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Summary

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.

Keywords: Tokamaks — Plasmas — Turbulence — Reflectometry — Correlation






Résumé

Recontruction des spectres microturbulence en nombre d'ondes a partir des données de la

réflectométrie de corrélation radiale

Résumé : La turbulence est supposée étre la source principale du transport anormal dans les
tokamaks, qui conduit a la perte de chaleur beaucoup plus rapidement que celui prédit par la
théorie néoclassique. Développement de diagnostics dédiés a la caractérisation de la turbulence
du plasma est I'un des principaux enjeux de la fusion nucléaire pour controler les flux de
particules et de transport d'énergie de la centrale électrique de fusion avenir. Les diagnostics
basés sur la diffusion des micro-ondes induite par le plasma ont focalisé 1'attention des
chercheurs comme outils non perturbants, et nécessitant seulement un acces unique de faible
encombrement au plasma. Le principe de base est lié a la phase de 1'onde 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 l'information sur le plasma microturbulence. Bien que le
diagnostic soit largement répandu l'interprétation des données reste une tache assez
compliquée. Ainsi, il a été supposé que la distance a laquelle la corrélation des deux signaux
requs a partir du plasma est supprimée est égale a la longueur de corrélation de turbulence.
Toutefois, cette approche est erronée et introduit des erreurs énormes sur l'évaluation des
parametres de la microturbulence du plasma.

L'objectif de cette these fut d'abord le développement d'une théorie analytique, puis de
fournir une interprétation correcte des données de la réflectométrie de corrélation radiale (RCR)
et enfin d'offrir aux chercheurs des formules simples pour extraire des informations sur les
parametres de turbulence a partir d'expériences utilisant la RCR. Des simulations numériques
basées sur la théorie ont été utilisées pour prouver l'applicabilité de la méthode théorique, pour
donner un apercu aux expérimentateurs sur ses capacités et pour optimiser les parametres 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.

Mots clés : Tokamaks — Plasmas — Turbulence — Spectroscopie de réflectance — Corrélation






Anxoranmst

Omnpeaeaenne  COeKTpOB  MMKpPOTYpOyAeHTHOCTM IO  AaHHBIM  paAuaabHOM

KOpPpeAslIIOHHOM pe(daeKTOMeTpun

Annoramust: TypOyAeHTHOCTh CYUMTaeTCsl OCHOBHONM IIPMYMHON aHOMaAbHOIO IlepeHoca B
TOKaMakax, 4YTO IIpMBOAUT K IIOTepe Tellda HaMHOIO OBICTpee, YyeM 9TO IIpeAcKa3blBaeT
HeoKJAaccuyeckas Teopus. PassuTtue guarHocTuky TypOyA@HTHOCTH I14a3MBI C 11eAbI0 KOHTPOAS
TypOy/A€HTHBIX YacTUI] U IepeHoca DHepruu B OyAyIlell TepMOsAAEePHONM 9AeKTPOCTaHLII
SBASITCA OAHOM M3 OCHOBHBIX 3ajay TepMOsAEepPHOro cuHTe3a. /MarHocTuKy, OCHOBaHHBIe Ha
OTpa’keH!UM MUKPOBOAH, NPUBAEKAIOT BHUMAaHNE ICCAeAOBaTesell KaK HeBO3MYIIAIoIiue
111a3My U TpeOyIolye TOAbKO OAHOTO 40CTyma K 1naa3me. Pasza oTpaskeHHO BOAHBI COAEPXKUT
nHpopManMio O TO3ULUU  OTCeukM U (PAyKTyanuax mnaoTHoctu. Koppeasmnmonnas
pedaexToMeTpus B HaCTOsIlee BpeMs — IIOBCEMEeCTHO MCII0Ab3yeMas AMarHOCTMKa, AaroIrast
nHpopManMio O  MUKPOTYpOyAeHTHOCTM  IAa3Mbl.  XOTs ~ AMArHOCTMKa  IIIMPOKO
pacmpocTpaHeHa, MHTepHpeTalisl ee AaHHBIX OCTaeTcs JAOBOABHO CAOXHOM 3agadent. Tak,
IIpeArioaaraloch, 4TO pacCTOsHNe, Ha KOTOPOM KOppeaAslus ABYX CUTHAAOB, IPUHATHIX U3
I1.1a3MBbl, IajaeT B e pa3, DKBUBAJACHTHO KOPPeAAIMOHHON AanuHe TypOyaeHTHOCTH. OgHako,
9TOT I10AXO0/, HeBepeH I IIPUBOANUT K OOABIINM OIINOKaM B OIlpeAeAeHNN IlapaMeTpOB I1Aa3MBbl.

eas »TOM AMccepTaumy — pa3padoTaTh aHAAUTUYECKYIO TEOPUIO U METOJ, HO3BOASIOIINIA
KOPPEeKTHO MHTepIpeTUpOBaTh JaHHble paAMaAbHONM KOPPeAAIMOHHON pedAeKTOMeTpun
(PKP), BeIBECTM ITPOCTYIO (POPMYAY AAsl ONIpejeleHNs ITapaMeTpOB MUKPOTYPOYA€HTHOCTH U3
PKP skcnepumenToB. UncaeHHoe MoaeanpoBaHMe, OCHOBAaHHOE Ha TeOPUM, ITOATBEPKAaeT
IIPUMEHUMOCTL 4aHHOTO TeOPeTUYeCKOIO MeTo4a M AaeT IIpeAcTaBAeHue 9KCIepuMeHTaTopaM
O €ro BO3MOXKHOCTSX I OITMMAaAbHBIX BDKCIepMMEHTaAbHbIX ITapamarpax. boaee Toro,
pe3yabTaThl, MOAy4eHHBIE Ha TpeX pa3AMYHBIX MallMHaX, AeTaAbHO HPOaHAaAM3MPOBAHbI U

OBLAM COITOCTaBAEHBI C TeopeTn4IeCKMMI BbIKAaAKaMU 11 9MICA€HHBIM MOAEANPOBaHIIEM.

Karouesnie caoBa: Tokamak — [11azma — TypOyaentHOCTS — Pepaextomerpus — Koppeasmms
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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.






1.1. The world energy problem

1.1. 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+
century the prevalent task is to satisfy the need for new long-term sources of energy.

About 90% of energy consumption is satistied 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 COs.
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Figure 1.1. Evolution of the CO:z concentration in the atmosphere. The level of CO:2 has increased rapidly
during the last 200 years. Data points are measurements on air bubbles entrapped in Antarctic ice cores.

Ice core data overlap nicely with the atmospheric record taken at Manua Loa, Hawaii since 1958 [5, 6].

CO:2 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 century when steam engines have been invented (see
figure 1.1.). In the year 2008 the CO: 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
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Chapter L. Introduction

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 CO;
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.
1.2.  Nuclear fusion: energy source for the future

The idea of controlled thermonuclear fusion appeared in the middle of 20™ 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:

p+p—>D+e +v,
D+p— He+y (1)
JHe+ ;He — ;He+2p

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 [10] and is compensated by space scales of Sun and other stars. By looking



1.2. Nuclear fusion: energy source for the future

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):

’D +°T — “He(3.5MeV) +n(14.1MeV) 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:

’D + °D — *He(0.82MeV ) + n(2.45MeV )
’D+°D — °T(1.01MeV) + "H(3.02MeV) 3)
’D + *He — *He(3.6MeV) + 'H (14.7MeV )

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 11 of water (33 mg) is
equal to that of 2601 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 [11]. Thus, sources for nuclear fusion present on Earth seem to be

inexhaustible.
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Chapter L. Introduction

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 [13]. 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 [14] 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 [14]. 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 P, and fusion power produced P, this is called “breakeven”. In this case the power

fus

enhancement factor Q = Py, /R, =1.If it is possible to turn off the external heating, P,, =0 (or

Xt
Q = ), the ignition is achieved and the reaction becomes self-sustaining [16].

The requirement for the plasma burn to be self-sustaining is called Lawson criterion [17].
The product n,z;, where n, is the peak plasma electron density and 7 is the global energy
confinement time, is a measure of quality of the plasma confinement. The so-called “fusion

product” (or “triple product”) n.z.T is also widely used for characterizing the performance of

fusion devices. It combines requirements on the two quantities, n,z. 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]:

n,zeT =3-10"mkeVs @)

Several ways to achieve the above conditions exist, mainly inertial fusion that uses inertia of

the pellet [18-20] and magnetic fusion that exploits magnetic fields to confine plasma [7, 21],

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,

tirstly proposed by L. Spitzer in 1951 [22], and tokamak briefly reviewed in this thesis.
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1.3. The tokamak

Tokamak (from Russian “Toxkamax”, “TOpomgaasrnHas Kamepa ¢ MarHutHeIMHI
Karymkamn”, — “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 | 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 [27-29].

Inner Poloidal field coils
(Primary transfgrmer circuith

Poloidal magnetic field Outer Poloidal field coils

ffor plasma pegitioning and shaping)

Resulling Helical Magpetic Held Tosoidal tield coils:

Plasma electric current Tercidal magnetic field
(secondary transformer cirewity

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

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 [26].

At present time there are more than 200 of tokamaks in the world [31]. Mostly it is

experimental devices focused on a quite narrow nuclear task. The most famous in Russia are T-
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Chapter L. Introduction

10 (Kurchatov Institute, Moscow) [32], FT-2, Tuman, Globus-M (loffe 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 [34] 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 flowing through the magnetic coils
generate 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 [35] and
KSTAR [36] 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
current in a superconducting coil which has been cryogenically cooled to a temperature below
its 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.
1.3.1. Tokamaks in this work

In this subsection we briefly describe 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 these devices are shown in Chapter IV. In Chapter V we discuss the experiments performed

at FT-2, Tore Supra and JET tokamaks.
1.3.1.1.  Tore Supra

Tore Supra (front view is shown in figure 1.5.) is a large machine (R=2.25m, a=0.72m) with
superconducting toroidal magnetic coils (B=4.5T) and actively cooled first wall operating since
1988 situated at the nuclear research center of Cadarache, Bouches-du-Rhone in Provence, one
of the sites of the Commissariat a 'Energie 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 plasma duration time for a tokamak 6
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1.3. The tokamak

minutes 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
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 2.7ZMW for 78s, corresponding to a power
density close to the design value foreseen for an ITER LHCD system [38].

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 continuous heat and particles
removal. 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.

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

A detailed description of the machine can be found on the official CEA website [34]. Tore
Supra has been stopped for upgrade since 2011.
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1.3.1.2. FT-2

The relativelty small (R=55cm, a=8cm) experimental machine FT-2 tokamak (from Russian
“Ousnuecknii Tokamak — 2”7, “Physical Tokamak — 2”) is situated in loffe Institute, Saint-
Petersburg, Russia (front view is shown in figure 1.6.). The tokamak possesses exceptional
features: due to the small plasma current (I;=22kA) the poloidal magnetic field is small
compared to the toroidal field (B=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. [39]

After its construction in 1980 many interesting and important results were obtained, in
particular, in H-mode physics, lower hybrid (LH) heating [40, 41] and current drive [42] and
parametric instability. The auxiliary heating is provided by LH waves [42]. 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) [44]. 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 [41]. 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.

=F I*" "M&l

L T, e

Figure 1.6. FT-2 tokamak, front view [33].

For further information the reader is addressed to the Ioffe Institute official website [33].
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1.3.1.3. JET

The Joint European Torus (JET), located at Culham Centre for Fusion Energy (CCFE), UK, is
the world’s largest (R=3m, a=0.9m) and most powerful (P=16MW) tokamak and the focal point
of the European fusion research programme [30, 44]. Designed to study fusion in conditions
approaching those needed for a power plant, it is the only device currently operating that can
use the deuterium-tritium fuel mix that will be used for commercial fusion power.

Since it began operating in 1983, JET has made major advances in the science and
engineering of fusion, increasing confidence in the suitability of the tokamak for future power
production. The world's first controlled release of deuterium-tritium fusion power has been
realized at JET in 1991 and the world record for fusion power of 16 MW which equates to a
measured gain Q = 0.7 has been reached in 1997.
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Figure 1.7. Overview of JET diagnostics [44].

In the core of the machine is the vacuum vessel where the fusion plasma is confined by
means of strong magnetic fields (B=4T) and plasma currents (I,=5MA). A divertor at the bottom
of the vacuum vessel allows escaping heat and gas to be exhausted in a controlled way. Heating
at JET is realized by a flexible and powerful plasma auxiliary heating system, consisting of
Neutral Beam Injection (NBI, 34MW), Ion Cyclotron Resonance Heating (ICRH, 10MW) and
Lower Hybrid Current Drive (LHCD, 7MW). A high frequency pellet injector for plasma

refuelling and for ELM pacing studies, a massive gas injection valve for plasma disruption
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studies are among JET facilities as well. Remote handling facilities allows advanced engineering
work to be performed inside the vacuum vessel without the need for manned access.

An impressive range of diagnostics has been developed over the years for monitoring and
analysis of JET operations. JET is surrounded by more than 100 different diagnostic systems (see
figure 1.7) and 60 of them are in use during an average experiment capturing up to 18GB of raw
data per plasma pulse. The data could be analysed using remote access facilities of CCFE due to
the JET facilities are collectively used by all European fusion laboratories under the European
Fusion Development Agreement (EFDA).

JET possesses unique capabilities to operate with beryllium plasma-facing components
mirroring the material choices of future fusion reactor ITER. In recent years, JET has carried out
much 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 [44].

1.3.14. ITER

Despite the progress continuously achieved on JET and other fusion experiments, it is clear
that a larger and more powerful device would be necessary to demonstrate the feasibility of
nuclear 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
world's 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 finally to the electricity
producing 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
superconducting tokamak facility with striking design similarities to JET, but twice the linear

dimensions. It will have a plasma volume of around 840m3. It is designed to produce
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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.

Figure 1.8. ITER schematic view [46].

The ITER program is anticipated to last for 30 years — 10 years for construction, and 20
years of operation. Since 2007 it is technically ready to start construction and the first plasma

operation is expected in 2019 [46].

1.3.1.5.  Main parameters of machines mentioned in this work

Table 1.1. Main parameters of ITER, JET, Tore Supra and FT-2.

ITER JET Tore Supra FT-2

Major radius of plasma, m 6.21 3.0 2.25 0.55
Minor radius of plasma, m 2.0 1.25 0.72 0.08
Volume of plasma, m? 837 155 25
Plasma current, MA 15 5-7 1.7 0.04
Magnetic field, T 5.3 3.4 4.5 22
Duration of pulses, s ~ 300s 10-80 ~ minutes 0.06
Type of plasma D-T D-D/D-T D-D H-H/D-D
s den51ty, e 10 810" < 81019 610"
Plasma density gradient ? ~0.1..0.5 [7] ~0.4[47] ~0.01 [33]
length, m

Thermonuclear power 500MW 50kW/10MW ~kW

Q | >10 ! ~1 ~0 ' -0
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1.4. Turbulence in fusion plasma

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.
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Figure 1.9. Comparison between neoclassical (collisional) thermodiffusional coefficient (dashed line) and

anomalous transport e (blue squares) and i (red circles) coefficient.

Anomalous (turbulence) transport is not fully understood nowadays however it affects the
performance of contemporary fusion devices and remains one of the most complex problems in
plasma physics. In plasmas, there are two types of fluctuations which can induce anomalous
transport: electrostatic and electromagnetic fluctuations.

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 [47, 47], long scale fluctuations [49-50] and mesoscale fluctuations such
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1.4. Turbulence in fusion plasma

as zonal flows and streamers [52-54]. 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.
1.4.1. How fluctuations cause anomalous transport

This subsection is based on works of N. Bretz [56] and D. W.Ross [57, 58]. 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:

on. ot )
ri:_Dna_J—DTa—J+an+Fj (5)
r r
o, on,
Q; :_Zn”iﬁ_lin-ﬂﬁ

where total fluxes consist of a sum of terms arising from Coulomb collisions (neoclassical

5
+Vn T, +§kaij +Qf (6)

transport) and terms arising from fluctuations (anomalous transport) and apply only to
transport between closed flux surfaces. In this expression I'; and Q; are ambipolar particle and
energy fluxes, respectively, D and y are particle and energy diffusion coefficients, respectively,
and V'is a convection velocity. The subscript i refers to particle species (electron or ions) and the
superscript 0 to fluctuation quantities which may be electrostatic, OE , or magnetic, 0B .

In terms of measurable quantities the particle flux is Ff =I fE +FfB where the E xB

driven particle flux has the form F‘;E = <5n j50r> with ov, =CoE, / B, . Similarly, for energy
' ; 3 3 .
flux, Qf =Qj° +Q/® one has Qf* :Ekbnj <5E95Tj>/B¢ +§kaj <5E0§nj>/B¢. Fluctuating
quantities are represented by density, on, temperature OT, electric field, 6E, and magnetic
field, 0B . Subscripts v, €, and ¢ represent radial, poloidal, and toroidal coordinates <>

denotes an ensemble average, and K, is Boltzmann’s constant. One expects the electromagnetic

particle diffusion term 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 £ =nT/B2y, ). Many

expressions for energy flow due to electrostatic and electromagnetic fluctuations are found in
literature.

When both on, and JE,can be measured simultaneously, the average convection flux

Qr = gkae <§ E,on, > / B, can be calculated directly without further assumptions. However, in

conv
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cases of wave scattering, reflectometry, ECE, and BES only on, or 6T, can be measured, and

additional assumptions about the type of transport process have to be made in order to estimate
fluctuation driven fluxes.

Expressions for these fluctuation terms have been derived for a number of specific
turbulence processes. One that has been considered in detail is that due to electrostatic drift
waves which are driven by gradients in plasma pressure and are typically unstable over

significant regions of the plasma cross section. For all electrostatic modes one has

(6n,/n,)siny =edg/k,T, and k,0¢ = —5E, where y is the phase angle between n, and 8¢,
plasma potential. Particle flux can be written I'i° =nupp, <(5n§ /n? )kg sin y/> where

UroPee =CT, / eB, with the electron thermal speed vy, =./k,T, /m,, and p,=0;/®,, the

ce’
electron cyclotron radius. Theoretical expressions exist for ¥ and depend on specific form of
turbulence. Limiting expressions can be obtained from additional assumption of strong

turbulence, called the mixing length limit: &n,/n, #1/k L, <<1, siny ~1, and isotropy: k, ~k,
where L, =—d (In ne)/dr , to find:

D.* (strong turbulence) ~ v, p,, (S0, /n,) @)
Typical conditions of the tokamak core imply that density fluctuation levels of dn,/n, <1% can

lead to a loss that exceeds neoclassical processes. As a result, observations of fluctuations in this
range along with drift wave models have been used to estimate core transport [58].

A similar estimate of the particle diffusion coefficient can be made from general random
walk arguments using average step size and correlation time across the magnetic field [59].
Thus,

DZF(random walk) ~ L, /7, 8)

where L and 7, are correlation length and time for density fluctuations across the field.

¢

There are other electrostatic modes that have been investigated as a source of anomalous
transport: resistive/neoclassical MHD-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, the accumulation of
many past experiments has focused attention on modes that have frequencies and wave

numbers characteristic of drift waves in the core of large tokamaks, that is, f, <@, /27 < 20kHz
and k, <1/p, ~5cm™.

There are a number of mechanisms that can give rise to anomalous transport. Different
mechanisms may dominate at different times and in different regions in plasma. Some modes

cause transport and some do not. Experimentally, one sees MHD and turbulent processes
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1.4. Turbulence in fusion plasma

occurring simultaneously. In addition tokamak plasmas can have toroidal and poloidal flows.
Instruments must be able to distinguish different modes in moving plasma. Finally, the
fluctuation amplitudes themselves are small. In the plasma core typically on,/n, <1%. In the
edge one has 6n,/n, <30% (for an example see figure 1.10). 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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Figure. 1.10. Radial profile of density fluctuations at different density at Tore Supra [63].

Summarizing, to access to physics of turbulence generation one needs to measure

fluctuating quantities: density, on, temperature oT, electric field, SE, potential 6¢ and

magnetic field, 6B . In this thesis measurements of on, will be discussed.

1.4.2. Bohm or Gyro-Bohm (drift wave) scaling for turbulence

In absence of a fundamental, first-principles turbulence theory, heuristic, mixing length
rules are often utilized to estimate size scaling of turbulent transport [64]. 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 instability as the step time. It
predicts that if the eddy size increases with device size, the transport scaling is Bohm-like, i.e.,

local ion heat diffusivity is given as:
cT

=B ©)

Xs
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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:
Xos =P Xs (10)
where p” = p,/a is ion gyroradius p, 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 [65].
1.4.3. Theoretical description of the turbulence wave number spectrum

A better understanding of turbulence transport requires precise comparison between
experimental observation and theory. Macroscopic effects give general information on turbulent
motion. It is clear that only macroscopic parameters or characteristics without detailed
investigation of wave number and frequency spectra and oscillation amplitude do not allow to
determine the exact type of turbulent motion which is in charge of given microscopic

phenomenon. The turbulence energy spectrum function n’ describing fluctuation energy

repartition over different spatial scales contains information on characters of underlying
instabilities and mechanisms involved in energy transfer between different scales. Energy
transfer towards smaller scales is called the direct cascade, towards larger scales it is called the
inverse cascade. The wave number spectrum is the one of the few quantities that can be
measured in a tokamak and allows a highly detailed comparison between experiment and
theory [66].

Several models describing turbulence spectral characteristics exist: the dressed test particle
model of fluctuations in plasma near equilibrium, 2D fluid turbulence and 3D model [67]. In
this work we consider the 2D model as soon as the simplest fluid model in the first
approximation gives a good description of turbulence behavior in plasmas.

