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SAMENVATTING

Met kernfusie kan op een veilige en schone manier energie uit water worden gewon-
nen. Energiewinning op deze wijze kan helpen het dreigende, toekomstige energiete-
kort het hoofd te bieden. Daarom wordt onderzoek gedaan om tot een fusie-reactor
te komen. De machine die het verst ontwikkeld is, heet 'tokamak’ en sluit de brand-
stof, heet waterstof-plasma, met behulp van magneetvelden op in de vorm van een
torus.

In de tokamak vormt het magneetveld, in het ideale geval, in elkaar liggende
torus-vormige schillen. De deeltjes zijn dan in een schil opgesloten: in het oppervlak
van de schil bewegen de deeltjes ongehinderd, loodrecht erop juist moeilijk. De
stroming van deeltjes en warmte loodrecht op de schillen wordt hier kortweg het
transport genoemd. Het transport is bepalend voor het verlies van warmte uit de
reactor en daarmee voor de efficiéntie van de energieopwekking.

Een van de grote problemen in de fysica van de tokamak is, dat het transport
veel groter is dan voorspeld door de theorie, neoklassieke theorie genaamd. Deze
afwijking wordt anomaal transport genoemd. Het warmtetransport door de ionen
en het transport van deeltjes is een orde groter dan voorspeld, het warmtetransport
door elektronen is twee orden groter.

Het anomale transport is te wijten aan het optreden van turbulentie. Het blijkt
uit experimenten dat het ionen-warmtetransport verhoogd wordt door elektrosta-
tische fluctuaties. Deze fluctuaties leiden tot verhoogde stroming loodrecht op de
schillen. Het warmtetransport door de elektronen wordt verhoogd door fluctuaties
in het magneetveld, die leiden tot menging van de schillen.

Deze dissertatie concentreert zich op het anomale transport in tokamakplasma’s
en dan met name op het deeltjestransport. In experimenten met Elektron Cyclotron
verHitting (ECH) in het Rijnhuizen Tokamak Project (RTP) varieert het profiel van
de dichtheid (ne) op uitgesproken wijze. Als het profiel van de elektronentempe-
ratuur (7¢) oppiekt, wordt het ne-profiel vlak en vice versa. Als de ECH aangaat,
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neemt de gepiektheid van het dichtheidsprofiel af en kan het profiel zelfs hol worden.
Uit het tijdsverloop in experimenten met niet-centrale ECH blijkt, dat de reactie
van de dichtheid twee tijdconstanten kent.

Het deeltjestransport in RTP is onderzocht door de relatie tussen de dichtheid
en de diverse thermodynamische krachten te onderzoeken. RTP is hiervoor uit-
stekend toegerust, omdat de profielen van de plasma-parameters sterk gevarieerd
kunnen worden. De gradiénten van ne, T, en de stroomdichtheid (j) reageren op
verschillende tijdschalen en zijn daarom als het ware ontkoppeld.

Om deze ontkoppeling te bereiken speelt de sterk gelokaliseerde, hoogvermogen-
EC verhitting een belangrijke rol. Hiermee kan de vorm van de T,- en j-profielen
gevarieerd worden tussen gepiekt en hol. Dit biedt uitgelezen mogelijkheden om
Te, ne en j en hun gradiénten te variéren en de transportrelaties te bepalen.

Voor dit onderzoek dienen 7., n. en j met voldoende nauwkeurigheid bekend
te zijn. RTP heeft diverse meetinstrumenten om de elektronentemperatuur 7, en
de elektronendichtheid n. te bepalen met hoge plaats- en/of tijdsresolutie.

Er was geen standaardmeting van j voorhanden en daarom is een aanzienlijk deel
van deze dissertatie gewijd aan de inspanningen om deze meting te ontwikkelen.
De testen en fouten-analyses van twee diagnostische systemen worden gegeven:
gecombineerde polarimetrie/interferometrie met infrarode straling en tangentiéle
Thomson-verstrooiing. Alhoewel de uiteindelijke metingen van j niet voldoende
nauwkeurig zijn voor deze studie, kon wel aangetoond worden dat de stroom zich
volgens de neoklassieke theorie verdeelt.

Dit gegeven en de metingen van T, en ne zijn gebruikt als invoer van trans-
portsimulaties om het tijdsafhankelijke gedrag van het ne-profiel te relateren aan
de kruistermen in de deeltjesflux en te vergelijken met de voorspellingen volgend
uit uitdrukkingen uit diverse theoretische modellen en schaalwetten. Vier verschil-
lende, door ECH geinduceerde overgangssituaties zijn gesimuleerd en vergeleken
met de observaties.

