modulation and on the other hand to a strong Bragg backscattering (BBS) or to an anomalous reflection [140]. This introduces additional difficulties of reflectometry data interpretations. Fortunately RCR is useful in case of strong phase modulation and in strong non-linear regime due to local monitoring of turbulence behaviour [141].
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  Theoretical background of radial correlation reflectometry_______________________ introduced in [122]. This approach refers to a radiation receive from hot inhomogeneous plasma confined in a laboratory device, in a tokamak. This subsection is based on the work performed by A. D. Piliya and A. Yu. Popov [

						d by antenna
		The radiation electric	 E r  ( ; ) 	and magnetic	H 	122]. ( ; ) r   fields with a frequency  are
	g	overned by the Maxwell equations:		

  multiply both

	equations (75) by	( ) H  	and	( ) E  	,	respectively,	and	equations (83) by		H 	and	Summing
	four obtained equalities term by term obtain						

  It is necessary to stress that in the analysis presented in this Chapter this singular

	dependence on		saturates only at	 	1 L	where relation (110) holds.
			2.6.3. Numerical computation example
			In order to check the accuracy of asymptotic expressions for the partial amplitude	( ) R 
	(109) and (110) numerical computations of integral (108) were performed. Figure 2.6. shows	the
	c	omparison of numerically computed absolute value of the integral (108) (the	calculation
	par	ameters are as follows:	L		0.08 m	,	 	0.00464	m,	f		45 GHz	), expression (109) and a
	simple dependence 1  .	It can be	seen	that proposed	asymptotic	form (109) describes	the
	behaviour of the integral	perfectly even	for large wave	numbers. In	general the behavi	our of
	otic form and both asympt	integral is well	described by	1  dependence. For | | 2 L  		it
	is no longer possible to									within the plasma slab therefore the
	behaviour of integral and its							is different (figure 2.6.(a)) in agree
	with results of 1D numerical							ere it was stated that the wave numbers

   the expression (109) valid for

			1		. In the opposite case the stationary phase method is no	longer applicab	le. The entire
	integration interval	uding incl	the	cut-off vicinity	where	(	110)	is not	valid	contrib	ute to	the
	( ) R  However in this case we .	may	approximate in the tran sparency
								  (0) E	2	16	c	2	,

  .9 Turbulence spectrum reconstruction from the RCR CCF this section the main result of this thesis is derived.

	.																
	In																
	Essentially, the formula (129) shows that the expression for CCF in case of linear density
	profile looks similar to Fourier transform of the function 2 n  . It differs from Fourier transform of
	turbulence spectrum only because of weak dependence the error function of	  erf i L  on the
	probing wave cut-off position. Inversion of integral equation (129) giving the expression for
	turbulence wave number spectrum can be obtained after converting it into the Abel equatio n.
	We treat the integral equation (129) by applying	Fourier transform and obtain
			1 2	( ) CCF L L	iLy e dL	2 i e	4	d	2 n e	0 i L L (	)	erf	*	  0 i L	1 0	e	i L p	2	iLy dp e dL
																		e	backscattering point is located
	close to	t-off ( the cu	c x x x B 	c	1  ), where we may approximate the density profile by the
	linear dependence. The propagation time i n this cas	e is	given by	expression (136). In (139) the
	additional dependence on wave number is hidden in the dependence of the Bragg
	backsca ttering point	( ) x  . B	However at	2 	c	  	2 n 	in case the density profile can be
	supposed linear, formula (139) in the region 1	x	nc	  	1		n	smoothly transforms into the
	region	 	1 nc x													

and coincides with (122)-(124). In this wave number domain equation

(137) 

appears to be similar to (126). 2

  where is the moment of time. The total number of points in a window is determined by number of frequencies and

			N	window		N	plateau		N 	(192)
	To analyze turbulence frequencies presenting in a signal we should transform the signal using
	FFT into turbulence frequency space. It is evident that the number of points in plateau is formed
	by	number	of samples of averaging s N and number of turbulence frequencies	N  :
				N	plateau	s   N	N	
									i t
		number	of points per plateau:					
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 41 List of reflectometers installed at Tore Supra

	Reflectometer type	Year	Probin
	O-mode	1995 [121]	26-36 GHz

  4.3.2. O-mode probing from HFSHere we present the results obtained on the 12 th of July 2011. The measurements were carried out in O-mode in equatorial plane from HFS of the FT-2 tokamak. The experimental plasma density profile is shown in figure4.29. The plasma density profile behavior in the probing region is close to linear therefore the method developed in Chapter II could be pplied. a

											discharges # 14 -21
						1,5x10	13			
											27 GHz
											35 GHz
					-3	1,0x10	13			
					, cm N e	5,0x10	12	HFS			LFS
						0,0			
							-10 -8	-6	-4	-2	0	2	4	6	8	10
											X , cm
					Figure 4.29. Plasma density profile 12 July 2011
			In table 4.3 typical plasma and reflectometer parameters of the current experiment are
	shown. Equidistant frequency step of probing was chosen what is crudely equal to equidistant
	spatial step in case of close to linear plasma density profile (50 points per 3cm 	, corresponding
	to 0 4 f GHz 	, 0 31 f GHz 	). The reference frequency cut-off is defined at	/ r a 	0.37
	(	x	0.055 m  	). the averaging was made over

Table 5 .4.