Well known 3D Kolmogorov’s theory of high Reynolds number turbulence (K41 theory)
gives the spectrum scaling of the direct cascade x° [68, 69]. However, the behavior of the
spectrum is dimensionally dependent. In magnetically confined toroidal plasmas the magnetic

field B has two components: a toroidal component B, produced by toroidal field coils and a
poloidal component B, produced by a toroidal plasma current. At first approximation plasma

turbulence moving perpendicular to the magnetic field can be considered as two-dimensional in
poloidal cross section of the tokamak supposing central symmetry. Experimentally, a 2D fluid is
realized by a thin but wide layer where movements are mainly horizontal.

In this work Kraichnan-Leith-Batchelor (KLB) model of statistically stationary forced

homogeneous isotropic 2D turbulence is considered [69]. This theory predicts existence of two
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1.4. Turbulence in fusion plasma

3
and an

inertial ranges: an energy inertial range with an energy spectrum scaling of K™
enstrophy inertial range with an energy spectrum scaling x°. The existence of two conserved
quantities complicates the construction of theory. Energy and enstrophy are injected into the

flow by some external forcing at some intermediate wave number range «,;, <k <K, . The

most of energy transfers towards low x and forms the inverse cascade, the most of enstrophy
transfers downscale towards high x 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,
the enstrophy dissipates at small scales due to molecular viscosity [71]. The inverse enstrophy
and forward energy cascades are neglected however in reality there are small fractions of
upscale enstrophy flux and downscale energy flux.

KLB theory gives the energy scales as:
K, Kpin <K <K

on? o B (11)
KK <K<K

Later R. Kraichnan has made logarithmic corrections taking into account non-locality of

interactions [72]. In figure 1.11 the schematic wave number spectrum is shown.

log(E(x))

ﬁ

Inverse
energy
cascade
Direct
Energy energy
injection cascade
log(x)
K, min K f K, max

Figure 1.11. Schematic of energy spectrum for dual cascade.

The similarity between fluid and magnetized plasma is limited. Injection appears at various
different scales and the development of large-scale structures interacting with the background

fluctuations impact the saturated state of turbulence [66]. For example, observations of wave
number spectrum show that the spectrum is composed of two power laws at high-k: x> and

K [47].
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F3

n
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ITG | | .

Figure 1.12. The range of poloidal wave numbers covered by ITG, drift-waves, TEM and ETG modes

of turbulence. Large scales are dominant.

A large variety of modes can become unstable; they differ in particular by their typical scale.
The most common are ion temperature gradient (ITG) mode (typical scale longer than ion

Larmor radius p, = Imm—1cm), 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 p, ®10um —100xm ) [47]. 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.
1.4.4. 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 [73] the perturbation of the form

of a wave packet located at X, with a magnitude on,, a spatial period A extending over a
region characterized by a width A:
n, (x) = sne "/ sin [27 (x—X,)/A] (12)
And the spectrum takes a form:
Sn? ~ (zonZ [3)e 1/ (13)
where | is the correlation length. This spectrum falls off rapidly with increasing x and is

roughly consistent with theoretical drift wave models and with microwave scattering
measurements of density fluctuation spectra in tokamak plasmas [73-76]. The same shape of
turbulence spectrum is used in works [77] and [78]. In the second work, another type of

localized perturbation has been studied:
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1.4. Turbulence in fusion plasma

on,sin[k, (x — X, )],‘x— X ‘ <w,

on(x) = (14)

0, ‘x - X ‘ > W,
where W, is the half-width of the perturbation centered around W, and K, is the fluctuating

wave number.
In [77] in case of spatio-temporal turbulence the spectrum is introduced in the following
way:

SN, (X) = 6N, (x) Y sin(k; X + g ) sin(w, t + 4, ) exp(—k?1Z /8) exp(— wit? /8) (15)

g(x) accounts for a smooth inhomogeneous distribution of the fluctuation amplitude. The
temporal correlation function for a set of samples is also Gaussian, exp(—t? / '[C2 ).

Some other kinds of turbulence spectra will be presented and commented in Chapter IV.
1.4.5. Turbulence suppression

In the improved confinement regime (H-mode) [79] cross-field losses of particles and energy
are reduced due to transport barriers which are formed by sheared poloidal plasma flows and
located 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

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 E, into the explanation
of the H-mode confinement regime [80] and therefore have shown its importance. A
spontaneous bifurcation of E, nowadays is used as a theoretical model to explain the improved
confinement.

The electric field created a fluid like motion is known as E xB drift. The E xB drift

velocity is given by the expression:

. ExB
e = 16)
The electric field can be determined from the radial force balance:
1 dp,
E, =UHVJ'B¢> _Ut/thH _G_W (17)

i
where j is any plasma species and the last term is often called the diamagnetic contribution to
the E

re
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In 1990 Biglari, Diamond and Terry have developed a model showing analytically that a
possible turbulence quench mechanism is a sufficiently strong shear in the radial electric field
E, [81]. The BDT model explains H-mode reduced turbulent transport due to accumulated
experimental evidence. It shows that the electric field stabilizes nonlinearly turbulent modes in
plasma. The model also explains the formation of edge and core transport barriers. The
important result of this work is that turbulence suppression does not depend on the sign of E,

or its radial shear VE,. The BDT-criterion for shear decorrelation (when shearing rate exceeds

decorrelation time) takes a form:

VE Aw
5 L >—k Lt (18)
) o=

where A, is the turbulent decorrelation frequency, L, is the radial correlation length, K, is

T

the poloidal wave number of turbulence. If the E, shear is strong, it can drive perpendicular

;
plasma shear flows that break turbulent structures into smaller ones, thus reducing radial

correlation lengths and suppressing turbulence.
1.4.5.2. Zonal Flows

Zonal flows (ZFs) are low frequency electrostatic fluctuations with finite radial wave
number [54, 55]. Since they are poloidally symmetric, they do not drive radial or cross-field
transport. ZFs gain their energy from all types of microinstabilities through VVV - nonlinearity
and regulate the amplitude of the latter by shearing them. Since ZFs are electrostatic
fluctuations, the caused velocity shear is time varying, however the time scale stays accessible
to diagnostics studied in this thesis. The increase in the zonal flow fraction in turbulence
contributes to a lessening of anomalous transport. The interaction between zonal flows and drift

waves plays an essential role in determining plasma turbulence and transport [54].
1.5. Turbulence diagnostics

The importance of plasma turbulence in plasma magnetic confinement has been clearly
shown in the previous subsection. It is a strong motivation for researchers to develop
diagnostics to measure fluctuations in tokamaks. Beam Emission Spectroscopy (BES), Heavy
Ion Beam Probes (HIBP), Langmuir probes, electromagnetic wave scattering and reflectometry
systems are measuring plasma density fluctuations. In this section we shortly discuss

advantages and disadvantages of these methods.
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1.5. Turbulence diagnostics

Langmuir probes are the oldest and most well described diagnostic [82, 83 and 84]. Probes

measure simultaneously electron density n,, temperature T,, plasma potential ¢ and their

fluctuations. Probes are used routinely to estimate fluctuation driven energy and particle flux in
the tokamak edge and the shear layer in diverted plasmas. Application of probes is restricted to
the low temperature plasma boundary where the level of fluctuations is significantly high, the
impact of impurities is rather noticeable as well; this leaves a lot of questions to researchers.
Good spatial resolution and slow time scale due to capacity do not take into account the
turbulent flux on the interpretation model as it should be [85].

HIBP are used to measure simultaneously fluctuations of plasma potential and electron
density [86-88]. This is a collimated beam of neutrals or singly charged ions which ionizes in
plasma producing secondary ions that have orbits larger than the minor radius. HIBP is not as
sensitive to high x fluctuations due to its finite sample volume. There is also uncertainty in
radial location measurements. Furthermore, the HIBP systems are complex and rather
expensive and do not really permit to have absolute measurement due to lack of knowledge
during the particle trajectory.

BES is a technique measuring density fluctuations by observing the light emitted from beam
atoms or ions that have been excited by collisions with constituents of the bulk plasma [89]. The
detectable fluctuation level is limited by photon statistics, atomic excitation process and beam
stability, and due to this fact the absolute value of density fluctuations is not accessible. Wave
number spectra in radial and poloidal directions can be acquired from cross correlation
measurements in these directions. Unfortunately the diagnostic is rather sensitive to the MHD
activity.

Coherent scattering of electromagnetic waves is used to measure properties of electron
density autocorrelation function [84]. The diagnostic is based on refractive index principles. The
calibration of scattering systems is not straightforward and introduces uncertainty in estimates
of electron density fluctuations. The main drawback of the diagnostic is that the frequency
tends to be so low that the beam suffers from considerable refraction by the plasma. Also,
diffraction limits the minimum beam size obtainable. Moreover, fluctuation wave numbers
greater than 2ki are not obtainable so relevant parts of the K spectrum may not be accessible
with low ki microwaves. Measurements are limited primarily by low spatial resolution at low
values of x and by practical requirements on machine access to sample a variety of plasma
locations and «.

Reflectometry refers to the reflection of an electromagnetic wave from a plasma cut-off
where the plasma refractive index vanishes [90, 91]. Fluctuation measurements in the plasma
interior using reflectometry are relatively straightforward to perform but rather hard to
interpret. The phase delay is most sensitive to density fluctuations located near the reflection

layer. However, it is also sensitive to fluctuations along the entire radiation path, and so the
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localization of the measurement is not the same as if one were probing an oscillating mirror at
the cut-off position. Moreover, standart one channel reflectometry methods provide no wave

number resolution.

1.6. Radial correlation reflectometry

On purpose to determine wave number spectrum or at least the turbulence correlation
length radial correlation reflectometry (RCR) was proposed. Firstly this method was used for
ionosphere [92]. 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 [90] 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 [91]
and later was widely spread all over the world fusion devices. Nowadays RCR is a widely used
method for measuring electron density of plasma and turbulence properties in tokamak [56, 84,

95-97].

Figure 1.13. Launching the two microwaves to the plasma simultaneously.

In this method microwaves with frequencies f, and f, + Af are launched simultaneously

into plasma along the density gradient and reflected at the cut-off layer (see figure 1.13.). The

first frequency f, is called “reference frequency” and is fixed; the second “sweeping

7

frequency” f,+ Af is swept. The coherence decay of the two reflected signals A(f,) and
A (f,+Af) with growing difference of probing frequencies Af — cross correlation function

(CCF) - is studied by such a diagnostic:
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1.6. Radial correlation reflectometry

(AU = (AL (AT, +A0) ~(A(f,+a0)) )
A =AY YA+ a0 ~(AT +a0)))

where Ax = x(f, +Af)—x(f,).

CCF(Ax) = (19)

This diagnostic is an attractive alternative to others mentioned before and possesses a wide
range of possibilities to measure plasma density profile and its fluctuations [98]. It is often used
for fluctuation monitoring in discharges, in particular, anomalous transport suppression studies
in better confinement regimes.The diagnostic is not focused only on edge or core measurements
and is relatively cost-effective. Technical simplicity, as well as experimental geometry allowing
single-port access to plasma, is among its attractive merits. Another advantage of the method is
high locality — the sensitivity of the refractive index to changes in electron density is the greatest
near the cut-off, so the reflected phase and amplitude variations carry the information on local
density fluctuations.

Taking into account that RCR utilizes perpendicular incidence of microwave onto the
plasma it is essentially that 1D experimental geometry is less sensitive to 2D effects, compared
to Doppler 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].

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 [95] that the scattering signal CCF decays spatially much more gradually than the TCCEF. This
gradual decay of RCR CCF was attributed in [95] to the contribution of small angle scattering
off very long scale fluctuations.

Later this observation was confirmed also in full-wave 1D [77] numerical modeling for
small level of turbulent density fluctuations (see figure 1.14.). Moreover, a surprisingly high
RCR correlation length was observed in experiments [106]. However, no simple theoretical
description of this behavior was provided in 1D geometry, nor ways to overcome this difficulty
in determining the turbulence correlation length or spectrum.

A complicated analytical treatment of the RCR performed in 2D geometry in linear (Born)
approximation for linear plasma density profile and O-mode probing [107] also resulted in the
prediction of slow (logarithmic) decay of coherence, which was confirmed by 2D numerical

computations [108, 109]. As has been shown in [77, 108] a faster decay of coherence occurs only
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at high enough fluctuation amplitude leading in agreement with analytical prediction [110, 111]
to strong reflected wave phase modulation.
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Figure 1.14. Large difference between RCR CCF correlation length |, and TCCF correlation length |

in 1D Born approximation full-wave computations [77].

Unfortunately even knowing the problem people are still using the erroneous approach

during the last two decades [112]. It is evident that correct RCR data interpretation is needed.

1.7. Scope of this work

In this dissertation deep study of the RCR diagnostic is performed. Addressing firstly to
analytical approach we aim to describe the dependency of the scattering signal from plasma on
turbulence wave number and further explain the discrepancy between the correlation function
of measurement and the fluctuation correlation function in 1D geometry. Moreover, numerical

modeling performed in Born approximation is compared to analytical asymptotic expressions

of RCR signal and CCF behavior. The relation between turbulence wave number spectrum and

signal RCR CCF is proposed and tested in experiment numerical modeling and further in real
experiments.

This work is organized as follows: in Chapter II we recall reflectometry basics and describe
the theory of RCR. In Chapter III the examples of numerical simulations held for different
machines are presented; we also give the insight on experimental setting. Chapter IV presents

experimental results obtained on small FT-2 and huge Tore Supra machines. Chapter V
summarizes results of the thesis.
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Chapter II

Theoretical background

of radial correlation reflectometry

In this Chapter we firstly describe propagation of electromagnetic waves in inhomogeneous
plasma, reflectometry basics and the way to introduce plasma density fluctuations. Further, the
one dimensional theory of radial correlation reflectometry is presented. The analytical
expression for the RCR CCF is given. The simple relation between the RCR CCF and the
turbulence wave number spectrum is derived. We also present formlue aloowing direct

transformations between RCR CCF and TCCEF.
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2.1. Propagation of electromagnetic waves in plasmas

2.1. Propagation of electromagnetic waves in plasmas

This section is based on V. L. Ginzburg development in CGS units [92].

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

V-D=4np (20)
V-B=0 (21)
VxE=_18 (22)
c ot
Vxﬁzfﬁj+1@9 (23)
c c ot

Where E and H are electric and magnetic fields of the wave correspondingly; p and | are

charge and current correspondingly created by external sources related to the polarization P in

the usual way:

p=-V-P (24)
- 0P
=— 25
1= (25)
These relations enforce charge conservation:
op >
—+V-j=0 26
p J (26)

In plasma as in any dielectric, the relations between fields and their induction take the
following form:
D=E+4zP 27)
B=H +4zM (28)

where M s magnetization. The linear relation between ] and E is given by Ohm law:

j=6E (29)

where & is the conductivity tensor.
2.1.1. Approximations and restrictions used

To obtain a general description of electromagnetic wave propagation in plasma it is needed

to use simplifying hypotheses and approximations.
2.1.1.1. 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.
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2.1.1.2. Cold plasma approximation

At present, most fusion experiments operate at plasma temperature below 5 keV. Waves
traveling at phase velocities close to the speed of light are concerned. In this case the thermal

velocity of electrons is much less than the phase velocity vy, /Uph <<1. Cold plasma

approximation is used to describe the propagation of most electromagnetic waves in tokamak
plasma. The meaning of the approximation is that thermal motion of particles is neglected
comparing to the motion caused by propagating electromagnetic wave [113, 114].

It is also assumed that there is no collisional damping (or Landau damping) on the time
scale of plasma electrons as required for cold plasma approximation. Electrons are initially

considered at rest, except for movement induced by wave fields.
2.1.1.3. High frequencies

Ion and neutral particle motion is neglected as well due the relation m,/m, <<1 as soon as
high frequency electromagnetic waves @ >> @, are studied. Only electrons contribute to the

plasma dielectric tensor over the time of flight.
2.1.1.4. Anisotropy

We suppose the anisotropy is introduced only by external magnetic field |§0 . In this work

inhomogeneous anisotropic plasma is considered where refractive index depends on the

propagation direction.
2.1.1.5. Propagationg waves

The electromagnetic wave propagating into plasma is supposed to be monochromatic. It
could be described in usual way:

E o E, exp(—it) (30)

where w=27f is the microwave angular frequency of the wave. The phase velocity,

Oy = w/K gives the rate of propagation of a point of constant phase on the wave. If the wave
frequency or amplitude is modulated the wave possesses the group velocity v, = 0w/k . The

dispersion relation @(k) contains information on phase and group velocities, propagation

region, reflection points, resonance points, damping, wave growth. Another property of the
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electromagnetic wave is polarization which is defined by the orientation and phase of the

electric field of the wave E . There are three types of polarization: linear, circular and elliptical.
2.1.1.6. Linear approximation

As soon as restrictions of small-amplitude waves are imposed it is possible to apply linear

theory of perturbations. All the perturbations & f of the quantity f in this work are assumed to
be small as well o f / < f > << 1. This permits to use linear relations to describe wave propagation

in plasma knowing that the input power of reflectometer is not able to modify the background

plasma parameters.
2.1.2. Propagation in homogeneous plasma

Taking into account approximations introduced in 2.1.1., we consider plane wave

propagation in the uniform and homogeneous plasma in external magnetic field |§0 . According

to linear approximation we perform Fourier analysis of Maxwell equations. By taking the curl
of the eq. (22) and combining it with the eq. (23) and transforming operators V — ik and

0/dt — —iw we obtain the wave equation (Helmholtz equation):

EE=0 (31)

F-1-2C 32)
lw
Eq. (31) can be rewritten in a form:
(NN-NT+z)E=0 (33)
- =C
where N =k — is the refractive index and K, =2 the vacuum wave number. Eq. (33) is
@ C

represented by the following matrix:
£y —N?cos’0  —ig,,  N?cos@sind |(E,
H 2
g, e.—N 0 E, =0 (34)

N?cos@sin @ 0 g, —N?sin’@ || E,

where 6 is the angle between external magnetic field B and wave vector k . This system
consists of three scalar equations and possesses a non-zero solution only if the determinant of

the matrix is equal to zero. Thus, the dispersion relation is obtained:

det|NN —N?1+z|=0 (35)
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The elements of the system (34) are the following:

,
pe
E =&y =l-—5——
— W
@ 2
E =—£ — __fce P&
xy yx o o - (36)
2
10
— pe
&,=1-—
@
Eq = Ex = gzy = gyz =0
where
470 €
Wy = e 37)
me
. a)pe .
is the plasma angular frequency and f = is the plasma frequency. And
T
eB
Wy =—— (38)
m,c

is the electron cyclotron angular frequency.
2.1.2.1. Perpendicular propagation

In reflectometry experiments in toroidal plasmas electromagnetic waves are usually
launched and received with the wave vector k perpendicular to the external magnetic field |§0 .

In this case two types of waves are possible: “ordinary mode” and “extraordinary mode”.
2.1.2.1.1. Ordinary mode (O-mode)

It is a wave with a linear polarization, the electric field of the wave is parallel to the

external magnetic field E || B, (see figure 2.1.). This mode is not sensible to the magnetic field
Igo. The wave propagates as it was in unmagnetized plasma. In this case the refractive index

takes the simplest form:

2
a)e
N?=1- w’; (39)

The refractive index of the wave determines whether the wave will propagate (N*>0) or be
reflected (N? < 0). 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 frequency @> @, .
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The cut-off position is determined by the condition @ =@, . For a given frequency @ it is

possible to determine the critical density above which the wave does not propagate anymore:
— mea)z

n =
47e?

c

(40)

2.1.2.1.2. Extraordinary mode (X-mode)

The electric field of this wave is perpendicular to the external magnetic field E Ll |§0 (see

figure 2.1.). The propagation of the wave depends not only on the plasma density but on the

magnetic field as well. The refractive index takes a form:

AN

2 T2

2 (4] w
N =Z|.—2—2 (41)

1_wpe_a)ce

@ @

For the extraordinary wave two cut-off positions take place. The condition for the left (lower)

0=0, = %(—a)ce +.| &, + 40, ) (42)

The condition for the right (high) cut-off is:

o= o, :%(a)ce+,/a)fe +4a)§e) (43)

If the refraction index reaches infinity (N? — o) the extraordinary wave will be absorbed at the

©=wy,, =, + a)ﬁe (44)

The extraordinary wave propagates if N’ >0,ie. @ <@w<a,, and 0y <®.

cut-off position is:

upper hybrid resonance:

Ordinary mode (O-mode) : Extraordinary mode (X-mode) :

Y
t

4
et

Figure 2.1. Geometry of ordinary and extraordinary waves.
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2.1.3. 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, the
fluctuations of the plasma usually take place (will be discussed in the next section). To simplify
the model we suppose that plasma is stationary and the refractive index depends only on radial
position. We also suppose that plasma is inhomogeneous only in one (radial) direction.

The Helmholtz wave equation (31) is modified in the case of propagation in inhomogeneous
plasma:

d’E(x, @)
dx?

where the wave vector and the refractive index depend on radial position:

+k*(X)E(x,0) =0 (45)

200 =5 N2 (x) = KiN2(x) (46)

2.1.3.1. Wentzel — Kramers — Brillouin approximation

Naturally, no practical plasma or any other medium satisfies the condition of being uniform
throughout all space. It is important to consider, then, what happens when there are spatial
gradients in electromagnetic properties. If properties of plasma vary sufficiently slowly, then
locally the wave can be thought of as propagating in an approximately uniform medium and,
hence, behaving as if all the previous treatment applied. Thus, for any frequency and
propagation direction, there is locally a well-defined K and a refractive index N corresponding
to local values of plasma parameters. Under the assumption that spatial variations are small the
Wentzel — Kramers — Brillouin (and sometimes Jeffreys, hence WKB or WKB]) approximation is
applied to solve the Helmholtz equation (45). The idea of WKB approximation operating the
geometric optic or eikonal approximation is to generalize the analytical solution of the case if
the length of the inhomogeneity in plasma is much higher than local wavelength. It means that
the refractive index is varied slowly and the equation could be solved locally.