De simulaties wijzen uit dat het dominante fysische mechanisme in geen van
de toegepaste uitdrukkingen besloten ligt. De dichtheid lijkt meer indirect dan
direct afhankelijk van de toestand van het plasma. Het optreden van kleine, in
plaats en tijd beperkte, reproduceerbare verschijnselen tijdens de relaxatie van het
dichtheidsprofiel duidt op soortgelijke variaties van de transportcoefficienten. Zulke
variaties volgen uit geen van de uitdrukkingen uit de theorie.

Het deeltjestransport is een subtiel samenspel van meerdere fysische effecten
en verder onderzoek zal dit samenspel beter moeten belichten. Aan theoretici de
schone taak de waarnemingen te beschrijven.



SUMMARY

With nuclear fusion energy can be obtained from water in a safe and clean way.
Energy production with fusion can help to cope with the predicted future energy
shortage. Therefore, international research efforts aim at the development of a fu-
sion reactor. The device that is most developed towards a reactor is called tokamak.
It confines the fuel, hot hydrogen plasma, with magnetic fields in the shape of a
torus.

In the ideal case, the magnetic field in the tokamak consists of nested, torus
shaped surfaces, and the particles are confined on these surfaces. The particles
move freely along the surfaces, but not perpendicular to the surfaces. The particle
en heat fluxes perpendicular to the surfaces are shortly called transport in this
summary. The transport is dominant for the heat loss from the reactor. Hence, it
determines the efficiency of the energy production.

One of the most important physical issues of the tokamak is the transport
exceeding the predictions of the theory, the neoclassical theory, appreciably. This
deviating transport is called anomalous transport. The ion thermal transport and
the particle transport are one order of magnitude higher than predicted, the electron
thermal transport is two orders of magnitude higher.

The anomalous transport is usually due to the turbulent phenomena. In experi-
ments it has been shown that the ion thermal transport is enhanced by electrostatic
fluctuations. These fluctuations induce enlarged drifts perpendicular to the mag-
netic surfaces. The enhancement of the electron heat transport seems to due to
magnetic fluctuations. These cause the surfaces to mix with each other, deteriorat-
ing the confinement.

This thesis concentrates on the anomalous transport in tokamak plasmas, espe-
cially focusing on the particle transport. In experiments with Electron Cyclotron
Heating (ECH) in the Rijnhuizen Tokamak Project (RTP) the density profile (n.)
shows a rich phenomenology. The n, profile peaks up, when the 7, profile flattens,
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and vice versa. When the ECH is switched on, the peaking of the density profile
decreases. The profile can even become hollow. From experiments with off-axis
ECH, it appears the n. profile relaxation has two time constants.

The particle transport in the RTP tokamak is studied by investigation of the re-
lation between the density and various thermodynamic forces. RTP is well equipped
for this study, because the profiles of the plasma parameters can be strongly var-
ied. The gradients of ne, Te and the current density (j) are effectively decoupled,
because they have different characteristic time scales.

For the establishment of this decoupling the high power EC heating is essential.
The shape of the T, and j profiles can be varied between peaked and hollow with
this system. This offers an unique opportunity to vary 7., ne and j and their
gradients and to determine the transport relations.

For this study, good diagnostisation of the T;, ne and j profiles is essential. At
RTP several diagnostics are available to measure 7, and n. with good temporal
and spatial resolution.

No routine measurement of j was available, so for this thesis considerable effort
has been put in the development of setups to measure j. The testing and error
analysis of two diagnostic systems are given: combined polarimetry /interferometry
with far infrared radiation and tangential Thomson scattering. Although the ac-
curacy of the eventual j measurements is not sufficient, it was possible to confirm
that the current density behaves according to neoclassical theory.

Together with measurements of mainly 7, and n., this is used as input for
transport simulations with which the behaviour of the n, profile is related to the
cross-terms in the particle flux. This behaviour is compared to the predictions of ex-
pressions from several theoretical models and scaling laws. Four different transient
plasma states induced by ECH are simulated and compared to the observations.

The simulations show that the dominant, physical mechanism is contained in
none of the tested expressions. The density seems to depend indirectly rather than
directly on the plasma state. The occurrence of minor, localised and reproducible
events in the density during relaxation indicates similar variations of the transport
coefficients. None of the models predicts such variations.