 5 

	numerical		
					4.3.3. X-mode prob ing from HFS
			The spectrum decay at high wave numbers was studied with 60 GHz X-mode probing from
	the HFS of the torus on the 19 th of April 2012. The experimental plasma density profile is shown
	in figure 4.34. Analogous to the previous sub-section the probing interval co	vers	region of linear
	beh	avio	r of plasma density	e profile. In table 4.4., the parameters of th current exp	eriment are
	sh	own. Equid istant frequency step of probing	was cho sen what is approximately equal to
	equidistant spatial	step in case	of close to linear plasma density profile (50 points per		3cm	,
	corresponding to	f	0		3 GHz	, 0 60 f GHz 	). Signal wave frequency step f 	varied from	0.025
	to 0.1 GHz The reference frequency cut-o	ff is defined at	/ r a 	0	.37	(	x	0.055 m ). The  
	averaging was	made over N 155 sample s 	s within plateau	t duration of plateau		2	s and time m
	step	t	step		0.4		s	that corresponds to max 1.25MHz 

. 
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 45 Parameters of the During the March 2012 session several shots at JET were studied. As it could be seen from ed.

	Reference channel KG8B	85-89 GHz and 92 GHz
	Sweeping channel KG8C	75-100 GHz
	Sweeping time step	0.5 s 

pulse 82671

  x using the Laplace method. The stationary point provides the main contribution to the integral ( ) I x in the  vicinity of the stationary point.The integration interval is enlarged by replacing  by  , however the error introduced by this replacement nullifies as 1 x if x   and is

	( ) ix t  are real functions. If inside the interval of integration ( ) ( ) b a I x g t e dt   z z z z z h h h E x h E x hE x where ( ) g t and ( ) t  z E x E x E x O h [ , ] a b        where '( ) 0 c   exists this point is called "stationary point" and it is possible to obtain an (203) a point t c  z z z z z z h h E x h E x hE x E x E x E x O h        h (210)
	asymptotic After adding the two expansions: integral ( ) form of the
			If '( ) 0 a   and '( ) 0 t   for a t b   the integral ( ) I x can be splitted in two: 2 (2) (4) 4 2 ( ) 2 ( ) ( ) ( ) ( ) z z z ( ) 12 z z
													( ) I x I x I x ( ) ( ) 1 2  		a  a  	( ) g t e	( ) ix t 	dt		b   a 	( ) g t e	ix ( ) t 	d	t	(204)
	T	he second integral 2 ( ) I x nullifies as 1 x if x  	because there is no stationary point in the
	interval	[	a			,	b	]	.	To obtain	the asymptotica representation, the functions l	( ) g t	and		( ) t	are
	replaced by their Taylor series:		
													( ) I x g a ( ) exp[ ix a ( )] exp[ a a i     	! x p	(	t a 	)	p		( ) p	( )] , a dt x		(205)
																			negligible.	Substituting	( s t a   : )
													0 ( )] exp[ ix a ( ) exp[ I x g a ( ) i s ! x p    	p		( ) p	( )] , a ds x		(206)
	If		( ) ( ) 0 p a 		the contour of integration id turned for		2 p	otherwise			2 p	.Using the
	substitution											
																s		exp[ i	2  p	sgn(		( ) p	( ))] a	   	x	( ) ! p p u ( ) a 	1/    	p	(207)
	the asymptotic form for x   is obtained:
							( ) I x g a ( )exp 	  	( ) i x a     	2  p	sgn(		( ) p	( )) a	        	x	( ) ! p p u ( ) a 	1/    	p		( 1 ) p p	,	x	 (208)
	For the stationary point '' ( ) 0 a   :

I

After the hardware improvement at JET the attempt to apply the diagnostic should be continued as soon as conditions at JET are the closest to ITER.

 

''

Appendix B. 4 th order Numerov scheme

For the second-order derivative we use Taylor series:

quation (215) obtaining: we add the two expansions and substitute to the e

This is a discreet equation with a fourth-order error term. Z .