The solution of the electric field is searched in the form:

E(x,1) = B, (x) exp(ig(x)) exp(-iwt) (47)
It should satisfy the following equation:
d?E, ._ d% .. dE, d¢ (d(;ﬁ)z
—iE —2i—2—— +[k*~| == | ]JE, =0 48
o e A g0 ax ax ) 15 49

Assuming that the electric field amplitude E (X) varies slowly comparing to its phase,

2
0
dx?

eikonal ¢(X), the second order term is negligible. In this case we obtain the equation in
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d 2
which each term is equal to zero. Namely, k*— (d—¢j =0 results in expression for the electric
X

field phase:
#(X) = + j k(x)dx (49)
2
The solution of the remaining equation E, % + 2%% =0 gives the expression for the
X X OX
electric field amplitude E,(x) = B __ & in terms of wave vector:
p 0 dg () 0 ’ :
dx
E, . .
E(x,t) = exp[i j k(x)dx]exp[—iat] (50)

JK(x)

In terms of the refractive index:

E(x,t) = ——2—exp[:ik, [ N (x)dx]expl—iat] 51)

JN(X)

This approximation is valid if the second order term is negligible comparing to other terms:

2 2 2
d EZO << EOd ?| and |d EZ°|<<|dE°% (52)
dx dx| |dx| |dxdx
it means:
2
% << k% and a <<‘k2‘ (53)
dx dx dx
In terms of wavelength:
292
d ); <<dl<<1 (54)
dx dx

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

solution it is necessary to treat the equation numerically.
2.2. Plasma density fluctuations

We introduce density fluctuations to plasma as:

n(r)=n(r)+aon(r) (55)
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In inhomogeneous plasmas density fluctuations are described by the function dn(r). Plasma
density fluctuations are described by magnitude on,(r), wave number «, frequency @/27.
One of the main spatial characteristics is correlation length |_.

The frequencies of microturbulence involved are of the order of the diamagnetic frequency,
i.e. very low compared to @, . Thus the impact on the frequency shift on the dispersion relation
of the scattered wave can be neglected.

We suppose plasma density fluctuations to be small dn(x)/n, <<1 and slowly changing in
time. In this case the fluctuation part can be treated as a perturbation (Born approximation). The
Fourier transform gives the relation between fluctuations in real space and their image in wave

number space on, :

on, = I5n(x)e“’“dx (56)
1 —ixx
on(x) = §j5nxe dx (57)

We also suppose that turbulence is statistically homogeneous. Using Wiener—Khinchin theorem
we obtain the expression for the correlation function of random Fourier-harmonics averaged
over time or over ensemble (random phase samples):

<én_,on_." >=2xn’6(k — k') (58)
where &n,” - conjugate Fourier-harmonic; on} wave number spectrum; 5(k—k') - Dirac’s

delta-function. Taking into account the relations (56) and (58) we obtain the expression for the

turbulence spatial cross correlation function (or TCCF):

TCCF (Ax) =< 8n(X)on(x") >= j g—knﬁe-‘k“‘“ (59)
T

2.3. Mechanism of back and forward Bragg scattering

In 1D geometry the scattering processes are forward scattering and backscattering [78, 115].
The injected wave into the plasma described by wave vector IZ, and angular frequency @
interacts with the fluctuations characterized by wave vector K and frequency @/27 . Part of
energy is subtracted from the wave and redistributed into space. The mechanism of scattering is

similar to Bragg scattering in crystals. The scattered wave possesses a new wave vector K,

which determines its propagation direction:
k, =k +i& (60)

The scattering angle 6 (between IZS and IZ, ) obeys the Bragg rule:
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=2k [sin (61)

If this relation is satisfied the turbulence wave number K 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[k (%) (62)

where IZi(XB) is the value of the wave vector at the resonance position Xg.In 1D the incident

and scattered wave have equal frequencies and opposite wave-vectors for back Bragg scattering
and similar wave-vectors for forward scattering at the scattering point. In case of ordinary

mode this relation takes place only for turbulence wave numbers less than two vacuum wave

_ ,
numbers of the incident wave |K‘| < 2—. Bragg backscattering of the probing wave leads to
C

phase fluctuations of the reflectometer signal. The forward scattering component of the signal
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 [116].
2.4. Reflectometry principles

Reflectometry measurements are based on the reflection of the microwave (with frequency
from 1 to 300 GHz) launched to plasma from the cut-off layer. If the reflected wave is detected,
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.
2.4.1. Standard reflectometry for plasma density profile masurements

In figure 2.2. the principal scheme of one channel reflectometry experiment is shown. A
wave launched into plasma is reflected from the cut-off layer, and detected again near its
launch point. It might be thought, by analogy with radar, that the phase or group delay
provides a single number that is directly proportional to the distance of the cut-off layer from
the launching point, independent of the density profile elsewhere in plasma. It is important to
emphasize that this is not the case. The analogy with radar breaks down because plasma
between the launching point and the reflection point acts, as it does in interferometry, to alter
the phase delay. In other words, we must take into account the plasma refractive index of all

along the wave path, unlike radar, in which the refractive index is unity everywhere [84].
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Chapter II. Theoretical background of radial correlation reflectometry

P 1(x)

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

As it is shown in figure 2.2. the probing wave propagates in the direction of plasma density
gradient (in radial direction) from the periphery to the center of plasma. In the region from the
plasma boundary to the cut-off point the geometric optics approximation is valid and launched

and scattered waves are independent. Far enough from the cut-off position X, the geometric

optic approximation is valid and the electric field of the wave is described by the quasi-classical
solutions of the wave equation (45). Namely, behind the cut-off the electric field of the wave

takes a form (in WKB approximation):

|¥?Xﬂexp[—Jﬂk(xndx] (63)

and before the cut-off it is the sum of incident and reflected waves:

E :%exp(i@k(xﬂdx}+ﬁexp(—ij§|k(x)|dx] (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
@
%—%=EINUNX (65)
1
In the vicinity of the cut-off layer the wavelength is estimated as
1
AL ——=—=—> (66)
1- 1)
n

c
and subsequently the geometric optics approximation is not valid there. It is necessary to
connect the solutions at the point X =X, where n(x.) =n_. 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
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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].

Phase shift between launched and reflected waves occurs to be equal to —7/2 and

correspondingly the full phase shift at the plasma boundary is [92]:
p =22 NX)dx-2 (67)
CY 2

This equation states that the phase is just what would be obtained from simple-minded
application of the WKB] approach, regarding the cut-off layer as a mirror, except that an

additional 7z/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:

Cf 1- n(x)dx 05 X, (68)

0

2

w n(x

in case of O-mode reflectometry using —5- = Q
n

c

Plasma density profile along the reflectometer’s wave path can be deducted from phase
measurements at different frequencies. For ordinary mode the Abel integral transform is used
to obtain an explicit analytic solution. For all relevant frequencies the function ¢(®) could be
constructed by interpolation for example. Substituting the O-mode expression for N(x) into
expression (67) after differentiating with respect to @ we express the result in terms of vacuum

wave length 4 =27¢C/®:

dp % dx, AdA"
_=2J' §
do Jcdd J12- 2

where A =27xc/ ® . The most convenient expression for the cut-off position for a given

(69)

frequency @ can be determined:
d a)*
do e? -

The position of the cut-off is deduced from phase delay for all frequencies less than @.

X (w)=a ——J' (70)

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 de
27 dw

At = (71)

39



Chapter II. Theoretical background of radial correlation reflectometry

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 the gradient

region along the path of the reflectometry wave is based on this principle, for example [121].
2.4.2. Fluctuation reflectometry

Fixed frequency fluctuation reflectometry provides information on tokamak low frequency
turbulence. Technically this method is simple and requires only single access to plasma.
However 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. However, 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 many
published analyses have adopted this analogy).

Roughly the principle of fluctuation measurements could be described as following. In
presence of plasma density fluctuations (55) the relation between the fluctuation characteristics
and received signal characteristics can be found. The received signal phase contains two
components as well:

p(1) = (1) + S (1) (72)
The expression (67) describes the first slow changing phase term. Supposing that fluctuation
amplitude is small |5 n/ nc| << 1 /r, fluctuating part of the phase is obtained in the frame of WKB

approximation by calculating the slow phase variation [73]:

B 5n(x,t) dx
5¢(t,w)=—c_zj n,  ky(x,o)

0 c

(73)

Usually the interpretation of fluctuation reflectometry results is based on the assumption
that the signal originates due to backscattering in the vicinity of the cut-off layer. Thus it is
possible to obtain the relation between density fluctuation and scattering signal characteristics
and estimate turbulence frequency spectrum and its level. The attempt to confirm this
assumption was undertaken by numerical [73] and analytical treatment [115] of the
reflectometry 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 was assumed there that the singular (inverse proportional to

fluctuation wave number A, oc l/ Vi ) behavior of the scattering efficiency saturates due to the
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2.4. Basic assumptions and equations in 1D analysis

3
violation of the WKB approximation at so called Airy wave number x = (0)2 / c’L, )1/ , where L

is the density gradient scale length. This conclusion appears to be erroneous that predetermines
the subsequent difficulties of one-dimensional theory in interpretation of experiments and

numerical modeling.
2.5. Basic assumptions and equations in 1D analysis

Taking into account that RCR uses perpendicular incidence of microwave onto plasma and
essentially 1D experimental 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 magnetic field. The electromagnetic wave
propagating into plasma is supposed to be monochromatic and stationary. Plasma density
fluctuations are supposed to be small n/n<1% and the linear (Born) approximation and the
perturbation theory could be applied. Plasma is supposed to be “frozen”, i.e. the turbulence

correlation time 7, ~10uS exceeds the probing time 7 = 1Ins.
Supposing probing wave propagation strictly in the direction of plasma density gradient we

describe the O-mode probing by Helmholtz equation (45), where k?(x) = ?/c? (l— o / a)z) is

a probing wave vector, @, :\/47ze2(n(x)+5n(x)) / m, is the plasma frequency; n(x)is the
background density profile; 5n(x) represented as (57) stands for turbulent density

perturbations, where «xis a turbulence density fluctuation wave number and on_ is turbulent

fluctuation amplitude; @ is a probing angular frequency. Under assumption that density

fluctuations are small the perturbation theory methods are used. Equation (45) can be rewritten

d2 2 2 5
[ S0 2

in the form:

c c

where the critical density at the cut-off position is given by (40).

2.5.1. Reciprocity theorem

In particular, the scattering signal amplitude in linear (Born) approximation can be obtained

with the help of straightforward approach based upon the reciprocity theorem in the form
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Chapter II. Theoretical background of radial correlation reflectometry

introduced in [122]. This approach refers to a radiation received by antenna 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 [122].

The radiation electric E(@;F) and magnetic H(w;F) fields with a frequency @ are

governed by the Maxwell equations:

(ot (@;7) 2 A (;F) =0,

¢ (75)
rotﬁ(a);F)+|?a)f)(a);F)=4Tﬂfs(a);F)

where ]S (a); F) is the 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 D and E, D = £E with the dielectric operator £ defined according to
D, (@;F)= Igik (@;F,F) Ey (; F' )P (76)

This relation is applicable to any medium, including hot inhomogeneous plasmas as well as
dielectrics and metals. Thus, equation (75) with a proper dielectric operator describes the
radiation fields in the entire space.

The required solution to equation (75) is determined by the demand that the fields are

continues functions of co-ordinates and represent asymptotically at F — o outgoing waves.

(a) E—"(rmf )

A@) Fj (oun)

- 7 -
—————— lorecelverl

(b) E‘{ in)
H’ (in)
-
~———— from transmitter
——

E“{mm )

H (out)

Figure 2.3. (a) Schematic of experimental arrangement for emission registration.
(b) Imaginaryarrangement for launching antenna beam (E®),H®).
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2.5. Basic assumptions and equations in 1D analysis

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,

E’ E’(out)
{ A J = A(w) [ q (Out)J (77)

where A(®) is the signal amplitude and (E(om), H (OUI)) are the electric and magnetic fields of

the fundamental wave-guide mode propagating outward from plasma volume and normalized

to unit energy flux by
éI[E(out) X(l:i (out))*] . d§ =1 (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 properties (see, for example, [123]). Equation (78) implies perfect matching with the
receiver.

At sufficiently small source current, the scalar amplitude A(®) depends linearly on the

vector J,. The most general form of this relation is

A@) = [ 1 (@:T)g(w;T)dr (79)
where integration is over the plasma volume. The vector weight function G(w;T) is, obviously,
related to the Green function of equations (75). Finding this function satisfying proper
boundary 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, &', is obtained by transposition of the dielectric operator of the real plasma:

& (o;F, ) =g (a;7,T) (80)

Suppose, further, that an electromagnetic field E“)(a); r), |:|(+)(a); ) is produced in this
«transposed» plasma by radiating unite microwave power at the frequency @ through the
receiving antenna, (see figure 2.3.(b)). Then

(81)

To prove this claim, note, that according to its definition, 8;:; satisfies, as a function of w,
the Krammers-Kronig relations and vanishes at |f - F’| — 0. These features guarantee that the

transposed plasma is physically realisable. Suppose, further, that in the real plasma all

oscillations at the frequency @ are damped, i.e. Q >0 for any electric field E . Here
Qo) = 82 [E(@P)e* (@7, F)E(w; F)dFdF (82)
Vs

43



Chapter II. Theoretical background of radial correlation reflectometry

is the RF power dissipated in the whole plasma  volume  with
§A(a);f,?’)={é(a);F,F')—(§T(a);F,F’))*}/2i being the "anti-Hermitian" part of &(w;F,T’).
Writing similar relation for the transposed plasma and changing variables T & ['in the

integral, we obtain again equation (82) with E replaced by E*. Thus the transposed plasma
possesses the same property of stability as the real plasma.

Taking into account these general features of the transposed plasma we can conclude that
the wave equation

rotE(w;F)—'?wH(w;F)zo,
G O a2
rotH(a),r)+?g E(w;F)=0

(83)

in this plasma has physically reasonable solutions determined unambiguously by the boundary
conditions.

In metallic and dielectric objects surrounding the plasma, including the chamber walls, the
dielectric operator kernel ¢, (T, ") has the form ¢, (,I") =&, -d(F — '), where ¢ is a scalar.
Hence, £ = &' here and Eq. (9), similar to equations (75), is valid in the entire space.

The particular solution E(+), H® to equations (83) which determines, according to

equation (79), the signal amplitude has asymptotically, at F — o, the form

E) E (in) E (ou)
o [ s PR S (84)
H (+) H (in) H (out)
in the antenna wave-guide and represents outgoing waves (or vanishes) elsewhere. Here
(E(i"), H (i”)) is the incident (traveling toward the plasma) wave-guide mode normalised similar
to equation (78) and the coefficient of reflection R is a constant with |R| <1. Now multiply both
equations (75) by H and E®, respectively, and equations (83) by —H and —E. Summing
four obtained equalities term by term obtain
div{ExH + H xEV} =i 2(EBY - [3E<+>)+4T”]5E<+> (85)
Integrate this equation over a large volume V — o bounded by a surface S; assuming

formally that the wave-guide feeding the antenna goes through the surface. The volume

integral in the left-hand side of the equation transform into the surface integral:

jvdiv{Ex HO+HXEOdr = [ {ExH® +H x E<+>}d§ (86)

So
Outside the wave-guide, solutions of equations (75) and (83) can be considered in a small
area of the surface as plane waves propagating in the same direction. Then two terms in the

surface integral cancel out each other. The only contribution comes from the part S, of the

surface S, inside the wave-guide where the fields E® H® include waves propagating
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2.6. Scattering signal in case of linear plasma density profile

opposite to E,H . This contribution can be easily evaluated using known properties of the
wave-guide modes (see, for example, [123]) and equation (78):

[, {EXH<+>+HXE<+>}d§=(16;z/c)A(a)) (87)

wg

In the right-hand side, the volume integral
[(ED® - DE®)d°r (88)
vanishes due to the relations (2) and (6). Now, equating remaining terms, obtain

A(w) = % j J.EXdr (89)

Comparing this expression with equation (79) obtain equation (81). Because of its relation to the
fictitious antenna radiation, E) will be referred to as the antenna beam. Equation (89)
represents a formulation of the reciprocity theorem for the case of emission and relates the
weight of a given point in the signal formation to the antenna ability to illuminate this point in
the «transposed» plasma. In obtaining equation (89), no assumptions concerning the nature of
the emitting substance has been made except general non-local relation (76) between E and D.
Thus equation (89) is valid for any medium, including arbitrary inhomogeneous hot
magnetized plasma. The function EH(?) in equation (89) is an exact solution of the wave
equation (83), which can include cut-offs and resonances.

The reciprocity theorem takes in one-dimensional case the form:
e~ .=
A =2 [ OB (xdx (90)
The nonlinear current entering the expression is given by

- . e%on(x) =(0)
J_.—mew JS,EQ(x) (91)

S

where §; and |Pg|zis an incident and scattered wave energy flux density correspondingly.

Finally the expression for the scattering signal amplitude takes a form

A (@) = ial)6: ]jo 5?]()() (E9(a, x))2 dx (92)

c

where the integration is made from the plasma edge (x=0).
2.6. Scattering signal in case of linear plasma density profile

Firstly, we consider the linear density profile case n(x)=n_x/L. The classical solution of the

unperturbed equation (45) takes a form:

E@(x) :%%”Ai((x— L)/<) (93)
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Chapter II. Theoretical background of radial correlation reflectometry

where Al ((X— L) / a) is the Airy function [119] and a = (LCZ/ o’ )1/3 is the Airy scale length

[107] characterizing the distance between the cut-off and the first peak of the Airy function (see

for example figure 2.4.).

Ai(x)

0,00 0,02 0,04 0,06 0,08 0,10 0,12

X, m

Figure 2.4. Airy function, L =0.09m, f =40GHz, « ~0.005m.

Using the integral representation of Airy function the scattering signal can be calculated. In
order to simplify the expression for the scattering signal (92) we substitute into the equation (92)

the integral representation of the Airy function [119]:

+00

Ai(2) = j 04 (94)

—00

where 7 =(Xx- L) / o . Thus the expression for the scattered signal amplitude is obtained in the
following form:

A =2 L L el el i g g, o

n

—L/a =00 —00 —0 c

Introducing new variables in the following way wu=t+p, v=t-p, we obtain the integral

representation as:

A(w) =i27,S, a)z 412 ; T TTTei[H & ﬂmm] 5nn’“ e‘”Ldtdpg—Zdz (96)

—L/a —0 —0 —o0 c

Integrals over v and z can be easily evaluated here, providing
il iZ
[e* dv=e4x/;/2\ﬂ 97)

and
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2.6. Scattering signal in case of linear plasma density profile

- e—i(u+ak)§
J‘ ei(u+ak)zdz - (98)
e iI(u+ak)
under condition Im(u)>0. Finally the expression for scattered signal amplitude takes a form
2 400 400 iuj_ik”
S LT[ et e on de
' ¢? 4r? 27w7w\/a(u +ak) N, 27

Assuming the plasma size larger that Airy scale (L>>« ), the characteristic integral

A(®)=127/S

du (99)

| = id 100
(x) L\/U(uwm) Y (100)

can be calculated using the stationary-phase method [124] (see Appendix A).
2.6.1. Asymptotic forms of the characteristic integral

Taking in account the restriction Im(u)>0 we deform the integration contour as it is shown in

figure 2.5. The integration contour has two stationary phase points U, =2,/L/@ and

u, =-2 L/ a and the branch point U, =0. The shading in figure 2.5. shows the domain of

exponential growth.

ch - B

Re u

mu

Figure 2.5. The integration contour of the integral.

2.6.1.1.  Contribution of the pole

Firstly we examine the contribution to the integral by pole. In case |ax [>2./L/a (or
|k [> 2w/c) the contour does not touch the pole, in the result there is no contribution. In case

1<<|ax |<2\/L/a the contribution to the integral by pole could be estimated as
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3
_imm._
2

(k) = 272

Jax

This expression is proportional to 1/ Vi and describes the Bragg backscattering contribution to

(101)

the scattering signal. In case |ax |= 2,/L/a the Bragg backscattering takes place directly at the

plasma boundary with a wave number |k |= 2 @/c.
2.6.1.2.  Contribution of the branch point

When calculating the contribution of the branch point U, =0 it is necessary to note that the
phase is different at two sides of the cut. In case |ax [>>1 it is possible to neglect U << ax in

denominator of the integral (100), than we obtain the integral in the form

L
+00 —t

L
i o i3z a _iZ i3z
| (x) = |1+|2z—jisle—e 2dt+j_if—e 2dt = —2e 4\/;0[—1’{\/% (102)

0 e “tax 0e “\tax
The integral scales as 1/x with the wave number and is much smaller than contribution of the
pole. Otherwise if |ak |<<1 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
|(x) = —4/ze"  erf \fixL| [Vax (103)
where we use for the error function the definition erf (x) = IOX e*'ds. This expression can be

further simplified, for instance for 1/a << |K| <<1/L we obtain

| ~—27e* [Jax (104)

whereas at | kL [<1 the integral takes a value:

| ~—4ze ‘e L/ (105)

2.6.1.3.  Contribution of the stationary phase points

The stationary phase points contribution U, =—-2,/L/a and u, =2,/L/a is given by the

expression

[ z2i\/;cos(g(L/og)3/2 +Zj/\/l_/7 (106)
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2.6. Scattering signal in case of linear plasma density profile

which physically describes the scattering from plasma boundary. It could be noticed that this
item is much smaller than contribution of the pole because of the large parameter L/a >>1 in
denominator.