The particle transport is a subtle interplay of multiple, physical effects. Further
investigation is needed to illuminate the dominant mechanisms.



INTRODUCTION

1.1 Fusion

Long before the last barrel of oil will be used, new ways of energy production must
have been established. Nuclear fusion is one of the candidates for future large
scale energy production [1]. Tt is favourable over fossil resources because of its zero
emission of Carbon dioxide. The advantages over nuclear fission are that the ashes
are harmless and that a chain reaction in the reactor is impossible, because the
involved quantity of fuel is very small. Furthermore, the supplies of the fusion fuel
are almost inexhaustible. At the current energy consumption rate, there is enough
fusion fuel for thousands of years.

There is no need to choose between the so-called ’sustainable’ energy sources
like wind and solar energy, and fusion, because they must supplement each other.
In fact, the sustainable energy sources require significant land use and investment
in materials, if they are to be applied as major energy provider [2]. Fusion energy
will be made in small-size, high power reactors.

The long-term global energy provision has so many uncertainties that it would
be unwise to terminate the efforts in fusion research and development [3]. It will
require approximately two generations of physicists and engineers to implement
fusion as a major energy supply, provided the efforts are maintained. It is important
to realise that to fulfill the energy demand in the future at all, it is crucial that the
research into both fusion and the sustainable energy sources is continued firmly, in
order to be ready when needed.

Why are we not using fusion energy already right now? That is because the
physical circumstances under which fusion occurs are difficult to establish. Fusion
does not occur spontaneously on earth. It does occur in the sun and the other
stars, for which it serves as the energy source. The temperature in a fusion reactor
must exceed 200 million degrees. To ignite the fusion reactor the product of the
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pressure and the time energy can be stored in the reactor vessel must exceed 20 bar
x seconds. Between 1955 and 1995 the obtained value of this reactor product has
been improved by a factor ten million [4]. At present, the gap to an ignited reactor
is a factor ten. The present record values are obtained in JET (Joint European
Torus), located in Culham, UK:

e Fusion power of 16.1 MW
e Fusion energy of 21 MJ, produced in quasi-steady state in 3 seconds

e Record value of the ratio between fusion power and input power:
Pfusion/Pin ~ 0.65

The successor of JET is called International Thermonuclear Experimental Reactor
(ITER). ITER is to be built in worldwide cooperation and the produced fusion
power will exceed the input power by a factor ten.

How does one confine fuel at 200 million degrees? One of the possibilities is
magnetic confinement. To understand how this works one has to realise that at
200 million degrees the fuel, which is hydrogen, is in the fourth state of matter,
the so-called ’plasma’ state. The hot fusion plasma is a gas of charged particles.
The application of a magnetic field limits the motion of the charges to the direction
along the magnetic field: magnetic confinement. In a ’tokamak’ the confinement
is further improved by creating the magnetic field lines in a ring, thus avoiding
end losses. The hydrogen plasma is confined in a torus shape. The tokamak is a
Russian invention and its acronym stands for "Toroidal’'naya Kamera i Magnitnaya
Katushka’, meaning ’toroidal chamber and magnetic coils’. JET and ITER are
tokamaks.

1.2 The Tokamak

In figure 1.1 a schematic view of the tokamak is given. The plasma is confined inside
the tokamak by the toroidal and poloidal magnetic field. The poloidal magnetic
field (By) is generated by the toroidal current. The plasma acts as the secondary
winding of the transformer. The toroidal magnetic field (By) is generated by the
coils. The two fields together give helical field lines, which fill up a torus-shaped
volume. The torus has a major radius Ry and a minor radius a. The vertical and
horizontal position of the plasma in the vessel is controlled by additional radial and
vertical magnetic fields, respectively.

The heating of the plasma is primarily due to the current. The plasma has a
finite resistivity, and heat is deposited according to Ohm’s law. Plasmas without
any further heating are called Ohmic plasmas. Since the electrons are much lighter
than the ions, the current is carried exclusively by the electrons. The resistivity of
the plasma (n) is proportional to T. % 2 where T, is the electron temperature. Note
that there is a self-strengthening process: The hottest place in the plasma attracts
the current, hence will be heated more intensively and becomes even hotter. The
process saturates when 7, becomes so high that the level of the loss from this region
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Figure 1.1: A schematic view of a tokamak

equals the Ohmic heating, or by instabilities. This is at about 107 K. Both the T,
profile and the profile of the current density (j) are peaked in the centre of the
plasma.