2.6.2. Asymptotic forms of scattering signal

Change of variables and integration leads to the expression for the scattering signal in the

form
A = J- on_ dK' (107)
where
i/S 2 iEE o
R(K)=87[3/'2—28 4| ———du (108)

c 7@\/U(u+a;<)

As a result of the part 2.6.1, the partial amplitude R(x) takes the following simple form
.(mc)3

¢ la<<|x|<2afc

p 228 — :
R(K)—I\/;a) ety Vax (109)
erf (Vix
N (7 )

The expression (109) describes Bragg back scattering; it scales as 1/ Jk with the turbulence

x| <</

wave number as it was predicted in [115]. In case | ax |= 24/L/a the Bragg condition is fulfilled
(x ==£2k(X)) for|l<| =2w / C and the scattering takes place directly at the plasma boundary.
The expression for the partial amplitude R(x) can be simplified using asymptotic

representation for the error function. Furthermore, in the intervals 1/L << |K'| <<la and

|K| <<1/L corresponding to small angle scattering it can be written accordingly

2r /L <<|x| <</

R(x) = \/;w Tignt ] Vax! (110)
—4\/_e4,/L/a |K‘|<<1/L

As it is seen from equation (110) for wave numbers of Airy range and smaller the singular
dependence 1/ Ve persists as well, in contradiction with unjustified assumption made in [115]

by B. B. Afeyan in 1994:
—, x|>1a
Aol T KPY a11)
Const, |x|<1/a
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It is necessary to stress that in the analysis presented in this Chapter this singular

dependence on x saturates only at |K| <<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(x)
(109) and (110) numerical computations of integral (108) were performed. Figure 2.6. shows the
comparison of numerically computed absolute value of the integral (108) (the calculation
parameters are as follows: L=0.08m, «=0.00464m, f =45GHz), expression (109) and a
simple dependence 1/ Jic . It can be seen that proposed asymptotic form (109) describes the
behaviour of the integral perfectly even for large wave numbers. In general the behaviour of
both asymptotic form and integral is well described by 1/ Jie dependence. For |ax [> ZM it
is no longer possible to satisfy the Bragg condition within the plasma slab therefore the
behaviour of integral and its asymptotic representation is different (figure 2.6.(a)) in agreement
with results of 1D numerical computations [125] , where it was stated that the wave numbers
higher than the Bragg detection limit do not contribute to the phase fluctuations. Figure 2.6.(b)

illustrates also the singularity saturation at small wave numbers |K‘| <<1/L. In spite of the fact
there is no simple analytical description of the partial amplitude R(x) for |aK| =1 the

numerical calculations show that the function is smooth and its behaviour can be described by

proposed analytical asymptotic form (109) also in this region.

10°F ; 10°f,
S R(x) ! v e R(x) .
asymptotic | asymptotic
_ — 1sgrt(x) |
= y 5 (@) & (b)
T 10"t ! x
= , =)
10'2 1 1 1 1 : 1 L 1 1 1 1 1
0 2 4 6 82aw/c] 12 o0 05 10 15 20 25 30
ak ok

Figure 2.6. The comparison of absolute values of analytical approximations (109) and the partial

amplitude R(x) directly using (92) shown in relative units in range 0<x ~2w/c (a) and 0<ax <3 (b).
The dependence 1/ Vi is represented in (a), the double vacuum wave number x=2w/c is shown by

vertical dashed line in (a).
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2.6. Scattering signal in case of linear plasma density profile

2.6.4. WKB representation of Airy function

Unfortunately the above simple asymptotic expressions for the partial amplitude were
obtained using the technique specific for the linear density profile, which is not applicable
directly to the arbitrary profile case. Nevertheless, the asymptotic representations (109) and
(110) can be derived in the framework of more general approaches not utilising the integral
representation for the Airy function and formula (108). Namely, the asymptotic form (109)
corresponding to the Bragg backscattering can be obtained using the WKB representation of
Airy function which provides for the field E© the following expressions

4J— sin( £ +7)

E®(&) = e , &<-1 (112)

2\/ e_g
E© — ’
(&)= I

Here it is assumed that the experimental scheme is calibrated to provide the same probing wave

E>>1 (113)

phase at the cut-off not depending on frequency. This kind of calibration is the most beneficial
for the RCR experiment.
Substituting this formula into equation (92) and performing integration there using the

stationary phase method we obtain for partial amplitude R(x) the expression (109) valid for
|K‘| >> 1/ . In the opposite case the stationary phase method is no longer applicable. The entire

integration interval including the cut-off vicinity where (110) is not valid contribute to the

R(x) . However in this case we may approximate in the transparency

(E9) ~160/ctflg, £<0 (114)

and obtain after the integration over this region expression (110) for R(x).
2.6.5. Long wavelength limit

It should be noted that in the long wavelength limit |K'| <<1/a 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

t X bn(x) fo X on(x), .37
i —————2dx—| —i| =, [l————dx—i—
E :4\/27Z0) eJL.c\ 4 _e JL.C\ L n 4 E0

e i/1_X_5n(x)

waves:

(115)
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Chapter II. Theoretical background of radial correlation reflectometry

This form is valid everywhere except the very neighbourhood of the cut-off point. In the case

the turbulence level is low enough, so that the reflected wave phase perturbations are small

B on(x)  dx
Sp(w) = j o) ixT <1 (116)

the fluctuation reflectometry signal is given by simple expression JE =iop(®w)E,. When we

substitute the density perturbation Fourier spectrum there we obtain the phase perturbation in

the following form

o con(k)f e*dx dr
swlor=7 [ ] et 017

We utilize the substitution s=./1-X/L to calculate this integral. Finally, the corresponding

expression for R(x) obtained from (117) coincides with the expression (109).

2.7. 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
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 (45)

using WKB approximation in the form

o, &2z . [ /
E“(x)=CM)S|n(;|;k(x)dx+ZJ/ Z)k(x) (118)

E@(x) gives 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. When substituting E((X) into the

integral (92) we derive

on, dK
A = I (119)
where the partial amplitude R(x) may be represented as
0 Ny i~ . .31
I\/7 a) . |2XJ;k(x)dx -2 . |1(x . . e—IZJ.k(X)dX -i=
R(x) = p— j e"*dx — j dx + [—————e™dx (120)
c? o 4k(x) 5 2K(x) 0 4k (x)

Here we integrate from the plasma edge to the cut-off (X = X, ). The largest contribution to

(120) at Yer, << |K‘| < 2w/c is provided by the first or the third item under the integral (120).
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2.7. Scattering signal in case of arbitrary plasma density profile

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 Xg is determined

by the equation

C

K= 4”—22[1—Mj (121)

c
corresponding to Bragg backscattering conditions.
Neglecting the contribution of the second term we obtain the expression for the partial

amplitude in the form:

—i2Tk(x')dx'+ixxB+i%
\/1_6 c , Yo <<xk<2a0fc
K 5| 1 dn(x)
. n, dx
|\/_ (0 | ¢ Xg
R(x 122
( ) z¥ ¢ 4\/5 iZka(X')dX'Jrin +HZ (2
B2
\/1,6 , —2ofc<k<<-1a,
K o 1 dn(x)
n, dx

In the opposite case of long scale fluctuations, at |K| <<1/a, the second term in (120) provides

the dominant contribution to the integral which is given by

Xo izrxd
R(x )_l\/;i) 4\/_}\/19 nz(x)dx, K| <<1/a, (123)

c

It is significant that for 1/L, << |K| << 1/, the main contribution to the integral over coordinate

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 R(x) oc

a,K

For |K| <1/L the signal scattering does not take place only in the cut-off vicinity so that the
profile can not be supposed linear, therefore taking in account &** =1 for |K‘| <<1/L,, we obtain

the expression (123) in the form

i
R(x) = \/;C; 4\/_J.\/1 n(x)

C

dx, |x|<<¥/L, (124)
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Chapter II. Theoretical background of radial correlation reflectometry

2.7.1. Numerical computation example for parabolic plasma density profile

(1-(1-x%/L,)")
TA--L L)Y

characteristic length is L, =0.9m, the cut-off position L,=0.7m, probing frequency

In case of parabolic plasma density profile n(x)=n (where plasma

f =55.7GHz, Airy scale length o, =0.008m) we compare the partial amplitude directly
computed from the Helmholtz equation using (92) and its approximation (122) (figure 2.7.). It
can be seen that the asymptotic form describes the absolute value as well as real and imaginary
parts of the partial amplitude rather precisely for k¥ >1/a, (figure 2.7.(b)). Therewith only in
the very vicinity of zero x (figure 2.7.(a)) and in the domain where Bragg condition is not

fulfilled (figure 2.7.(c)) the behavior of function and its asymptotic form differs.

= =R(x) Re
R(x) Im batta, A s
....... abs(R(x)) 0,1 ©
—— asymptotic (12a) Re
asymptotic (12a) Im
abs (asymptotic (12a)) —
eeenn, X 0,0+
......................... @
@) 0.1
: (b)
0,1 0,2 1,0 1.2 1,4
oK oK

0,02 :
2 |
X 0,00 N -
I ©)
-0,02 . L -
16 18 2aw/c 20

oK

Figure 2.7. The comparison of real, imaginary parts and modules of analytical approximation (123) (solid

lines) and numerically calculated partial amplitude R(x) ((a) - (c)) (dotted lines) shown in relative units,

the vertical dashed line shows the value x =2®/c in (c).
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2.7. Scattering signal in case of arbitrary plasma density profile

The comparison of the partial amplitude directly computed from the Helmholtz equation

using (92) and its approximation (123) is shown in figure 2.8, where L,=0.304m,

f =42.9GHz and ¢, =0.007203m. In the range ax <1 one can observe that the asymptotic
form precisely coincides with the partial amplitude. However, the partial amplitude could not
be described by the formula (123) for 1/« << |K‘| <2wm/c, as it is seen in figure 2.8.(c).

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.

0,2

1 1 = =R(x) Re

R(x) Im
...... abs(R(K))
asymptotic (12c) Re
——— asymptotic (12c) Im
abs (asymptotic (12c)),

R(x)

(b)

0.0 ' 0.1 ' 0.2 1,0 15 20

aK aK

0,05

-0,05

Figure 2.8. The comparison of real, imaginary parts and modules of analytical approximation (123) (solid

lines) and numerically calculated partial amplitude R(x) ((a) - (c)) (dotted lines) shown in relative units,

the vertical dashed line shows the values x =1/L_ in (a) and x =2®/c in (c)
2.7.2.  Short summary on validity domain of Helmholtz equation solutions

In case of linear plasma density profile the precise solution of the unperturbed equation is

the Airy function. In presence of small fluctuations dn/n <1% the linear (Born) approximation
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Chapter II. Theoretical background of radial correlation reflectometry

is valid and the perturbation theory could be applied. The analytical solution derived in part 2.6
describes the scattering wave up to the cut-off.

The WKB representation of the Airy function has been used as another approach to obtain
the solution of the perturbed equation (45). 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.
2.8. The RCR CCF

In this section we derive the analytical formula expressing the RCR CCF in terms of the
turbulence spectrum for both linear and arbitrary plasma density profiles. In order to carry out
the correlation analysis expressions for scattering signals at different probing frequencies are
used. The correlation decay of two scattering signals with growing difference of probing

frequencies is studied. We introduce the RCR CCF as
CCF (@) = {(A (@)~ (A(@)) (A (@) - (A(@)) ) (125)

where averaging is held over ensemble. Thus, we choose one reference frequency @, and

change the probing frequency .
2.8.1. RCR CCEF 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

+e 2, iki({u—a)o)
CCF(w) = j R(x) n%e » dx (126)
where
, ﬁ la<<l|x|<2afc
S, (o) |1F
R 2 — i / L 0
IR(<) 167 b ¢t |gerf (,/iKLO)erf*(\/ich) (127)
— . x<<VYa
7 [«
and 5(a)—a)o)z L-L,, L, and L are the cut-off positions for reference and probing

Wy

frequencies correspondingly. Expression (127) for the partial amplitude can be simplified as it
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2.8. The RCR CCF

was done for the equation (109) using asymptotic representation (110) in the intervals

1/L <<|x| <<1/e and |x|<</L it can be written accordingly

S (00 ﬁ /L <<|x| <<1/e

2 S, 0y®) ||x

R(x)| :16'7[,/L0L 24 , (128)
—JLL, g <</L
T

The 1/ x factor in the function is responsible for underlining the contribution of small angle

scattering off long scale fluctuations into the RCR signal. It is important to stress here that
asymptotic expression (128) correctly describes the behaviour of |R(K)|2 also at higher wave
numbers 1/a < |K| < 2w/c. Using the proposed asymptotic form (109) for scattering signal we

obtain the following representation of the CCF in terms of the turbulence spectrum

D™ CCF(L)= T%nﬁe"“%”erf ( ixl, )erf*(\/ﬁ) (129)

where

p -5 (e (130)

A7 c

The 1/k singularity in this formula saturates for small wave numbers due to the term
erf ( ixL, )erf *( iKL) . The dependence of CCF on the probing wave cut-off position can be

obtained in experiment by sweeping the probing frequency.

ol N CCF Re
_ / ——CCFIm
. } Asymptotic Re
8l ’; ........ Asymptotic Im
\
0,6 l'
s
3 /
0,4 g
0,2
0,0
1 " I L 1 . L * :
0,0 0,2 0,4 0.6 0.8
L,m

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. L, =0.4m, f, =95GHz, Gaussian spectrum, |, =0.02m.
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Chapter II. Theoretical background of radial correlation reflectometry

To check the approximate formula (128) we compare it after normalization to the CCF
calculated using the Born approximation formula (92). The random density fluctuation is taken
in the form

j=N,
on(x) = ;5% cos(jax — ;) (131)

(in)*i2
in which on iq =on,e * corresponds to the Gaussian turbulence correlation function

possessing correlation length |, =0.02m and phases ¢; were randomly distributed in the

interval [0,27]. The averaging is performed over ensemble of Ns=1000 random phase samples.
The calculation parameters are as follows: L, =0.4m; f; =95GHz . The result of comparison is

shown in figure 2.9. illustrating the applicability of the proposed formula for the wide probing
range.

Formula (128) can be used to compute the signal CCF for different spectra in order to
compare to CCF obtained in experiments and to determine real turbulence spectra as a result of
titting procedure. However we demonstrate in section 2.9 the possibility of strict analytical
inversion of the integral relation (128) and derive a formula which allows correct wave number

spectrum reconstruction from RCR experimental data.
2.8.2. RCR CCF for arbitrary plasma density profile

In case of the arbitrary profile we derive the expression for the signal CCF referring to the
formulae (122)-(124) for scattering signals in arbitrary profile case. Thus, we multiply the
scattering signals for reference and probing frequencies. Subject to short-wave case let us
consider the difference of two signal exponents.

T K, (x")dx J +ix(Xgy — Xg) (132)

C

A= ZUE k(x")dx'—

C

Utilizing Taylor series expansion we obtain

Xf k(x', @)dx'= [XB]'%) dk(x")

Xgo

N dx'+k(x',a)0)3—x‘%}-(a)—wo)+ j K(X',@,)dx"  (133)
w

dw

X, X,

C C

Using Bragg condition we consider x =2Kk(x',@). Mention that Xz(@,)=Xy, and

dxy ‘ = Xs ~ Xsg we derive:
do'*  o-o,
e dk (' ,
A=2(0-,) | d(w)\%dx = 2t, () (00— @,) (134)
where
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2.8. The RCR CCF

Xg () 1
o= f 28

X

dx’ (135)

[2]

is the probing wave propagation time between the cut-off and the Bragg resonance point. In

case of long scale fluctuations satisfying condition 2w/c >> |K|>2/05n the density profile

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
() = K2 (136)
2w,
The expression for RCR CCF takes the form:

+00

CCF (o) = [ |R[ (x)nZes @y (137)
where
L mgn 1 1 %
il
~ 2 .
R = i 2 dx |, dx |,
R = 257 . g : (138)
— LnoLni, i<<|1c|<i
7 K Lo a,

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

Xco eilcx0+2td (K){ubdxo X e—iKX—th (rc)wdx 1 <| |<< 1
—_— K' —_—

) 0 \/1_”()(0) 0 \/1_”()() , ch an
S, (00) N N

20487° ¢* X9 a2 avgly X a2t (Rogy 1
|| <<—

!Jl_nm)wl_n(x)’
n n

C

R(x)[ = (139)

c
At small fluctuation wave number 2w/c >> |K'| >2/a, the Bragg backscattering point is located
close to the cut-off (|XC - XB| / X, <<1), where we may approximate the density profile by the

linear dependence. The propagation time in this case is given by expression (136). In (139) the
additional dependence on wave number is hidden in the dependence of the Bragg

backscattering point Xg (k). However at 2w/c >> |K| >2/a, in case the density profile can be
supposed linear, formula (139) in the region 1/x < |K‘| <<1/a, smoothly transforms into the
region |K| << 1/ X, and coincides with (122)-(124). In this wave number domain equation (137)

appears to be similar to (126).
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2.9. Turbulence spectrum reconstruction from the RCR CCF

In this section the main result of this thesis is derived.
Essentially, the formula (129) shows that the expression for CCF in case of linear density

profile looks similar to Fourier transform of the function n,f . It differs from Fourier transform of
turbulence spectrum only because of weak dependence of the error function erf (\/ iK‘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 equation.

We treat the integral equation (129) by applying Fourier transform and obtain

+o0 4 o 40 1
1 CCF(L) gL [J‘ 2gic(L-Lgpf * ( iKLO)J.eiKLpzdpjelLydl— (140)
0

i URig

Left part of the equation (140) can be denoted as

CCF(L) CCF (L) g,

F(y )——f (141)

+00

Expressing the internal I e *¥)dL as the Dirac & — function we find

—00

L § 5(K+1_yp2J
:—J'J'—n erf ( Lo)e L°_—p2dpd1< (142)

[

Using the Dirac 0 — function features we substitute x = —

erf [ ‘yL"

5 and obtain

1-p

p’ j e
el dp (143)

-’

el
F(y)=-—[n",
271'0 1—p? y
1- p?

> the equation (143) takes a form of the Abel equation:
= erf (it _
z J‘ n? ﬂe"%dt, y>0
e y tyt— y
F(y) = . o (144)
Jy_ ? erf (J—ltLO)
: tyy-—t

The solution of the Abel equation is found as

After variable exchange t =

e odt, y<0
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2.9.Turbulence spectrum reconstruction from the RCR CCF

Ke o F(y)
T dy, x=0
n2=4e7i% erf /ixL, dch.«/y K
) Ke o F(y)

L dy, k<0

erf” —ixL, dK‘ 4/

Changing variables p =y —x and substituting the expression (141) into (145) we obtain

n: = 2 we ALY CCF(L)

V4 erf ixL, dKj\/_I

Integral over p there is taken explicitly

j dp P — eI'_4 +feszds =eiz\/%

|L(p+x)dep

(145)

(146)

(147)

Differentiating the expression (147) over x finally we obtain the expression for the wave

number spectrum:

n?=Dt._2 j CCF (AL)e™*-d AL

) Jx erf (\/7)

(148)

where AL=L-L, is the distance between the cut-off positions for reference and probing

frequencies. Formula (148) is one of the main results of this thesis. It suggests the procedure of

wave number spectrum reconstruction from RCR experimental data.

In figure 2.10. for the same parameters as in figure 2.6. we show the weighting coefficient

Sx)= erf " \/ixL,

in region |K| <1/« this function behaves as S(x) o Jic .

——Re S(K) _
—m sk — er: ;‘((:))
—— abs S(k) abs S(K
®)
0
1 1 1 0 N N N
0 5 10 15 20 0,0 0,2 0,4 0,6
K, cm™ 1

K, cm

Figure 2.10. (a) Function S(x); (b) S(x) oc v at [x|<1/a.

(149)
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Chapter II. Theoretical background of radial correlation reflectometry

Multiplication by the function S(x) will result in shortcoming of 1D theory as n>(0) =0

leading to inaccuracy of spectrum reconstruction. Nevertheless as we show in Chapter III by
numerical simulations in most RCR experiments the suggested formula gives rather precise
reconstruction of turbulence properties.

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:

2 2
X, on® | X
OX Oy X g (150)
cc n,
It should be noted that the expression for CCF (137) obtained in arbitrary profile case takes a
form of nearly Fourier transform as well. Therefore one may expect that inverse Fourier

transform of CCF given by

iqly 2=
@

S(q) :TCCF(a))e d(w-a,) (151)

can be used for turbulence spectrum reconstruction from experimental data.
2.10.  Direct transform formulae for RCR

This section addresses the theoretical expression for integral kernel, which converts directly
the correlation function CCF(AL) into the two-point CCF of plasma turbulence C(r) should
be quite useful for experimentalists in order to compute TCCF avoiding error accumulation

during two-step conversion. Inverse transformation is also discussed.
2.10.1. Forward transformation kernel

Expression (148) allows to compute the turbulence radial wave number spectrum from the

signal CCF measured in experiment. The TCCF C(r) is related to the spectrum by Fourier

transformation

2wlc
C(r)= | nle™dx (152)

“20lc
where integration is held within Bragg backscattering limits —2 @/c < k¥ < 2w/C.

We propose the integral transformation to compute the TCCF straight from the signal CCF
on purpose to avoid the error accumulated during numerical procedure of turbulence spectrum
reconstruction and further Fourier transformation and to provide a simple formula determining

TCCEF directly from reflectometry measurements.
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2.10. Direct transform formulae for RCR

When substituting the expression (148) for the spectrum into the expression (152) the
expression for a forward transformation of signal CCF into the TCCF in a simple form of

convolution is obtained

C(f)sz-CCF(AE) K(f - AL)dAL (153)

~ L ~
where a spatial variable L =— and a wave number variable x = kL, are normalized to the

reference frequency cut-off position. Integration is performed over the interval where the signal

CCF is defined. The coefficient

872_3/Zei7r/2 aﬁ ( A)—S/Z

1+AL (154)

is calculated from the expression for the coefficient (130) taking into account the relation
AL = Aw/ @, for linear plasma density profile and Airy scale.

The expression for the forward transformation kernel is given in the form of Fourier
transform:

A~

2wlc K

K(r—AL) = '[ g xaD |

“Dolc erf” (\/E )

The converted function is performed by an anti-symmetric fast oscillating complex function,

~

dx (155)

i%sign(fc)

which gives after being processed by Fourier 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 @ = a,(1+ AL) for linear plasma density profile.

2.10.2. Numerical simulation example of forward kernel usage

To illustrate possibilities of this method, we simulate a case close to FT-2 tokamak
experiment with the following parameters: linear plasma density profile, reference cut-off
position L, =0.08m, reference probing frequency f,=45GHz and Gaussian radial wave

—12x214

number spectrum n> = \/Zlce , where correlation length is |, =0.004m. In this case, Airy

scale length is equal to a =0.0045m.

In figure 2.11. an example of computation of forward transformation kernel K(F) in relative

units versus normalized distance from the cut-off position is shown. As it is seen the kernel
represents oscillatory behavior which comes from integration limits corresponding to Bragg

backscattering limits. Vertical dashed lines express the interval —L; < AL < L, where the signal

CCF is defined. The kernel has two characteristic scales. One is the sharp peak near the zero-
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Chapter II. Theoretical background of radial correlation reflectometry

separation limit. The other is the long and logarithmic tail, which has characteristic scale of the

global density gradient.

1,0F =

0,5r |

-0,5F |

-1,0r B

-15 -1 -0.5 0 0.5 1 1.5
r/L0

Figure 2.11. The kernel of normalized forward transformation shown in relative units versus normalized

distance from the cut-off position. Vertical dashed lines express the interval —L; <AL <L,.

—e—reconstruction of TCCH
—input TCCF

0,5

O R @

0615 0.1 -0.05 0 0.05 0.1 0.15
LiL,

Figure 2.12. An example of TCCF computed using forward transform shown by red line marked with

circles versus normalized distance from the reference cut-off position.

In figure 2.12. we demonstrate the conversion of the signal CCF into the TCCF. Formula
(153) is applied to the signal CCF which is computed using formula (129), the result of the
conversion is shown by thin solid line marked with circles. The computed signal CCF was given
in figure 2.9. This reconstructed TCCF is compared to the initial Gaussian TCCF (thick solid
line). It is confirmed that the operator equation is able to reproduce the TCCF, although the
signal CCF is associated with the long tail. The signal CCF is defined on the finite interval and

possesses a subsequent discontinuity at AL =L, (see figure 2.14, green line) which causes

oscillations (in the scale lengths shorter than ¢/®) in computed TCCF.
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2.10. Direct transform formulae for RCR

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 of such procedures will be given in Chapters III and
IV. We should also note that simplifying transformation thus additional complexity associated

with integration of rapidly oscillating functions is introduced.

2.10.3. Inverse transformation kernel

Inverse procedure of transformation is also based on formula (129). We substitute the

expression for the radial wave number spectrum as a Fourier transformation of the TCCF into

equation (129):
14 .
n?=— J' C(r)e™"dr (156)
27 L
1, ,
0.8- 1
0.6- 8
0.4- 8
0.2- 1
0 I I |
-1 -0.5 0 0.5 1
riL,

Figure 2.13. The kernel of the normalized inverse transformation.

Integration here is held over the interval where the TCCF is defined. The expression for the

inverse transformation takes the following form

1
CCF(AL):IB-C(r) U(r—ALl)dr (157)
O
where the normalized coefficient g is
~ S 4 ~N\/2

and the expression for the kernel is described by
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2wlc A — — —
U(r—AL) = dAK (r-Aberf (\/iKLO)erf*(\/iK(LﬁAL)) (159)

—20lc |K

that seems to be similar to Fourier transformation however this kernel possesses the
dependence on AL in the argument of complex conjugate error function. Integration is

performed in Bragg backscattering limits as was mentioned in the previous sub-section.

Figure 2.13. shows the normalized inverse transformation kernel U(r) 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).

2.11.  Ideas for a combined diagnostic using reflectometry and other

density fluctuation diagnostic

In this section we consider correlation between the reflectometry signal and other local
fluctuation measurement such as HIBP in order to simplify the procedure of data processing
and to open new approaches of reflectometry usage. The reason for this prediction is provided
by different behavior of complementary diagnostic sensitivity to long wave length fluctuations,
which was supposed homogeneous, whereas for reflectometry it is growing towards small
wave numbers. It is also necessary to stress that nowadays no experiment exists for applying
this new kind of turbulence characterization.

We represent the correlation by inter—correlation function (ICF) ICF(AL) where L, denotes
the position of local measurement and L indicates the position of the reflection for
reflectometry. It is shown that the long range tail of correlation which is much longer than the
correlation length of turbulence persists in ICF(AL) (see figure 2.14.), however it decays faster
than that of CCF(AL). 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

reflectometry and other local diagnostics (e.g.HIBP). We introduce ICF as

ICF(AL) =< on(L,) A (L, +AL) > (160)
between the reflectometry signal A (L, +AL) and one other local fluctuation measurement
on(L,) in linear regime, dn(L,)/n(L,)~1%. We also assume that reflectometry and other

fluctuation diagnostic measurements can be held simultaneously.

We modify formula (129) according to the expression for ICF in the following way:
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2.11. Ideas for a combined diagnostic

P*.CCF(AL) = +w%nﬁe“merf . (,/ix(L0 + AL)) (161)
_wo Al K

where the coefficient P is equal to

S (@ +Aw)
o e e

-1 -0,5 0 0,5 1

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

In figure 2.14. we show the comparison of Gaussian TCCF (red line), ICF (green line) given
by expression (160) and signal CCF (blue line) given by expression (129) versus normalized
distance between fluctuation measurement and the cut-off position of the probing frequency.
Horizontal dashed line shows the 1/e CCF level. Signal CCF demonstrates slow logarithmical
decay. 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 at least
turbulence correlation length directly from the measurements.In the present paper we give a
method to determine spatial TCCF from the ICF. Similarly to computations performed in

section 2.9 we derive an expression for the radial wave number spectrum in terms of ICF:

ni _ \/;eiz(hsign(lr))\/; J' I:P_l CCF(AL):' efi(L0+AL)KdAL (163)

2.11.1. Forward and inverse transforms for ICF

We derive the expressions for the forward and inverse transforms of the ICF into TCCF.
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Chapter II. Theoretical background of radial correlation reflectometry

Thus, we substitute the expression for the spectrum (163) into Fourier transformation (152)

and obtain the expression for the TCCF in form of convolution

L
C(r) = j [A-CCF(AL)JK(r +AL)dAL (164)
L
where the expression for the forward transformation kernel is given by the integral

2wlc

K(r+AL) = j Jice 1 Abrg (165)
—2wlc
and the coefficient A is equal to
A=Jre 2" pt (166)

The expression for the inverse transformation is computed by substituting the equation
(156) into relation (161)

Ly
CCF(AL) = j [L-C(r)} U(r—AL)dr (167)
1 27
where the expression for the inverse transformation kernel is presented by the integral
2wlc
U(r-AL) = j OI—Ke"f“-AL’erf*( i (L, +AL)) (168)

—2wlc \’|K’|

In figures 2.15. and 2.16. we show the forward and inverse kernel functions correspondingly
in relative units versus normalized distance from the fluctuation measurement position.

Vertical dashed lines show the interval where the ICF is defined.

10 *
_0’57 4
-1.5 -1 -0.5 0 0.5 1 15
riL,

Figure 2.15. The kernel of the normalized forward transformation for ICF.
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Figure 2.16. The kernel of the normalized inverse transformation for ICF.

We should underline that formulae shown in this section are derived for infinite limits
however 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 number should be
performed within Bragg limits. Before using the proposed method it is necessary to process the

ICF in a proper way applying interpolation and extrapolation procedures.
2.12. Summary

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

Existing 2D approaches [107, 126] are quite sophisticated and as we suppose 2D effects do
not strongly influence reflectometry diagnostic which is generally one-dimensional, therefore
the development of 1D analytical approach is evident.

In section 2.6 the analytical solution of 1D Helmholtz equation in Born approximation for
linear plasma density profile has been derived. As a result of this simple approach it was shown
that scattering signal singular dependency on fluctuation wave number saturates for smaller
wave number of the order of the inverse distance between plasma boundary and the cut-off

position |K'| <<1/L 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 comparison of the two approaches is illustrated the difference between the

correct scattering signal function and the assumption of [115] can reach a factor of 10.
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Figure 2.17. Comparison between the new analytical scattering signal representation (red line) and
previous assumption (marked by solid violet line). Vertical violet dashed line signifies Airy scale at

which the scattering signal dependency on wave number was supposed to saturate.

The strong scattering signal dependency proportional to 1/ Jk in the region
/L << |K| <<1/a missed in previous approach is in charge of long logarithmic tail in the signal

RCR CCF (see figure 2.9.) numerically demonstrated in [76]. 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 well as for X-mode probing and gives satisfying result 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

on/n, <1%, i.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.
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Direct transforms simplifying the calculation of turbulence spatial properties were also
proposed in section 2.10.

Another breakthrough of the developed analytical theory is the expansion of its applications
on other fluctuation diagnostics such as for example HIBP. The analytical basis of the diagnostic
based on simultaneous usage of one reflectometry channel and HIBP data is developed in
section 2.11. At present day there is no experiment exploiting such a method. Certainly, when
setting up the experiment, one would face difficulties in data collection and interpretation
nevertheless the ICF gives a commencement of this kind of investigation.

Obviously there is wide field for further research and analytical theory improvement
namely connection between 1D and 2D expressions, corrections to the inverse relation due to

2D effects which are the subject of future research.
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Chapter III

Numerical modeling

In 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.
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3.1.Numerical model

3.1. Numerical model

In this sub-section the numerical code is described. The numerical model is based on the
theoretical approach developed in Chapter II resulting in unperturbed differential equation (45)
to be solved and further integral (99) and inversion relation (148) to be computed. The
programming language Fortran is used to develop the code.

Analytical formulae are derived in Born approximation linear regime and possess no
dependence on fluctuation amplitude therefore the numerical code is not sensitive to
fluctuation 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
choose the set of input parameters of the code close to experimental. The numerical procedure
consists of four parts: solution of the unperturbed Helmholtz equation; partial amplitude
calculation (calculation of the integral over x); signal CCF calculation; turbulence wave

number and CCF reconstruction.
3.1.1. Numerical solution of unperturbed Helmholtz equation.

Firstly, the unperturbed Helmholtz equation (45) with dn(X) =0 is solved numerically
applying finite difference scheme based on forth-order Numerov method. Finite difference
method is selected due to its simplicity (less computing time) and easiness to implement. The
equidistant grid with the step h is used. The solution is the unperturbed electric field EJ (X, ')
for the set of probing frequencies where j is the index of probing frequency. Initially the
Helmholtz equation takes a form:

E@(x)+472°NZ(X)E,(x)=0 (169)

To solve the Helmholtz equation the 4t order Numerov scheme (see Appendix B) is used:

2 2
E (x+ h){1+ 4;;2;‘—2 NZ(x + h)}— Ez(x){2—4n2%N§(x)}t

h2 (170)
+E, (x - h){1+ Ar? I NZ(x— h)} =0
The Helmholtz equation is finally represented by a matrix equation:
AE=B (171)

where A is a tridiagonal matrix defined by equation (170). B is the vector defined by

boundary conditions of finite amplitude in vacuum E(XL)=1.0 and the evanescence of the

2
wave behind the cut-off E(XR)=0.0, thus Blz—E(XL)-{l-i-;-]—2 Ng(XL)}, B, n, =0.0. The
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Chapter III. Numerical modeling

dimension of the matrix A is [NX, NX], of the vectors E and B is [Nx,l] . The solution of the
equation is found by inverting the matrix A. In Fortran it is done by means of “DLSLTR”
function.

In this part we also introduce the following physical parameters of computation:

xL left plasma boundary
xR right plasma boundary
oA probing step
o = o(xL+ j-5A) probing frequency
1e(x) plasma density profile
B(x) magnetic field profile
and numerical parameters:
Nx the number of integration x-grid points
hix x-grid step

The result of this computation is the matrix [El, ey EN:' containing N vectors of length N,

and the matrix Q= [c?), E} containing the vector @ of probing frequencies and the vector L of

cut-off positions, both of length N, . Equidistant interval is chosen for cut-off positions.

3.1.2. Reflectometry signal partial amplitude integral computation

Substituting the expression for the fluctuations (56) to the formula (92) we obtain:

Mwi)—'g’ﬂﬁ (E'w Jx)) e "*d xdx (172)

In the second part we firstly compute the integral over wave numbers changing the integration

limits according to the conditions of computations:

i=N

l(a)j,zck)=2(E“°’(a) )) S (173)

The x-grid of integration is already defined by previous computations of the matrix

[El,..., EN] The x -grid is defined in this part with the resolution of 2N_+1 points in the
wave number interval —2 @’ / C<x <20 / C specified by Bragg conditions. Here we define the

following parameters:

2N, +1 the number of integration x -grid points

h Kk -grid step

K
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3.1.Numerical model

The result of this computation is the matrix M_ :[l?, r(wl,K),..., r(a)N(”,K)] containing the
vector of wave numbers &, k, =—2@'/c+k-h_, i==N_..N_ and vectors of the integrals for

each frequency @' and wave number x .

Plasma fluctuations are modeled in the following way:

n(x) = Z nZeve (174)

where amplitude \/n? is distributed in accordance with the input turbulence spectrum, random

phases ¢, are generated anti-symmetrically for the wave numbers «, of opposite sign and to

the number of samples of averaging s.

Further we compute the partial amplitudes as
A(0') = Z | (', 5, )y[n2e™ e (175)

Here we introduce one more parameter:

N, the number of sets of samples of averaging

The result of this part of computations is a matrix [AS ()., A ()" ] containing N vectors of

partial amplitudes for each sample of random phase. Finally, the signal is represented in terms

of real and imaginary parts as A (@) = re(A (o)) +im(A (®)) .

3.1.3. Signal CCF computation

In the third part we compute the signal CCF according to formula (125). Simplifying

calculations, we normalize it in the following way:

((A@)~(A@))(AW)-(AW@)))
\/<(Ag(wo)—<A\(wo)>)z>s <(/x(w")—</x(wi)>)2>s

We chose one of the frequencies @’ to set as reference. We also chose the interval of probing

CCF (') = (176)

which corresponds to experimental. Therefore new parameters are used:

@, reference probing frequency
A probing interval
N, number of probing frequencies

Essentially, to compute the CCF we make the averaging numerically over random phase

samples and therefore we allow numerical modeling of experimental noise. The result of the
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Chapter III. Numerical modeling

computation is a vector CCF (w’(AL)) = CCF(AL), vector of probing frequencies @ and the

vector of the difference between reference and probing cut-off positions AL.
3.1.4. Turbulence wave number spectrum and TCCF reconstruction

In the fourth part we determine the spectrum utilizing equation (148):

2 iﬁ(l+sign(;<)) |Kk| i=N,,

nf, =D".——e? > CCF(AL)e" A (177)

Jr erf*(w/izckLO) =

where AL = L, — L’. The TCCF is computed utilizing simple fast Fourier Transform (152):
_ k=N o
C(L))= > nZe™"h (178)
k=—N
Output data are the vector of the wave number spectrum of the length 2N_ +1 and the vector

of turbulence of the length N_ . The new parameters of the reconstruction are introduced:

2N +1 the number of integration x -grid points
h’ Kk -grid step
N, the number of 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. Here we
just give qualitative criteria deduced from simulations done in cases of relevant density

gradient lengths for actual fusion devices.
3.2.1. Reconstruction of turbulence spectrum and CCF for large machine

An example of simulations is given for large tokamak plasma where wave propagation
region width is much larger than the turbulence correlation length in the simplest linear plasma
density profile case where the parameter set satisfies fully all the validity conditions of the
theory.

Results of computations in this section are obtained under the following common

parameters: reference frequency f,=95.5GHz which corresponds to the reference cut-off

position L;=0.4m ; the number of integration grid points is also fixed Nx=10000 and number of
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3.2. O-mode probing in case of linear plasma density profile

wave number harmonics N=10000. The ratio of wave propagation region width to the vacuum

wavelength in considered case is L, f,/c ~127.3.

3.2.1.1. Broad probing region and fine resolution

Firstly we consider the case without limitations by diagnostic technique parameters and we
test capabilities of the method assuming the probing to be realized in plasma within the interval
A=0.8m corresponding to —20l, < AL <20l., where correlation length is |, =0.02m, with
spatial probing step A = 0.04l

.» which corresponds to the number of probing frequencies

N, =1000, and introduce the number of sets of random density fluctuation phase samples

Ns=500.
3.2.1.1.1. Simple Gaussian turbulence spectrum

We suppose a linear plasma density profile with the Gaussian turbulence spectrum [127]
used in the analysis:

n2 =zl e " (179)

The choice represents the simplest single-component one-parameter spectrum often used in

numerical modeling of fluctuation reflectometry as it was described in section 1.4.3.

1.0 Re CCF

=== (Gauss

0,0 ..---m.u-;fu:';°:';..'1,."....... ".."-..-,,.q..-,.-:- -
20 0 20
ALN

Figure 3.1. Signal CCF (real solid blue and imaginary dotted green) and input Gaussian TCCF (dashed
red line) calculated in the interval A =40I_. Horizontal dashed line shows the 1/e CCF level.

The calculated CCF in the interval —20l, < AL < 20l_ 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
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turbulence Gaussian correlation function (red dashed curve) and asymmetric and possesses
small, but finite imaginary part, shown by dotted line. The 1/e CCF level is shown by horizontal
dashed black line. As it is obvious, the CCF contains information on turbulence but does not
provide direct information on the TCCF. Accordingly, the calculated CCF is very peaked about
zero and shows slow logarithmic decay, unlike the initial Gaussian TCCF.

As soon as Fourier transform over signal CCF is performed we apply 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 AL
values and data processing according to (148) the real part of the reconstructed spectrum takes
a form similar to the Gaussian (see figure 3.2.). The oscillations of the real part around the
Gaussian spectrum are produced by discontinuities of the extrapolation procedure at

AL =120l . A smaller imaginary part of the reconstructed spectrum is oscillating around the

zero line. Smoothing of these oscillations results in a spectrum similar to Gaussian and

possessing very small imaginary part, as it is shown in figure 3.2.

2F — Re spectrum
—— Im spectrum
e (GAUSS
Re average
Im average

Spectrum

Figure 3.2. The computed spectrum versus normalized wave number. Reconstructed real (blue solid line)
and imaginary (green solid line) parts, averaged curves by dotted black and yellow lines, input Gaussian

spectrum by red solid line.

It is important to note that these oscillations originated from extrapolation procedure

could be removed to the matching region AL =120l by performing Fourier transform (152) of
the reconstructed spectrum over a wave number interval —2@,/C<k <2@,/C, which

corresponds to all the contribution of the Bragg scattering processes, in accordance with (59)
providing the TCCF. The result of this transformation in the same case as in figure 3.2. is shown

in figure 3.3.

80
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Figure 3.3. The TCCF (blue line) compared to Figure 3.4. Comparison of the Gaussian TCCF (real
Gaussian (red dashed line) given in relative units, part), Ns=500, Ns==1000 and Ns=10000, given in
Ns=500 in the same conditions as figure 3.1. related units in the same conditions as figure 3.1.

As it is seen there, the reconstructed real part of the TCCF recovers the shape of initial

Gaussian correlator at |AL| < 2l,. The finite value of the CCF imaginary part, as well as CCF
random behavior at |AL| > 2l, should be attributed to an imperfect averaging.

As it is seen in figure 3.4., the level of the oscillations of the reconstructed TCCF real part at

|AL| > 2l. is suppressed by increasing the averaging set from 500 to 1000 and further to 10000

samples (with reference to maximal sweeping step number, for example, on Tore Supra [128]).
3.2.1.1.2. Multi-component turbulence spectra

Using the approach based on equation (148) it is also possible to reconstruct more

complicated, in particular, multi-component spectra.

2,0

——Re —Re

Spectrum

-0,5

AL/
c

Figure 3.5.1. Figure 3.6.1.

81



Chapter III. Numerical modeling

15
E 1,0
S 05 O
o O
0
0,0
-0,5F
-1,0 . . . 05 , ) )
-10 -5 0 5 10 -10 -5 0 5 10
x| AL/
c c
Figure 3.5.2. Figure 3.6.2
2
Re
£
2
©
(]
joR
7
1 : : : 10 5 0 5 10
-10 -5 0 5 10 B B
k| AL/,
Figure 3.5.3. Figure 3.6.3.
—  Re Re CCF
—_— input CCF
10 :erut 10r A --- Ir:glrjq CCF
E LL
S
= 05 @]
o O
4]
2
0,0FW
-10 -5 OI 5 10
* AL/l
c
Figure 3.5.4. Figure 3.6.4.