The temperature of the plasma can be further increased by additional heating.
In the Rijnhuizen Tokamak Project (RTP), in which the experiments described in
this thesis are performed, Electron Cyclotron Heating (ECH) is used. This method
uses microwaves, which are resonant with the cyclotron motion of the electrons in
the magnetic field. The power is absorbed in a small region in the plasma. The
total power can exceed the Ohmic power by a factor up to 7 in RTP.

The magnetic field lines can be labelled with the magnetic winding number g¢,
the number of toroidal turns the field line experiences per full turn in poloidal
direction. Thus, if the magnetic field line returns to its poloidal starting position
after exactly one rotation round the torus, then ¢ = 1. In the ideal case, the
magnetic topology is a set of nested flux surfaces, as indicated in figure 1.2.

If ¢ has a rational value ¢ = m/n, where m and n are integers, the field lines
close onto themselves after m toroidal and n poloidal turns. Especially for low
values of m and n, this can give rise to resonances, which decrease the stability of



1 INTRODUCTION

Figure 1.2: Impression of the flux surfaces in an unperturbed plasma. The
lines on the surfaces are some magnetic field lines.

the plasma. For this reason, ¢ is known as the ’safety factor’.

1.3 Outstanding Issues

The principal physics issues in the design of a tokamak reactor are the following;:
1) The confinement of heat and particles.

In the plasma the transport of heat and particles perpendicular to the magnetic
field is one to two orders of magnitude faster than predicted by theory. To improve
the confinement of the plasma, it is necessary to understand the mechanisms of this
enhanced transport.

2) The avoidance of disruptions.

There are circumstances in which the plasma can become unstable, leading to a
very rapid decay of the plasma current. Since the electro-magnetic forces used for
the confinement are appreciable, the disruption of the plasma is potentially harmful
to the mechanical structure of the reactor. The disruptive mechanisms are still not
fully understood.

3) The exhaust of the power.

The volume in which the fusion power will be produced will be relatively small
compared to that of conventional power plants. As a consequence, the power must
be distributed as uniformly as possible to avoid damage to the material surface.
One of the methods to establish this is the so-called ’radiative mantle’, a layer at
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the outside of the plasma with a high neon concentration, which emits a significant
fraction of the power via line radiation. A related physics area of great importance
for the reactor is the interaction of the plasma with the material wall, leading to
erosion of re-deposition processes.

Apart from the physical issues, there are many issues of technological nature to
be addressed in the design of a reactor.

This thesis is part of the research on transport in tokamak plasmas. In the
following a brief status of the transport physics is given. This creates the framework
for the specific theme of this work.

1.4 Transport

One of the major issues in tokamak research is the anomalous transport of particles
and heat perpendicular to the field lines. The observed transport coefficients for
the electrons are one to two orders larger than the so-called neoclassical theory pre-
dicts. The neoclassical transport is the lower limit to the transport. The observed
high transport is thought to be caused by turbulence in the plasma. For example,
magnetic turbulence can spread the field lines around the flux surfaces in an ergodic
way, thus deteriorating the magnetic confinement. Reduction of the perpendicular
transport will increase the energy confinement time. It could reduce the minimal
size of a fusion reactor.

Recently, the ion thermal transport has been reduced successfully down to the
neoclassical limit in several tokamaks. The reduction of transport is accompanied by
and linked to a strong shear of the rotation velocity as well as a strong reduction of
the density fluctuation level. The electron transport, however, remains anomalous
in these plasmas. Apparently, the ion and electron transport are ruled by different
physical mechanisms. In the case that the ion transport is as low as the neoclassical
limit, the electron transport dominates the heat loss, so it becomes even more
important to reduce this.

The electron thermal transport has a strong relation with ¢ and its derivative.
It has been shown in RTP [5,6] that the electron thermal transport coefficient can
be described with areas of low transport near rational ¢ values with low m and n
numbers alternating with high transport areas. The low transport areas are called
transport barriers. The low net heat transport in the barriers is the result of two
competing effects: an outward diffusion and an inward convection [7]. If the ¢
gradient is low, these transport barriers become wider and therefore stronger. The
areas between the transport barriers have anomalous transport.