Figure 3.5. Calculated spectrum versus normalized Figure 3.6. Signal CCF shown in relative units.
wave number. Reconstructed real and imaginary Reconstructed real part is presented by blue line.
parts are presented by blue and green lines Input TCCF is shown by red line, RCR CCF - by

correspondingly, input spectrum by red line. black line.

In figures 3.5.1. — 3.5.4. examples of several spectra are shown. The choice of these spectra
corresponds to possible or encountered cases. The signal CCF for each spectrum has been

compared to corresponding TCCF. The aim of these computations is to test capabilities of the
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3.2. O-mode probing in case of linear plasma density profile

numerical method to reconstruct various types of spectra and to study the behavior of signal
CCF and TCCF depending on distribution of spatial scales in spectra.
As we began with the Gaussian spectrum in section 3.2.1.1.1 we consider double-Gaussian

spectrum shown in figure 3.5.1. This spectrum is notable for its decrease in the region |K‘|C| <3

which cause sigh changes in the TCCF shown in figure 3.6.1.

As a more realistic example of spectrum we choose the exponential turbulence spectrum
A? = 0.5|Cef"(‘Ic shown in figure 3.5.2. observed in experiments [47, 129], with a flat part (figure
3.5.3.) and suppressed at small wave numbers |K‘|C| <1 (figure 3.5.4.) reproducing discontinuity

very well, in order to demonstrate the accuracy of very sharp spectral reconstruction. The signal
CCF (dashed curve in figure 3.6) as in the example of previous section is also much broader
than the input TCCF.

These spectra being treated in agreement with equation (148) (blue line real part in figures
3.5.1. — 3.5.4.) coincide with the input exponential spectrum (red line), imaginary part (green
line) is oscillating around the zero line. Oscillations of the reconstructed real part of the
spectrum around the initial one are produced by input signal CCF discontinuities in the
extrapolation region and can be suppressed by increasing of number of sets of random phase
samples as it was shown in section 3.2.1.1.1. The TCCF resulting from the spectrum Fourier
transformation (blue line real part in figures 3.6.1. — 3.6.4.) fits the input one, as in case of

Gaussian spectrum (see figure 3.3). The signal CCF shown in figure 3.6.4. possesses oscillatory

behavior and changes sign due to spectrum suppression in the region |K‘|c| <1 by analogy with

signal CCF shown in figure 3.6.1.

Summarizing we underline that numerical computations presented in this paragraph
distinctly demonstrate the capability of the proposed method to determine different kinds of
radial wave number spectra even containing discontinuities and the associated CCF accurately.
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.
3.2.1.2. CCF and spectrum reconstruction in conditions relevant to experiment

The role played by simulations is essential for setting the experimental parameters. The
numerical computations are required to determine the parameters in the frame 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.
83



Chapter III. Numerical modeling

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 A =40l_ 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. shows the reconstructed Gaussian TCCF for realistic cases A =4l  (a) and (b).
The computations are done for the parameters of large machine. It is clearly seen from figure

3.7. (b) that the probing interval A = 2, is not sufficient to provide the correlation length within
the error level of 25% in contrary to the interval A =4l_, figure 3.7. (a), where the error is less

than 5%. Furthermore the shape of the TCCF can be determined from the figure 3.7. (a).
Therefore we demonstrate numerically that the probing interval corresponding to technical

possibilities which also allows turbulence characteristics reconstruction is A > 2l .

CCF
CCF

0 - -2 0
AL ALN

Figure. 3.7. The TCCF, A =4l (a) and A=2I_(b). Input TCCF is shown by red line, reconstructed CCF

by blue line (real part) and green line (imaginary part).
3.2.1.2.2. Realistic spatial probing step

The evaluation of the CCF used for the reconstruction in figure 3.1. was performed with fine

spatial resolution within a wide region (1000 points within the A =40l  interval), which

corresponds to probing with a very detailed resolution and in a very wide range unrealizable in
experiment. In more realistic conditions of only 16 RCR measurements the reconstruction of the

TCCEF is also feasible, as we show in figure 3.8. based on the RCR data obtained at A =10l
(-5l, < AL <5, ) with the signal frequency cut-off step oA = 0.08l, and 0A =0.641_ (figure 3.9.).

Comparing the result of TCCF reconstruction for the two cases it is possible to draw a

conclusion that though the reconstruction for 9A = 0.64l, possesses an oscillatory structure due
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3.2. O-mode probing in case of linear plasma density profile

to spatial discretezation effect and discrepancy caused by extrapolation procedure, nevertheless
it is still conceivable to determine the TCCF and correlation length therefore we consider the

probing step oA = 0.64l_ to be enough for reconstruction.

——Re, 0.08lc 1,0} A
—s— Im, 0.08l! | .
10r A vg;,%.ezuf: | 0.641c
o M Im, 0.64lc |
—— Gauss
S v
0,5
S 3)
~No
0] EENPRPS~/ P S— 0,0p—ll J N
) > : 5 7 -10 -5 0 10
A ALN,

Figure 3.8. CCF shown in relative units for Figure 3.9. TCCF reconstructed at A=10l,
O0A =0.08l, (blue crosses real part and green crosses A = 0.08l, (blue line) and A =0.641, (cyan line).
imaginary part) and JA =0.64l; (cyan squares real

part and green triangles imaginary part). Input

TCCF is shown by red line.
3.2.1.2.3. Reconstruction in presence of uncorrelated noise

In this sub-section we study limitations of the reconstruction procedure associated with
broadband noise. We model it as the white noise in the following way A, = A +77Agei¢(w")
where A is the measured signal, A is the scattering signal, 77 is the noise level, p(®;) -

random uncorrelated phase.
Here we represent the numerical simulation results obtained only for noise level of

17 =1.0, whereas for the wide range of parameters (noise level 0.1<7 <1.5) the simulations

were held as well. Figure 10 shows the CCF computed for Gaussian spectrum fi> = \/Elcefls'(z/ ¢
in the case of 7=1.0 and N+=500 random phase samples by the solid line the real part and
dotted line the imaginary part. The CCF oscillations could be reduced by increasing the number
of sets of samples up to Ns=10000 (see figure 3.10.). It could be seen that the maximum value of
CCF is damped due to the presence of noise in comparison with figure 3.1.

In figure 3.12. we represent the turbulence radial wave number spectrum for N+=500. The

Gaussian spectrum kernel is observable there at —=5< «l, <5 (shown by vertical dashed lines)

however the noise level at wings is very high, not allowing the TCCF reconstruction (see huge
oscillations in figure 3.13). We overcome the oscillations by decreasing the spectrum interval

used for the Fourier transform. Thus, to obtain the TCCF shown in figure 3.14, we process the
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spectrum from figure 3.12. in the interval -5 < k1. <5. Therefore despite the high noise level

there is still a possibility to select a spectrum interval for the Fourier transform which allows to
decrease the oscillations in the TCCF. Meanwhile using the CCF computed for increased
number of samples N=10000 (see figure 3.11.) we are able to apply the Fourier transform

directly to the interval —20 < xl. <20 as presented in figure 3.15., though we should mention

that this method is rather difficult to be realized in experiment.

0'8 [
[ —— Re CCF|
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Figure 3.10. CCF at 77 =1.0, Ns=500. Figure 3.11. CCF at 77 =1.0, Ns=10000.
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Figure 3.12. Spectrum at 77 =1.0, Ns=500. Figure 3.13. TCCF reconstruction at 77=1.0,

Ns=500, spectrum interval —20 < I, <20.

Figure 3.14. The TCCF reconstruction at 7=1.0, Figure 3.15. The TCCF reconstruction at 7=1.0,
Ns=500, spectrum interval -5<«l, <5. Ns=10000, spectrum interval —20 <« <20.
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3.2. O-mode probing in case of linear plasma density profile

3.2.1.2.4. Reconstruction in the condition close to experiment

Accounting for realistic experimental conditions we select from the CCF shown in figure

3.12. only 11 points in the probing range A=3.2l (-1.6l, <AL<1.6l ) with resolution
corresponding to 0A = 0.32l_ (circles in figure 3.16. showing the points to be taken from the real

part of the CCF) and extrapolate by exponential function further (blue squares) to the region

—20l, < AL <20l . The TCCF reconstructed from the CCF shown in figure 3.16. is shown in

figure 3.17. in comparison to input Gaussian TCCF (red line). Therefore we underline that the

proposed procedure gives proper correlation length and shape of TCCF even in very strict

conditions.
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Figure 3.16. CCF cutat A=3.2]_and A =0.32l,.  Figure 3.17. The TCCF reconstruction from CCF

shown in figure 3.16.
3.2.2. Reconstruction of the turbulence spectrum and CCF for small machine

In this section we study the feasibility of the proposed wave number spectrum
reconstruction procedure to explore quite different conditions when unlike previous cases the
size of the probing region is comparable to the probing vacuum wavelength. This case
corresponds to a study 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. For example at small

research FT-2 tokamak it is given by L,f,/c ~5.3 where the reference frequency is f=40.1GHz

and the reference frequency cut-off position is Lo=0.04m. Nevertheless, according to
experimental results [40] 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.
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Chapter III. Numerical modeling

3.2.2.1. Standard conditions of reconstruction at FT-2

We make firstly computations using the following parameters: central plasma density
n=4.10" m?, probing frequency range for O-mode 21.1GHz < f <52.7GHz which corresponds

to probing interval 0.01m<L<0.07m, Gaussian radial wave number spectrum fiZ = \/Zlce_'cz’(z/ ‘,

correlation length |, = 0.02m; number of sets of random phase samples Ns=500.

15

1,0f

CCF
CCF

0,5¢

0,0f

-0,5

0,00 0,02 0,04 0,06 0,08 -2
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Figure 3.18. Signal CCF (blue line real part and Figure 3.19. TCCF (real part by blue line and
green line imaginary part) and TCCF (red line) imaginary part by green line) compared to the
shown in relative units. Dashed-dotted vertical input TCCF (red line) shown in relative units.
lines show the probing interval used for

computation.

The RCR CCF computed in the corresponding interval —1.5I. < AL <1.51; (solid line in

tigure 3.18.) possesses slow decay as it has been proved above. Also it can be clearly seen that

the kernel of the reconstructed TCCF fits well the input Gaussian TCCF (see figure 3.19).
3.2.2.2. Optimized reconstruction in more realistic conditions

Secondly we reduce the probing interval and change the calculation parameters as follows:

reference frequency f,=31.7GHz, reference cut-off position L,=0.05m; probing frequency
range for O-mode 24.5GHz< f <37.5GHz which corresponds to probing interval
0.03m<L<0.07m. The signal CCF computed in the interval —|. <AL <|_ is shown in figure 3.20.

by the blue line the real part and green line the imaginary part, red line shows the input
Gaussian TCCF. As it was mentioned before that the behavior of the signal CCF and the initial
TCCF is different. The TCCF is reconstructed rather precisely as it is shown in figure 3.21. in
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3.2. O-mode probing in case of linear plasma density profile

spite of the fact the plasma size in FT-2 is only 10 wave lengths and the turbulence correlation
length is only twice larger then it.

It is important to note that the probing range must be no less than A = 2l_ correlation lengths
to obtain 10% error reconstruction on FT-2 tokamak. The discrepancy between the
reconstructed TCCF and the input one could be explained as a consequence of small parameter
|AL|/ l. =1. According to the framework of the proposed method it is applicable for higher

densities (1:=8.0 10 m=?) subject to utilizing higher frequencies up to 80GHz and probing range
A =8l .

1,0} 1,0t
LL LL
S o5 Q 08
0,0} 001
-2 -2 -1 1 2

Figure 3.20. RCR CCF (real part by blue line and Figure 3.21. Reconstructed TCCF compared to the
imaginary part by green line) compared to TCCF input Gaussian.
(red line).

3.2.3. Amplitude CCF computation

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

plasma density profile according to formula:

(At (A @) (A -(Aw@)

J<(|Ag(wo>|—<|a<wo>l>)z>s <(\Ag<wj)\—<\/x(wi)\>)z>s

Computation parameters are the following: plasma size: a=0.1 m, reference cut-off:

L, =0.09m, reference frequency: f,=40GHz, (@, =2.51-10"rad /s, A, =0.0075m). The

ACCF (') =

(180)

radial wave number spectrum is modeled as:
1 0< |K| < Koy

. (181)
0, otherwise

on(x) ={

The correlation length is related to the spectral width via |, =2.1/x,,, .
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Chapter III. Numerical modeling

We consider several cases, the scan in the radial correlation length is |C / Ay ® 0.4-2, the

computed ACCFs are shown in figure 3.22.1. — 3.22.4. 1D computations show that although the

correlation length of the ACCF is significantly shorter than the correlation of reflectometry

signals, the ACCF decay is slower than TCCF for all cases in linear regime. It is possible to draw

a conclusion that the result of 1D computations differs from the result show in [130]. The

measurement of radial correlation length can not be obtained from the amplitude signal in the

linear regime.

1,0

0,8

0,6

CCF

04

0,2

0,0

-0,2

-0,020

Figure 3.22.1. Signal CCF, ACCF and TCCF.
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Figure 3.22.3. Signal CCF, ACCF and TCCF.

/2, ~25, I, =0.01875m, K. =112m™,
o =0.003m
3.2.4. Inhomogeneous turbulence

0,0 | -

Figure 3.22.4. Signal CCF, ACCF and TCCF.
|,/ 4 ~6.67, 1, =0.05m, x,, =42m™, a=0.003m

In this section we consider inhomogeneous turbulence spectra and reconstruction of the

turbulence suppression in internal transport barriers (ITBs). In order to show the possibility to

detect transport barriers it is very important to perform the numerical modeling in case of
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3.2. O-mode probing in case of linear plasma density profile

inhomogeneous spectrum. We model the ITB in the following way: the correlation length of

Gaussian spectrum changes from |, =0.0Im at 0.37m <L <0.43m to |, =0.02m for other cut-

offs.
e 10p R (CCF)
L [, =1cem ﬂ = = =Im (CCF)
08 = 08 =
T
8 06 06

o
-
L)

04 b

turbulence CCF

02 =

0o

(LoL)ic

Figure 3.23. CCF, reference cut-off L, =0.4m Figure 3.24. The TCCF reconstruction, I, =0.01m

Figure 3.23. presents the signal CCF, vertical red lines show the probing limits
0.37m < L <0.43m which correspond to the boards of the ITB. The reconstructed TCCF is
shown in figure 3.24. by black curve possesses the correlation length |, =0.01m . Therefore we
show the locality of the method able to reconstruct local parameters of turbulence inside the
ITB.

Probing limits shown by red lines in figure 3.25. are 0.2m <L <0.8m for the reference

frequency cut-off position L, =0.5m. The shaded area shows the zone where the turbulence

spectrum changes. It is worth to underline that the obtained result (figure 3.26) in the presence
of inhomogeneity fits the initial TCCF (shown by red line). Thus we demonstrate high local
sensitivity of the method to turbulence properties outside the barrier. The quality of local

parameter reconstruction is not affected by presence of ITB inside the probing zone.
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Figure 3.25. CCF, reference cut-off L, =0.5m
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Chapter III. Numerical modeling
3.3. O-mode probing in case of density profile close to experimental one

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.
3.3.1. Tore Supra - like plasma density profile

A synthetic density profile according to experimental data [121] has been generated using

four parameters and can be written as following:

n(x):nc-0.5(1+th(a(x—xa)))-[l—(x_a—sz)zJ (182)

where o =80m™, x, =0.05m, x, =0.8m, a :gm, n, =3.9-10%cm™ (see figure 3.27.).

10k Re CCF
Im CCF
Turb CCH
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05F
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0,0 |-
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ll 1 1 1 : 1 1 1 1 1
04 0,2 00 02 04

0,0 0,2 0,4 0,6 08
X, m (L-L).m

Figure 3.27. Density profile for Tore Supra as a Figure 3.28. The RCR CCF (real part by blue line

function of radial position. Dashed lines show the and imaginary part by green line) compared to the

computation probing interval. TCCF (red line) shown in relative units.

Modeling is performed within the O-mode reflectometer bandwidth 30GHz < f <60GHz,

which corresponds to rather wide probing interval 0.075m<L<0.719m shown by vertical dashed

lines in figure 3.27.; reference frequency: f, =47GHz; reference frequency cut-off position

L, =0.36m. Averaging is performed over ensemble of Ns=500 random phase samples. The

turbulence spectrum used in the analysis given by [47]:
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3.3. O-mode probing in case of density profile close to experimental one

1|«|<lem™
onZ={x7lem™ < |x|<6cm™ (183)
K_6,|K| >6cm™

is shown in figure 3.29. by red line.

Re Spectrum
Im Spectrum
Input

Spectrum
Turbulence CCF

) ) )
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K*l, (L-L).m

Figure 3.29. Calculated spectrum versus Figure 3.30. TCCF (real part by blue and imaginary
normalized wave number. Reconstructed real part part by green) compared to input TCCF (red) shown
(blue), imaginary part (green) and input spectrum in relative units.

(red).

In figure 3.28. we present the numerically calculated signal CCF (blue line real part)
compared to the TCCF (red line). The reconstructed turbulence wave number spectrum (blue
line real part) compared to the input one (red line) is shown in figure 3.29. The same
comparison is shown in figure 3.30. for the reconstructed TCCF (blue real part). It is clearly seen
from these figures that though the inverse relation was derived from equations for linear
plasma density profile it is applicable at more complicated monotonic smooth plasma density
profile and provides the width of the spectrum, its shape and correlation length from

computations.
3.3.2. Plasma density profile with a steep gradient

We model a synthetic plasma density profile shown in figure 3.31. close to JET profile and
baseline scenario profile at ITER machine (see figure 3.32.) by introducing the following

parameters to the expression (182): a = 100m™, X, = 0.045m, x, =0.8m, a?=2.55m?.

Calculations have been performed in two principal cases. Firstly we simulate probing in the

interval 0.01m<L<0.128m, at reference frequency f, =73.3GHz. Plasma density profile is no

more linear however we apply the reconstruction procedure derived in case of linear density
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Chapter III. Numerical modeling

profile (148). Therefore we suppose that locally plasma density profile is linear and substitute

the reference cut-off position with local gradient scale L, =0.069m . Input radial wave number

spectrum is shown in figure 3.29. by red line and is similar to that one used in previous

subsection. Probing interval covers steep gradient zone as well as transition zone to the smooth

profile. Changing of gradient complicates the reconstruction due to the diagnostic is local and

provides information on turbulence properties at the position of reference cut-off.

Reconstructed TCCF compared to the input one is shown in figure 3.33. Due to strong plasma

density profile asymmetry we obtain some discrepancy between these two functions,

nevertheless it can be asserted that the TCCF is reconstructed qualitatively.

n(x), E19 m*

= Synthetic profile
— JET profile

s

3 04 05 06 OF 08

0,9

Figure 3.31. Plasma density profile, dashed lines
show the cut-off positions L,=0.069m (1) and

L,=0.3m(2), dash-dotted Ilines show

corresponding probing range boundaries.
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Figure 3.33. TCCF, L, =0.069m, A =0.118m.
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Figure 3.32. Profiles as a function of normalized
radius for electron density, for baseline (131498, in
red), steady-state (131198, in black), hybrid
(131711, in green) and AI (133137, in blue) scenario
plasmas. Taken from [131].
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3.4. Synthethic X-mode RCR experiment

Secondly we model the probing held within the spatial interval 0.2m<L<0.4m covering

smooth plasma density profile, reference frequency is f, =78.6GHz corresponding to the local
gradient scale L,=0.3m, the reconstructed TCCF (blue) coinciding to the input one (red) is

shown in figure 3.32.
Computations discussed in this subsection prove the applicability of the method in case of
probing in the steep gradient zone of plasma. This result offers opportunities of measuring

plasma properties in pedestal of ITER and JET huge machines.
3.4. Synthetic X-mode RCR experiment

Till now we have considered wave propagation in O-mode. Usually in experiments X-mode
wave is used to reach the high field side of the torus. In order to test the reconstruction of
plasma turbulence properties in real experiment, simulations were undertaken in conditions of
shot #47669 performed in June 2011 at Tore Supra machine. Experimental plasma density
profile and magnetic field profile are shown in figures 3.35 and 3.36 correspondingly.

These simulations are focused on studying the quality of reconstruction in Tore Supra
experiment in idealistic conditions not taking into account MHD activity in the center of plasma

and considering only the impact of homogeneous turbulence to the signal RCR CCF.

- Magnetic field profile

Plasma density profile

22 24 26 3 3.2 34
R, m

Figure 3.35. Plasma density profile, shot #47669, Figure 3.36. Magnetic field profile, shot #47669,

4 16 1

t=9.55s, Tore Supra. t=9.55s, Tore Supra.

Probing frequency range was chosen according to the settings of the D-band (110-150 GHz)
X-mode reflectometer installed at the low field side of Tore Supra tokamak

135GHz < f <145GHz corresponding to the probing interval 1.85m<x<2.15m shown in figures
3.35. and 3.36. by vertical dotted black lines. Reference frequency f, =140GHz corresponds to
reference cut-off position Ro= 0.85m shown in figures 3.35. and 3.36. by vertical dashed red line.

The number of frequencies is N =110 that corresponds to spatial probing step and frequency
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Chapter III. Numerical modeling

step 0A=3mm of the order 6f =97MHz. The statistical averaging was held over Ns=500

random samples. The input turbulence spectrum is specified as [134]:

1, |zc|<1cm‘l
2 _ -3
oni=q_x* > Lom (184)
(1+ K2)2

shown in figure 3.38 by red line. The number of wave number modes N_=10000 is specified
within the wave number interval |K‘| <10cm™.