The heat transport is largely determined by the number and strength of the
transport barriers. The T, profile is characterised by strong gradients at the loca-
tions of the barriers. Further, small, hot filaments are observed on the T, profile.
Also, the T, profile can react non-locally to localised perturbations, layers with
inward heat convection have been identified, etc. Hence, the heat transport has a
variety of non-local and non-diffusive phenomena. The observed T, profiles show
strong local features such as filaments and transport barriers
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The density profile, however, is usually observed to be smooth. The density
usually shows only minor variations even if the plasma state is changed significantly.
The density profile shape is more or less fixed, suggesting the particle transport has
smooth and insensitive transport coefficients. It is a big and challenging question
how particle and heat transport, though necessarily related, can display so different
phenomenologies.

The nature of the particle transport is still unknown. The density profile in
tokamaks is generally observed to be steeper than can be explained by particle
sources alone. The presence of a strong particle flux up the density gradient is
concluded from this. Neoclassical theory predicts such particle fluxes, driven by
the temperature gradients and the toroidal electric field (E), but these cannot
account for the observed inward convection. Especially challenging is the question
how the convective components of the particle and heat fluxes are related.

1.5 This Thesis

This thesis concentrates on transport phenomena in tokamak plasmas, focusing on
the transport of particles. It is especially intriguing how the density profile can
remain almost fixed in experiments in which the state of the plasma is changed
significantly, and the heat transport undergoes strong variations. The stiffness of
the density profile might be a consequence of the parametrical dependencies of
the transport coefficients, which describe the transport as a function of the other
plasma parameters. The local changes to these dependencies can give the net
observed effect on the density profile. It is also possible that a 'meta’-mechanism
fixes the global shape of the density profile. In the so-called ’profile consistency’
theories, the density profile shape is derived from maximisation of the entropy, or
the minimisation of the free energy. A third possibility is that discrete phenomena
like filaments or convective cells are responsible for the particle transport.

A way to investigate this particle transport is to vary the different thermody-
namic forces, i.e. the gradients of temperature, density and the toroidal electric
field, in time in such a way that they are effectively decoupled and thus reach com-
binations of values that are not normally accessible in tokamaks. At RTP, such
experiments can be done with the high-power local ECH system. Experimentally,
the strategy will be to use ECH to modify the T, and j profiles and follow the
evolution of the ne profile as function of time, so as to be able to distinguish the
various contributions to the particle flux.

Thus, it is the aim of this thesis to understand the behaviour of the n. profile
under different transitions of the plasma, and to use this experimental information
to test theoretical models for particle transport. Special emphasis is placed on the
role of convection, since it is clear that the inward convection is a very important
element in the particle balance. We shall investigate whether ’off-diagonal’ particle
fluxes, i.e. fluxes driven by gradients other that V,ne, can account for the observed
convective transport and changes therein. The generic question to be addressed
can be formulated as follows:
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Can the particle transport be adequately described by a transport matrix in which
off-diagonal elements play a significant role?

Several theoretical or semi-empirical models for the enhancement of the particle
transport have been proposed in the literature. The expressions for the transport
coefficients derived from these models will be tested against the experimental data
from RTP.

Apart from the ECH system needed to control the T, and j profiles, good diag-
nostisation of all profiles, i.e. T, ne and j is essential. For T, and n, high resolution
profile measurements are available at one time in a plasma discharge, owing to a
state of the art Thomson scattering set up. These measurements are supplemented
with time dependent profile measurements using Electron Cyclotron Emission spec-
troscopy, and Far Infrared interferometry, respectively. These diagnostics as well
as the ECH system are briefly described in Chapter 3.

The current density is more difficult to measure. A relatively large effort went
to the development of two different techniques to measure the j profile: polarimetry
(Chapter 4) and tangential Thomson scattering (Chapter 5).

Finally, a set of 4 different transition experiments is defined:

1. Ohmic to centrally EC Heated plasma

2. Ohmic to slightly off-axis EC Heated plasma
3. Ohmic to far off-axis EC Heated plasma

4. Off-axis EC Heated to Ohmic plasma

Each of these transitions is extensively characterised experimentally.

A set of seven different expressions for particle transport, derived from theoret-
ical models, are identified, and numerical modules representing those expressions
have been made. These are used in the generic transport code ASTRA, to test the
models against the data of the 4 standard transitions. In addition, two empirical
transport models are tested against the same data.

The experiments and the tests of the models are described in Chapter 6. At the
end of this thesis, we return to the question phrased above and discuss in how far
an answer can be given.

1.6 Publications

Below a list of publications and a list of conference contributions related to this
thesis are presented. The publication marked with 4 is included in this thesis in
Chapter 5.