We compute RCR CCF numerically for these parameters in Born approximation according
to procedure described in subsections 3.1.1-3.1.3. Further we apply to this simulated RCR CCF
the spectrum reconstruction procedure (148).

In figure 3.37. we show the X-mode refractive index dependency on the radial position. In
both cases of the cut-off position before (1) and behind (2) the density peak the refractive index
can be assumed to be close to linear as soon as we suppose that plasma density profile is close
to linear in the vicinity of the reference cut-off position. Taking this into account we use formula
(148) derived in case of O-mode probing of linear profile to realistic experimental case and

check the capability of this procedure numerically.
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Figure 3.37. Refractive index of the probing X-mode Figure 3.38. Turbulence spectrum reconstruction
wave for cut-off positions (1) X, =2.66m and (2) compared to the input one. Black lines show the

X, =1.96m . interval taken for Fourier transform.

In figure 3.38. the reconstructed turbulence spectrum (blue real part) in comparison to the
input spectrum (red line) is shown, the complicated ~x ' dependency is followed by the
reconstructed spectrum however the flat part of the spectrum is not reconstructed perfectly. The
error level is estimated by imaginary part oscillations and reaches 30% level that could be
explained by discontinitues produces by extrapolation procedure and discontinitues in wave

number spectrum.
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3.5. Summary

In figure 3.39 we show RCR CCF (blue line) which as in O-mode probing case possesses
slow logarithmical decay comparing to the input TCCF (red line). The reconstructed TCCF
comparing to the inpur one is shown in figure 3.40. by black (real part) and green (imaginary

part) lines.
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Figure 3.39. RCR CCF (blue line real part, green Figure 3.40. Reconstructed TCCF (black line real
line imaginary part) and input TCCF. part and green line imaginary part) and input

TCCE (red line).
3.5. Summary

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 N_ =80..150, probing
step OA =1..5mm and probing frequency step ¢ f =50..150MHz .

It is also necessary to mention that the spectrum reconstruction procedure developed for O-
mode linear plasma density profile needs to be improved to be applied for X-mode arbitrary

profile case to decrease inaccuracy of reconstruction.
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Chapter IV

Applications to experiments

Previous Chapters of this thesis covered theoretical background of RCR applications and
numerical 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 reconstruction undertaken before results described in this section are preliminary and
are focused on estimation of experimental parameters and settings. Besides that the more
ambitious task was to estimate and compare turbulence parameters such as correlation length,
radial wave number spectrum and turbulence spatial CCF in small and large machines and give
an 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 software and data interpretation methods
for each experiment.

This 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.
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4.1. General remarks on data analysis

4.1. 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.
However the reflectometer principal scheme is similar and the reflectometry signal acquisition
is realized in the same way as well as statistical analysis. The former numerical computations
specify general experimental parameters such as probing interval, step and statistics depending
on experimental conditions. In this section we summarize these findings and determine

necessary parameters for data analysis.
4.1.1. Reflectometer generic scheme

Firstly we precise a simplest synthetic circuit of heterodyne reflectometer in figure 4.1.
Refectometers consist of a microwave source, transmission lines and a detection system. The
microwave source is typically a solid state oscillator with a frequency range dependent on the
applied voltage and semiconductor structure. Transmission lines are generally low-loss
oversized waveguides since the microwave source and detection system are usually located at a

great distance from the plasma.

microwave
source —|

r

reference signal

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

Combiner

Low Pass
Filter

Figure 4.2. Simplified radial correlation reflectometer circuit diagram. Taken from [132].
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Chapter IV. Applications to experiments

In this Chapter three different reflectometer systems will be discussed further for Tore
Supra, FT-2 and JET tokamaks. Typical scheme of two-channel correlation reflectometer is

shown in figure 4.2

4.1.2. Quadrature phase detection

The hardware used in this thesis exploits heterodyne detection which is applied for
amplitude and phase fluctuations detecting. For full information on the spectral characteristics
of the received signals, quadrature detection is required. The reference and received signals

enter a so called IQ detector. In figure 4.3 the circuit diagram of an IQ detector is shown.

reference

90° E5
shift
]

Figure 4.3. Circuit diagram of an IQ detector.

The signal received is obtained as the complex amplitude signal. It is mixed with the

reference signal and the two components are obtained: in-phase (I) component and 90° -

quadrature (Q) component:
A(F, ) =1(f,1)+iQ(f,t)=A(f,t)cosd(f,t)+iA(f,t)sind(f,t)=A(f,t)e*" (185)
where fis a probing frequency, t is a moment of time.
I(f,t)=A(f,t)cosd(f,t) (186)
Q(f,t)=A(f,t)sind(f,t) (187)
The amplitude and phase are obtained from the signal:
A =JAA =17 +Q? (188)

0= arctan% (189)

Since the phase is changing in time the angular velocity is given as:
do
_do(f,y
dt

The received signal is complex therefore both the positive and negative frequencies are resolved

(190)

and the fluctuation spectra are two-sided. In this work the IQ-detection is used.
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4.1. General remarks on data analysis

4.1.3. Probing range and step

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 out in Chapter III for satisfactory reconstruction the

minimum probing range is limited by A =4l therefore its is 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 sweeping channel. Plateau

duration t,,.,, and time step t, determine the number of steps within a plateau:
N _ tplateau 191
plateau — t ( )

step

L | | ==sweeping channel
== reference channel

plateaus

SN
- _I—’ window

0 t s At

f, GHz

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

The received signal is discrete and depends on time point A (f,t) where t; is the moment

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

number of points per plateau:
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Nwindow =N plateau Na) (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 N, and number of turbulence frequencies N :

N, e = No - N, (193)

plateau

The summation is carried out over 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
correlation time. Therefore, the total number of points in a window is limited and we should

balance between increasing N, N, or N :

Nygon = N, - Ny N (194)

window

In other words, N is dictated by probing range and step limits, N, should correspond the

required turbulence frequency resolution, N, should be enough for satisfactory statistical
averaging. Finally, having fixed the parameters, we obtain the signal RCR CCF depending on
probing frequency (or cut-off) difference Af for each turbulence frequency Q separately.

All these parameters are determined individually for each reflectometry system.
4.2. Results of RCR experiment at Tore Supra

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

Tore Supra machine was described in section 1.3.1.1. In this section we discuss experimental
results obtained during the campaigns on the 24" of November 2010 and on the 23 of June
2011. The aim of experiments is to determine plasma turbulence characteristics using the fast-

sweeping correlation reflectometer installed on Tore Supra.
42.1. Reflectometers at Tore Supra

A list of the reflectometer systems installed at Tore Supra is given in table 4.1. For more

detailed information the reader is referred to [34].

Table 4.1. List of reflectometers installed at Tore Supra

Reflectometer type Year Probing range

O-mode 1995 [121] 26-36 GHz
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4.2. Results of RCR experiment at Tore Supra

X-mode (V-band) 2003 [121] 2009 (upgrade) 52-78 GHz
O-mode (V-band) Doppler setup 2004 [121] 50-75 GHz
X-mode (E-band) 2011 [133] 60-90 GHz
X-mode (W-band) 2003 [128] 2009 (upgrade) 74-109 GHz
X-mode (D-band) fast-sweeping 2010 (upgrade) [121] 110-150 GHz

Tore Supra is equipped with profile reflectometers covering V and W bands, a fluctuation
one on the D band and a Doppler setup using the V band [128]. All the Tore-Supra
reflectometers have the similar design based on a heterodyne detection achieved thanks to a
Single Sideband Modulator (SSBM). The scheme of V and W band fast-sweep reflectometers is
shown in figure 4.6 [121].

VCO
~_ k(F+m) ) Esf SSBM £ 12-20 GHz
{F+fm +fm —
Bt )
Plasma @
MIXER
yr
_.\"\ JRF -~ 0L, KF k|
/ k.[F+1’m]-Fb"\--lF--> ! T Delay line
fm
300 MHz
l k.fm - Fb k|
Filter width k.fm l
300 MHz
— A.sind
1.Q.
—A.cosd

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

Measurements discussed in this section were made using D-band upgrade fast sweeping
reflectometer. This reflectometer was primary designed to study density fluctuations by doing
steps of fixed probe frequencies. Thanks to a fast switch, the D-band reflectometer can now

perform during the same shot frequency steps and fast sweeps [135].

4.2.2. Phase calibration

The waveguide dispersion and the vacuum propagation is removed using a wall reflection

signal which is acquired before each shot. The calibration phase ®_ is extracted by

unwrapping the angle of the complex signal. Phase in vacuum for reference and sweeping

frequencies:
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® =2(L, - L) w/c (195)
where L =1.54m the inner wall coordinate, L, =3.2m plasma boundary, L,=4.4m the

position of the receiver. The phase collected in waveguides is computed as:

D, =D, —D (196)

I/Q receiver

plasma

Figure 4.7. Phase in waveguides and inside the Figure 4.8. Phase in waveguides, vacuum and

vacuum vessel without plasma. plasma.

In plasma, the phases of X-mode are given by:

¢=2.f,/glﬂdx (197)
C
L
where X_is the cut-off position and the permittivity is given by
2 2 2
@ 0 -0
&= 1——2% (198)
o (0" - w, —

Phase of the propagation in vacuum between plasma and receiver:
v =2(L-L,)0fc (199)
The total phase contains the part collected in the waveguides, the part in vacuum and the
part obtained due to propagation in plasma:

Dy =@y +y + ¢+ 5D (200)

total
where 5D is a fluctuating phase. As we analyze the fluctuating phase the rest terms should be

removed by multiplying the weighting function g [Pwtvdl,

Finally the correlation function is computed according to the phase correction:
CCF (AL) _ <A5 (0)0) A:(a))> e—i[(%+‘l/o—¢—u/)+((®ca|o—‘bo)—(fbcm -0))] (201)

where index “0” corresponds to the reference frequency.
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4.2.3. Data analysis and interpretation

In this section we describe several RCR measurements held at Tore Supra tokamak using

the D-band of X-mode reflectometer from the low field side of the torus.

423.1. Probing with equidistant spatial step

In this section the interpretation of RCR measurements held during shots #46323 and

#46333 are presented. Plasma core was probed by N, =80 electromagnetic wave with probing
frequencies 115GHz < f <135GHz with equidistant spatial step A =0.6cm within the
probing interval 2.24m<R<2.74m (0<r/a<0.6), reference frequency was f, =125GHz
possessing probing wave length A4 ~ 0.2mm . The parameters of probing are as follows: N =250,

N, =100.

i i

6 ! ! 4x10" 4
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3x10° 4
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Figure 4.9. Magnetic field profile, shots #46323 and Figure 4.10. Plasma density profile, shots #46323
#46333. Vertical dashed line show probing interval. and #46333. Vertical dashed line show probing

interval.

Figure 4.11. Signal frequency spectrum, shot #46323(a) and shot # 46333(b).

107



Chapter IV. Applications to experiments

Magnetic field profile is shown in figure 4.9, plasma density profile is presented in
figure 4.10. Vertical dashed lines show the spatial probing interval in the center of plasma.
Actually the probing interval covers the very center of plasma nd the top of plasma density
profile where strong MHD activity takes place. This strongly influences on obtained result
overlapping the information in the received signal coming from turbulence.

In figure 4.11 it is clearly seen that signal frequency spectrum possesses a shift of ~0.5kHz,

moreover parasitic frequencies could be observed on the both spectra for shots # 46323 (a) and

#46333 (b).
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Figure 4.12. Absolute value of experimental signal
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interpolation (red line), shot #46323.
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Figure 4.14. Experimental signal RCR CCF real

(blue line) and imaginary (green line) parts, shot

#46333.
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Figure 4.13. Absolute value of signal RCR CCF

(black line) compared to normalized reconstructed

TCCEF (red line), shot #46323.
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Figure 4.15. Absolute value of experimental signal
RCR CCF (black
interpolation (red line), shot #46333.

squares) and smoothing

Signal RCR CCF real (blue) and imaginary (green) parts shown in figure 4.14 (shot #46333)

demonstrate oscillatory behavior with slowly decreasing amplitude with growing distance from
the reference cut-off position. The maximum value of the signal RCR CCF absolute value is

damped for both shots #46323 (see figure 4.12) and #46333 (see figure 4.15) due to the presence
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4.2. Results of RCR experiment at Tore Supra

of background experimental noise caused by hardware and cross talk of the probing signals.
Red line in figures 4.12 and 4.15 shows the result of the 5-point averaging smoothing
interpolation procedure applied to the CCF functions in order to apply further Fourier

transform and inverse procedure (148).
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Figure 4.16. Absolute value of signal RCR CCF (black line)
compared to normalized reconstructed TCCF (red line), shot #46323.

In figures 4.13 and 4.16 vertical dashed line shows the positions at which the RCR CCF is cut
and further extrapolated by decaying exponential function. TCCF is shown by red in these
figures. Obviously the turbulence correlation length is significantly smaller than signal RCR
correlation length however this result is preliminary and allows only approximate estimation of
turbulence correlation length of the order | =5mm at reference cut-off position R=2.45m

(r/a=0.27) comparing to the signal RCR correlation length of the order | ~4cm. This also

implies that chosen spatial probing step is two times larger than is was required after numerical

simulations in Chapter IIIL.

4232.  Probing with exponentially growing spatial step

RCR measurements have been held at Tore Supra tokamak (shots #47669-47686) during
summer 2011 campaign using the D-band of the X-mode reflectometer installed from the low

field side of the torus. List of shots is shown in table 4.2.

Table 4.2. List of shots of the campaign on the 23 of June 2011.

Shot No Conditions Frequency range, GHz, Reference
(Number of frequencies) frequencies, GHz
47669 - I=1250A 133..143 (20) 138, 5 windows
47670 : 5 plateaus Ip 113..123 (20) 118, 5 windows
47671 -1 119..129 (20) 124, 5 windows
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47672 -1 1--- 125..135 (20) 130, 5 windows
47673 | -1 1--- 131..141 (20) 136, 5 windows
47674 | ---11--- 137..147 (20) 142, 5 windows
47675  ---11--- 143..153 (20) 148, 5 windows
47676 - -—-11-- 116..126 (20) 121, 5 windows
47677 -1 1--- 122..132 (20) 127, 5 windows
47679 | ---11-- 145..155 (20) 150, 5 windows
47680  Ip=0.9MA, 4 plateaus n. - 110..120 (20), 113..123 (20) 115,118
47681  -—-11-- 116..126 (20), 119..129 (20) 121, 124
47682 -] |--- 122..132 (20), 125..135 (20) 127,130
47683 | -1 1--- 127..137 (20), 131..141 (20) 133, 136
47684 - ---11--- 134..144 (20), 137..147 (20) 139, 142
47685 -1 1--- 140..150 (20), 143..153 (20) 145, 148
47686  ---11--- 140..160 (20), 147..157 (20) 150, 152
47689 | I, =0.9MA 113..123 (20), 120..140 (20) 118, 130

The target of the campaign was to follow the evolution of the turbulence correlation length
at fixed position depending on plasma density or plasma current. Shot #47669 was held with
stationary parameters and was performed in order to obtain result with maximum statistics and

will be considered further.
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Figure 4.17. Plasma current plateaus (a) and plasma density plateaus (b) evaluation during shot #47670.

During each of shots ##47670-47679 plasma 5 plateaus of plasma current have been realized
(see for an example of shot #47670 figure 4.17(a)). As it could be seen from figure 4.17(b) (shot
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4.2. Results of RCR experiment at Tore Supra

#47670) plasma density at fixed position r/a=0.5 has been changed as well according to
plasma current. Unfortunately during each plateau plasma parameters were not stationary and
therefore RCR results are not reliable for this set of shots.

Firstly we discuss the data obtained during the shot #47669 due to sufficient statistic for the
analysis, plasma density profile (t=7s, f,=138GHz, R, =2.024m) is shown in figure 4.18.

Black vertical lines show the spatial probing interval A which is situated at the high field side

of the plasma in the close to linear plasma density profile behavior region.
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Figure 4.18. Plasma density profile. Shot #47669, Figure 4.19. Shot #47669. Cut-off position versus
t=7s, f, =138GHz, R, =2.024m. probing frequency.

Exponentially growing distance between the cut-off positions was chosen for the

experiment (20 points per ~ 25cm, corresponding to f =138+5GHz), see figure 4.19.

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

In figure 4.20 the plasma density dependence on time at R=2.024m is shown. The window

parameters are as follows: N_=20, N,=100, N,=100 that corresponds to the turbulence
frequency range AQ=1MHz, time step Ot =1uS window duration At=2s.We indicate the

time positions of the windows by red circles. It is clearly seen that plasma density is stable from
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t=4s till t=15s. Frequency spectrum ( f; =138GHz ) is shown in figure 4.21. The averaging is held

over 5 windows of the shot #47669.

omega, Hz

Figure 4.21. Shot #47669. Frequency spectrum.

Exponentially growing sweeping frequency step allows from the one hand to measure the
vicinity of the reference cut-off position more carefully and simultaneously to pay less attention
to the tail of signal RCR CCF. On the other hand unfortunately this choice of the frequency step
introduces additional difficulties into data interpretation. Thus the first step of data analysis
according to (148) is FFT applied to measured RCR CCF that requires equidistant spatial step of
measurements. In order to compensate the shortage of points in the RCR CCF the cubic spline
interpolation procedure is applied. The example of comparison between the RCR CCF before

and after interpolation is shown in figure 4.22 (real part) and figure 4.23 (imaginary part) for
Q =160kHz.
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Figure 4.22. RCR CCF and interpolations, real Figure 4.23. RCR CCF and interpolations,
part. Q=160kHz imaginary part. Q =160kHz

The waveguide dispersion and the vacuum propagation is removed using a wall reflection
signal which is acquired before each shot. The calibration phase @, is extracted by
unwrapping the angle of the complex signal according to (201). It is clearly seen that after phase
correction the real part of the signal RCR CCF almost coincides the absolute value of the CCF

and imaginary part oscillates around zero (see figure 4.24).
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Figure 4.24. Shot #47669. RCR CCF real part (blue),
imaginary part (green) and absolute value (red). Q =100kHz .

The turbulence radial wave number spectrum was reconstructed according to (148) in the
range of turbulence frequencies AQ =1MHz after the extrapolation procedure at AR =0.02m.

The spectrum reconstructed from the experiment agrees with the behavior n’ocx ™ for
5cm™ <|K|<1Ocm’1obtained with the Doppler reflectometry technique in [47] and [66], the
spectrum growth at small wave numbers saturates for lcm™ <|K|<5cm‘1 and shows slow

decay for |K‘| <lcm™, within 8k ~0.04cm™ (see figure 4.25).
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Figure 4.25. Reconstructed turbulence wave Figure 4.26. Signal RCR CCF (blue) and TCCF
number spectrum. Q =100kHz (red). Q2 =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 |, ® 2mm at R=2.024m.

During each of shots ##47680-47686 5 plasma density plateaus have been realized. In figure
4.27 plasma density at the position r/a=0.5 and plasma current evaluation (shot #47685) are

shown analogous to figure 4.17. Red circles mark the time position of RCR measurements.
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Figure 4.27. Plasma current plateaus (a) and plasma density plateaus (b) evalution during shot #47685.

The analysis of shots #47680-47686 shows the value of the turbulence correlation length of
l. ~0.004 £0.0025m at 0.3<r/a<0.8. It was also shown that CCF decays much faster than

the signal CCF in agreement with theoretical predictions [106, 76], L/l. 5 where L is 1/e CCF

level.
424. 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
a choice allows to measure RCR CCF in wider spatial interval. The choice of the reference cut-
off position as well as the probing spatial interval should be accounting for conditions at which
the inverse relation was derived, namely in the region of close to linear plasma density profile.
During the probing window plasma parameters should be stationary, the phase calibration is
also needed. In this section wide possibilities of RCR diagnostic have been demonstrated. To

obtain more precise data further experiments are needed.

114



4.3 Experimental results obtained at FT-2 tokamak

4.3. 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.
4.3.1. Radial correlation reflectometers at FT-2

First radial 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 utilizing Ka (26.5 - 40 GHz) and V (50 — 75 GHz) bands for probing
frequencies in RCR experiments.

In figure 4.28. the scheme of 8-mm radial Ka-band correlation reflectometers installed from
the HFS of the FT-2 tokamak is shown [136]. The horns are shifted from the equatorial plane of

the tokamak by -16mm. Also the horns could be moved for +20mm from the equatorial plane.

31 GHz

equatorial plang = o= e oo

HornY-16 11 6 mm

31+/-4 GHz

‘ HornY-16L

wlﬂ ADCH PC

C-cable

Figure 4.28. Radial correlation reflectometer, A=8mm. The horns are shifted by 16mm from the
equatorial plane of the tokamak. C-cable should make equal time delay in arms going to mixer IF 1 at

varied frequency channel. [137]

Calibration is realized by the C-cable installed in the probing frequency line. It makes equal
time delay in arms going to mixer IF 1 at varied frequency channel. Mathematical calibration is

also possible as:

Ap=d+9(t) = ¢ +Aw-t, (202)

115



Chapter IV. Applications to experiments

where ¢ is the constant phase shift, t; is the time delay, Aw 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.
4.3.2. O-mode probing from HFS

Here we present the results obtained on the 12 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 figure 4.29. The plasma density profile behavior in the

probing region is close to linear therefore the method developed in Chapter II could be applied.
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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 f,+4GHz, f,=31GHz). The reference frequency cut-off is defined at r/a=0.37
(X =-0.055m). the averaging was made over N, =155 samples within plateau duration of

U jatean = 2MS and time step 1y, =0.445.

Table 4.3. Experimental parameters 12 July 2011

Parameter Value

Bt 21T
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I ' 19kA
n,(0) 1.51-10%cm™®
Te 200 eV
reference frequency f, E 31 GHz
pmbmg - ge Y BT —
| probing frequency step 5t |~ 01GHz
probing interval A 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 shown for the 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 probing wave cut-offs. As it is seen from figure 4.32
the coherence is low (less than 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 |X| > 0.015m (see figure 4.32).
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Figure 4.30. Signal RCR CCF, real part, Figure 4.31. Signal RCR CCF, imaginary part,
Q=160kHz . Q =160kHz .

A very wide (lasting without decay till the reflectometry Bragg limit equal to 14.7cm™ for
maximum probing frequency f =35GHz) turbulence « -spectrum (real and imaginary parts)
obtained using procedures of from the measured CCF is shown in figure 4.33. The accuracy of
spectrum reconstruction (estimated using the spectrum imaginary part and negative bursts of
real part) is not high, less than 1.5a.u., however sufficient for the spectrum width estimation. It
corresponds to the turbulence correlation length substantially smaller than 0.5cm. This
estimation agrees qualitatively with the value of typical turbulence spatial scale obtained at FT-

2 with enhanced scattering diagnostics [107] and provided for FT-2 by ELMFIRE full-f
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gyrokinetic modeling (see figure 4.39.). Long-scale fluctuations are suppressed in the spectrum
for | k| <1 cm, this suppression is also present in Fourier transform of the signal RCR CCF
(shown in figure 4.32 by red line) which is probably a shortcoming of the 1D model used in the
reconstruction procedure. Unfortunately the spectrum determined in this experiment does not
perform explicit behavior and we do not compare it here to the usual spectra functions shown

in section 1.4.4.
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Figure 4.32. Signal RCR CCF (blue real and green Figure 4.33. Turbulence radial wave number
imaginary) and TCCF (red), Q =160kHz . spectrum (blue real and green imaginary),
Q=160kHz .

The comparison of signal RCR CCF and TCCF is shown in figure 4.32. As it is seen from the
figure, the signal RCR CCF possesses slower decay than TCCF however the functions are quite
close. The oscillations in the signal RCR CCF and the similarity of the functions could be
explained by the suppression of wave number spectrum for low x as it was shown in 1D

numerical computations in the paper [76].

4.3.3. X-mode probing 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" of April 2012. The experimental plasma density profile is shown
in figure 4.34. Analogous to the previous sub-section the probing interval covers region of linear
behavior of plasma density profile. In table 4.4., the parameters of the current experiment are
shown. Equidistant frequency step of probing was chosen what is approximately equal to
equidistant spatial step in case of close to linear plasma density profile (50 points per ~3cm,

corresponding to f;+3GHz, f,=60GHz). Signal wave frequency step o f varied from 0.025

to 0.1 GHz The reference frequency cut-off is defined at r/a=0.37 (x=-0.055m). The

averaging was made over N, =155 samples within plateau duration of t =2ms and time

plateau

step ty., =0.4uS that corresponds to Q. =1.25MHz.

step
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Table 5.4. Experimental parameters 19 April 2012

Parameter Value
B 18T
Iy 19kA
n,(0) | 3.10%m™
Te ' 500 eV
reference frequency f, 60 GHz
probing range Af +3 GHz

probing frequency step 6f ~ 0.025.0.1 GHz

probing interval A 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. The corresponding reflectometry (Doppler) spectrum

shifted by 400 kHz from the probing frequency is shown in figure 4.35.
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Figure 4.34. Plasma density profile 19 April 2012. Figure 4.35. Quadrature reflectometer spectrum.
g yPp p g p

The CCF absolute value (coherence) is shown in figure 4.36. to be finite only for cut-off
separation less than 0.5cm. The signal correlation length is decreasing with growing turbulence
frequency and reaches the value of 0.05cm at 1.2MHz. The coherence oscillations at small
turbulence frequency are produced presumably by contribution of reflection at the plasma
boundary to the fluctuation reflectometry signal.

Radial wave number spectrum shown in figure 4.37. The width of this spectrum is growing
with the turbulence frequency demonstrating a clear dispersion. The suppression of the
spectrum at very small wave numbers is most likely related to the limitations of the 1D model
analogous to the previous sub-section. The turbulent density fluctuation two-point correlation
function is provided by the Fourier transform of the experimentally obtained spectrum in which
only the contribution of physically sensible part within the Bragg limit is accounted for. The

result of this transform is shown in figure 4.38.
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Figure 4.38. TCCF. Figure 4.39. TCCF, ElmFire fullwave gyrokinetic
global modeling. [137]

TCCF shown in figure 4.38. demonstrates decrease of the correlation length with growing
frequency. This result of the turbulence wave number spectrum reconstruction from the
experimental signal RCR CCF agrees qualitatively with the density fluctuation CCF obtained
for the 1.5 higher density 19 kA FT-2 discharge as a result of ELMFIRE full-f gyrokinetic global

modeling and shown in figure 4.39. However there is negative part for |AX| >0.2cm in the
experimental function which is absent in simulations. This could be explained by the
suppression of low wave numbers is experimentally obtained spectrum and by shortcoming of
1D 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.
4.3.4. Summary

It is important to underline that all the results presented here are obtained at small tokamak
FT-2 where small radius is 4=0.08m and probing wavelength is A =0.004m and the relation
L, f,/C = 2..10. Due to small geometry of the device the 2D effect makes impact on the resulting

signal RCR CCF, moreover the multiple reflection between cut-off and antennae takes place in
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4.4. Results of experimental campaign at [ET

case of equatorial plane probing and spoils the resulting CCF. Apart from this the hardware
quality should be improved. Presented results of experiments give an overview of possible
turbulence wave number behaviour and correlation length. These experiments are preliminary
and allow us to estimate the experimental parameters for future attempts. Summarizing the
results we emphasize the successful application of the turbulence wave number spectrum

reconstruction procedure from the RCR data at the FT-2 tokamak.

4.4. Results of experimental campaign at JET

Nowadays JET (described in section 1.3.1.3) is the largest and most powerful tokamak in the
world. Its successors are ITER and a demonstration reactor DEMO. The primary task of JET is to
prepare for the construction and operation of ITER. Therefore it is quite important to test the
new diagnostic technologies in conditions preceding ITER. The goal of the experiments set in
March 2012 was to reconstruct turbulence radial wave number spectrum and spatial turbulence
cross correlation function and its correlation length using radial correlation reflectometry data

at JET.
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Figure 4.40. System layout, KG8C reflectometer.[138]

44.1. RCR diagnostic at JET
For the RCR measurements the usage of new KG8C broadband correlation reflectometer

with I/Q detection installed at JET in February 2012 was planned. The new system suggested
broadband operation (75 to 110 GHz), fast switching time (50xs full band), high sensitivity (-90
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dBm), good frequency resolution (100 kHz), low phase noise (-100 dBc/Hz at 100 kHz) and no
internal cross talk [138]. The scheme of the KG8C reflectometer is shown in figure 4.13.
The reflectometer operates in in X- mode. The probing is realized in the mid-plane of

plasma (z=29cm emitter, z=25cm receiver) JET plasma (see figure 4.14).
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Figure 4.41. Flux surfaces from EFIT. Horizontal black line shows the line of sight of the reflectometer

directed to the center of plasma.

Unfortunately in March 2012 the system did not operate completely and only one (master or
reference) channel of the KG8C reflectometer was used. The sweeping (slave channel) of the
reflectometer did not operate. It was decided to use another reflectometer, KG8B as a reference
channel. Possessing less operational flexibility the KG8B reflectometer allowed to operate only
at fixed 92 GHz channel and adjustable channel 85-89 GHz. Therefore the combined RCR
system was created: the reference channel KG8B (85-89 GHz and 92 GHz) and sweeping
channel KG8C (75-100 GHz). The correlation measurements were possible at two different
reference radial positions simultaneously however these positions were not flexible. Main

parameters of the RCR system are shown in table 4.5.

Table 4.5. Parameters of the RCR system at JET

Parameter Value
Reference channel KG8B 85-89 GHz and 92 GHz
Sweeping channel KG8C 75-100 GHz
Sweeping time step 0.5us
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4.4. Results of experimental campaign at [ET

Data acquisition frequency 2MHz
Time of measurements 39-71s (1s before plasma)
Plateau duration >10ms

4.42. Experimental results

During the March 2012 session several shots at JET were studied. As it could be seen from

the table 4.6. only few of them (#82633 and #82671) can be analysed.

Table 4.6. List of shots analysed during March 2012.

KG8B KG8C master channel settings

Shot#  date ref start freq dwell comments
frq, freq, step, Nstep )
GHz GHz MHz fime, ms

82540  08/03/12 88/92  75.36 960 30 10.0 old KG8B settings,
large step

82584- 12/03/12 88 86.4 30 100 5.0 error in  data

82588 acquisition — dwell
time 10.0ms

82586- | 12/03/12 ' 92 88.8 100 50 5.0 - -

82588

82633 14/03/12 87/92 81.6 480 30 10.0 good for analysis

82634- | 14/03/12 | - - - - - attempt to use

82636 KG8C master+slave

82637 | 14/03/12 . 87 80.16 480 30 10.0 low density

82650- 15/03/12  87/92 . 76.8 2400 10 100.0 too long dwell t,

82667 too large frq step

82668- | 16/03/12 | 87 76.8 480 5 100.0 not valid

82670

82671  16/03/12 " 87 80.16 480 30 10.0 good for analysis

82672  16/03/12 87 80.16 480 30 10.0 not valid

82673- | 16/03/12 | 87 80.16 240 60 5.0 error in  data

82674 acquisition — dwell
time 10.0ms

82749 © 26/03/12 - 87 84.96 480 10 10.0 not valid

82750  26/03/12 87 76.8 1200 18 20.0 - -
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44.21.  Shot #82671 data analysis

Frequency evaluation during a single window in shot #82671 is shown in figure 4.22.

o5 pulse 82671 window R
plateaus, 10ms, 20000pts

90r sweeping channel KG8C
T
°
. reference channel KG8B

80 | | ]

0 0.5 1 15

ts X 10

Figure 4.42. Frequency evaluation during a single window.

During 32s of the shot a sequence of 106 windows have been realized, during 1s without

plasma and then from 40s till 71s. The settings of the RCR system are given in table 4.7.

Table 4.7. Parameters of the RCR system.

Parameter Value
N, 30
Window duration 0.3s
Plateau duration 10 ms
N, 200
N, 100
Number of windows per shot 106
Number of points per shot 64000000
Reference frequency 87 GHz
Sweeping start frequency 80.16 GHz
Frequency step 480 MHz

After a shot, 64000000 points of data are acquired by both reference and sweeping channels I

and Q parts of signal. To process the data we need to choose a time window of 0.3s

(corresponding to probing window duration) during a stationary phase of plasma.

In figure 4.43 the plasma parameters dependence on time is shown. The magnetic field is

computed using EFIT [139], plasma density profile is measured by KG10, LIDAR (magenta line

in figure 4.43) and HRTS diagnostics. Vertical dashed lines show the time of the window start
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4.4. Results of experimental campaign at [ET

positions at t=48.4s and t=59.7. These two windows (#32 and #69) have been chosen due to
stationary plasma conditions in L-mode and H-mode. The same system settings give principally
different results when measuring in L- or H-mode. Plasma density and magnetic field profiles

are shown in figures 4.44 (L-mode) and 4.45 (H-mode).
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Figure 4.43. Frequency evaluation during a single window. Vertical dached line shows time positions of

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

n*10'°, m-3

a4

o
N A
I
3}

|
|
1
4.5 T2 2.5 3
R, m R, m

15

Figure 4.44. Plasma density profile (red) and Figure 4.45. Plasma density profile (red) and
magnetic field, L-mode, t=48.4s. magnetic field, H-mode, t=59.7s .

When probing in L-mode the probing wave reaches the core and the cut-off position range
is quite wide, 2.303m < R < 3.296m it covers almost 90cm (see figure 4.46). The spatial step of
measurements A = 3¢m is higher than expected correlation length |, ~ Imm..1cm. Therefore L-
mode measurements require other system settings with lower spatial probing step.

In case of H-mode probing the probing zone is in pedestal zone and covers spatial interval
of 2.303m < R <3.296m (figure 4.47). In this case the spatial probing step oA ~4mm allows to
measure qualitatively the turbulence correlation length. Unfortunately currently the probing

frequency step is not possible to reduce due to technical limitations of the system.
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f, GHz
f, GHz

Figure 4.46. Frequency diagram. Black line shows Figure 4.47. Frequency diagram. Black line shows upper
upper  cut-off for  X-mode. R..x =3.296m, cut-off for X-mode. R, =3.81lm, R, =3.672m,

R, =2.303m, R, =2.939m. R, =3.761m.
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Figure 4.48. Signal RCR CCF, real part (red line), Figure 4.49. Channel spectra diagram comparison.
imaginary part (blue line) and absolute value (black

line).
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Figure 4.50. Autocorrelation functions, KG8B85var Figure 4.51. Channel spectra diagram comparison
(blue), KG8C master (black) and cross correlation
function (red).
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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 AR

(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

CCF 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.
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Figure 4.52. Signal comparison between the two channels
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Figure 4.53. Absolute value of RFR CCF depending on number of samples of averaging N,, Q =100kHz , JET
(a) and Tore Supra (b), shot #47669. The computations are done for N, =10(green), N, =100 (blue),
N, =500 (black) and N, =1000 (red).
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Figure 4.54. Re(CCF) for different turbulence frequencies. JET (a), Q =0..200kHz and Tore Supra (b),

shot #47669, Q =-100..80kHz .
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4422  Shot #82633 data analysis

Analogous to previous subsection shot #82633 has been analyzed. Autocorrelation functions
of the channels KG8B (shown in blue) and KG8C (black line) and cross-correlation function of
these channels is shown in figure 4.50. The level of correlation between channels is rather low
(<80%) and the correlation time estimated as 2*10° s is comparable to the sweeping time step
0.5*10¢ s. Channel spectra diagram represents the same result as for the shot #82671: the KG8B
signal is damped however as it is seen from figure 4.52. where the signal comparison between
the two channels is shown the signals seem to be correlated.

Dependence of RCR CCF absolute value on number of samples for averaging N, for JET, at

Q =100kHz is shown in figure 4.52.(a). The same algorithm has been tested with Tore Supra
data, shot #47669 (figure 4.52.(b)). In is clearly seen that the behavior of signal RCR CCF
obtained at JET is similar that of the noise with increasing statistics in contrary to the Tore
Supra results.

We also compare the real parts of RCR CCF for JET (see figure 4.53.(a)) and Tore Supra
(same figure (b)) for different turbulence frequencies. This result confirms the previous

conclusion on random nature of the data obtained from JET.

443. Summary

Due to a problem of synchronization between the KG8B 85var/92fix channel and KG8C
master channel no relevant physical result has been obtained. During the experimental session
in March 2012 no correlation between channels observed, even signals seem to be correlated.
The level of signal CCF decays when number of samples for averaging is increased (Figure
4.52.(a)), as it should be in case of white noise. The behavior of signal CCF depending on
turbulence frequency is random (Figure 4.53.(a)). That is not the case for Tore Supra
measurements, for example (Figures 4.52.(b), 4.53.(b)). This could be explained by several
reasons, such as high level of noise and low level of signal in KG8B 85var/92fix channels; low
level of turbulence in the top of pedestal comparing to the level of noise or position of the
reference cut-off in transition region from pedestal to core.

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
parameters set for JET such as probing frequency step and range, window and plateaus
duration according to technical abilities of RCR systems 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.
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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 one at fixed frequency and the other with growing frequency 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.

Theoretical basis in Born approximation framework gives a correct analytical description of
RCR signal dependency on turbulence radial wave number and explains the long tail of the
signal RCR CCF in one dimensional geometry 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
tirst 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 of the experiment turbulence radial correlation length was estimated in the range of

1=0.5..0.8cm and the behavior of radial wave number spectrum for small wave numbers
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x <5cm™ with good resolution of & ~0.04cm™ which agrees with two-fluid model discussed
in subsection 1.4.3 was studied as well.

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
1=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 L;f,/c~2..10 and

does not take 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 allow us to exhibit a clear dependency.

The last, 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 used. The problem of synchronization between the two channels of different
reflectometers 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 been developed.

Addressing to applications to ITER we should also discuss the limitations of RCR. On ITER
the plasma density profiles are flat that means long probing wave path up to several meters.
Therefore the reflectometer can suffer from destructive influence of plasma turbulence which
may 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].

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.
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Future plans

We would like to underline that although the theoretical approach provides a strong basis
for turbulence properties reconstruction it is not complete. Thus, the description of the
scattering signal and expression for the RCR CCF in two dimensional model should be
described and the 2D corrections for the inverse relation for turbulence radial wave number
spectrum are required as well. This should explain the RCR CCF behavior in a small machine
and discover the influence of 2D effects in huge machine such as ITER. Further the comparison
between numerical 1D and 2D computations in Born approximation as well as full wave are
needed.

Experimental applications of the method should be established. Future plans include
application of the method to study the suppression of radial correlation length due to L-H
transition or shear flows. The evolution of the wave number spectrum by the RCR technique
could be measured as well.

After the hardware improvement at JET the attempt to apply the diagnostic should be

continued as soon as conditions at JET machine are the closest to ITER.
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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:
b
1(x) = j g(t)e™ Odt (203)
a

where ¢(t) and W(t) are real functions. If inside the interval of integration [a,b] a point t=¢C
where W'(c) =0 exists this point is called “stationary point” and it is possible to obtain an
asymptotic form of the integral 1(X) using the Laplace method. The stationary point provides
the main contribution to the integral 1(X) in the ¢ vicinity of the stationary point.

If Y'(a)=0 and ¥'(t) #0 for a <t <b the integral 1(X) can be splitted in two:

a+e b
1) = 1,0+ 1,(x) = [ gt)e"™ Vdt+ [ g(t)e™ Vdt (204)

The second integral ,(X) nullifies as 1/X if X — o because there is no stationary point in the
interval [a+ ¢&,b]. To obtain the asymptotical representation, the functions g(t) and W(t) are

replaced by their Taylor series:

at+e

1 (x) = g(a)exp[ix¥(a)] I expli %(t —a)"¥®(a)]dt, x - o (205)

The integration interval is enlarged by replacing & by oo, however the error introduced by this

replacement nullifies as 1/x if X — o0 and is negligible. Substituting s = (t —a):

1(x) =~ g(a) exp[ix‘P(a)].f expli %SD‘P(F’) (a)]ds, x - « (206)
0 !

If ¥”(a)>0 the contour of integration id turned for 7/2p otherwise —7z/2p.Using the

substitution
Lp
. plu
s =exp[i—sgn(¥”(@))]| ——~—— 207
ol 5 san(¥ ))]L‘T(p)(a)‘] 07)

the asymptotic form for X — oo is obtained:

o : K (p) p'u " I'(l/p) “
I(x) = g(a)exp{l(x‘l’(a)Jr Zpsgn(‘P (a))ﬂ[x“l’(p)(a)d - X — (208)

For the stationary point ¥ (a) # 0
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exp {i (x‘P(a) + ngn(\l'"(a))ﬂ

1(x) ~ (27)" g(a) —
x| @]

L X —> o0 (209)

Appendix B. 4" order Numerov scheme

For the second-order derivative we use Taylor series:

E,(x+h) = E(x)+hE(1’(x)+ EO00+ L EO () + 4E(4)(x)+0(h)

h6 (210)
E (x—h)=E,(x)- hE<1>(x)+ E(Z)(x) 6E<3>(x)+ 4|5<“>(x)+0(h)
After adding the two expansions:
EZ(X+h)—2Eﬁ2(X)+EZ(X—h) E(Z)(X)+ 2E(4)(X)+O(h) (211)
We obtain from here:
E,(x+h)-2E,(x)+E,(x=h) h*
Ez(z)(x) ( ) hz() ( ) 12 (4)(X) O(h) (212)

We substitute this expression for the second-order derivative (212) to the Helmholtz equation
(169):
E,(x+h)-2E,(x)+E,(x—h)

.2 +47°NZ(X)E, (x)_ o E(4’(x)+O(h ) (213)
2 2
The key point of the method is to apply the operator {14—5?} to the Helmholtz equation
X
(169):
1+Ed_ E@(x)+47°NZ(X)E, (x)+——[4 Ng (X)E,(x) |=0 (214)

Again, using (211) we obtain:
E,(x+h)-2E,(x)+E,(x-h)
hZ

+0(h*) +47°N(X)E,(X) +
g (215)
+Ed_[ 7*NG(OE,(x) | =

h2 2
All the terms of the fourth-order and higher are negligible. The term E(?_[ 7°NZ(X)E, (X)}
X

is approximated by using the second-order scheme due to it has the factor h®. After the

expansion into Taylor series:
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2
NZ(x+h)E,(x +h) = E,(X) + hEz(l’(x)+h?Ez(z)(x)+O(h2)

No (x—h)E, (x—h) = E,(x) —hE;(x) +h72 Ei”(x) +O(h?)

we add the two expansions and substitute to the equation (215) obtaining;:

E,(x+h)-2E,(x)+E,(x-h)

2 +47°NE(X)E, (X) +
+4”2[N§(x+h)EZ(x+h)—2N§(;<;EZ(x)+ Né(x—h)Ez(x—h)}zo

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

(216)

(217)
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