Journals:

o The multi-channel triple-laser interferometer/polarimeter system at RTP,
J.H. Rommers, A.J.H. Donné, F.A. Karelse and J. Howard,
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TOKAMAK STABILITY AND
TRANSPORT

2.1 Magnetic equilibrium

Starting-point for the description of the macroscopic behaviour of the fully ionised
plasma, is the application of conservation laws on an ensemble of charged particles
in a magnetic field. After applying conservation of mass, momentum and energy
and some general physical restrictions, the 'magneto hydrodynamic’ equations can
be formulated: The plasma can be described as a single fluid of charged particles
in a magnetic field. The equations for ions and electrons are averaged.

Consider an ensemble of charged particles with a distribution function f(x, v’,t)
with x and v’/ the three-dimensional particle position and velocity, respectively,
and t the time. The collisional kinetic equation for this function is the Boltzmann
equation [1]:

af of e of (of
E“FV'a—x-Fm—Jj(E—i-VXB)'a—V—(E)c (2.1)

where the index j marks the particle species and e; and m; are the charge and mass
of that particle species, respectively. The term on the right-hand side represents
the collisions between particles. The first factor of the third term on the left-hand
side is the acceleration (V) by the Lorentz force, which can be recognised readily in
this expression. Note that the electric field E and the magnetic field B consist of
the external fields, but are also partially determined by the charges in the plasma
itself. E and B can be considered as additional unknown functions, following from
the Maxwell equations.

By taking the moments of this equation multiplied by the appropriate functions
the equations for conservation of mass and momentum are derived. These equations



12 2 TOKAMAK STABILITY AND TRANSPORT

contain the mass density p, the fluid velocity v’/ and the pressure tensor P, which
are ensemble integrated fluid quantities. The continuity equation is:

— =—pV-v'. (2.2)

where d/dt is the fluid derivative 9/0t + v’ - V . In case the distribution function
is isotropic, the pressure tensor reduces to the scalar pressure p. Although the
tokamak plasma can be anisotropic due to the strong magnetic field, it has proven
valuable to assume isotropy and the equation of motion reads:

dv/ .
PE:JXB—VI% (23)

where j is the current density. In this equation the collision term is neglected. An
equation for p is obtained if the plasma is assumed to behave adiabaticly:

d(pp~ )

where 7y is the adiabatic exponent. This gives

d
d_lt) = —pV V. (2.5)

The relation between E and the other variables is obtained by assuming the plasma
is perfectly conducting:

E+v xB=0, (2.6)
This equation is used in the ideal case, if the collisions between the particles are
neglected. A finite resistivity, which is induced by the collisions, can simply be
introduced by replacing Eq. 2.6 with Ohms law:

E+v xB=nj, (2.7)

The set of equations is closed using the Maxwell’s equations:

nj=V xB, (2.8)

0B

- = E. 2.
5 V x (2.9)



2.1 Magnetic equilibrium

13

In Eq. 2.8 the displacement current is neglected by assuming quasi-neutrality of
the plasma. This set of equations (2.2-2.9), completed with V.B = 0, is called
magneto hydrodynamics (MHD). Ideal MHD is the case in which the collisions
are neglected, resistive MHD has finite . The MHD equations describe well the
magnetic equilibrium and stability of the tokamak plasma.

In the case of steady state equilibrium, Eq. 2.3 reduces to:

jxB=Vp. (2.10)

If the inner product of B with this equation is taken, B - Vp = 0 is obtained.
This means that there is no pressure gradient parallel to the magnetic field lines.
If we recall the magnetic topology of the tokamak plasma as introduced in section
1.1, which is a set of nested flux surface, and combine this with the absence of a
pressure gradient parallel to the magnetic field lines, it is clear that p is constant
on the flux surfaces. If the inner product of j with this equation is taken, the
equation j- Vp = 0 follows. As a consequence, current flows along the flux surfaces
as well. From the force equilibrium, Eq. 2.10, the prescription for the flux surfaces
can be obtained making use of Maxwell’s V - B = 0. Calculations of the magnetic
equilibrium, which are outside the scope of this thesis, show that the inner surfaces
are displaced outwards. This displacement is called the Shafranov shift.

For a tokamak plasma with a circular cross-section like in RTP the inner flux
surfaces are also circular. The flux tube with zero radius is called the magnetic
axis.

The magnetic field lines are helices following the torus. The magnetic winding
number ¢ is the number of toroidal turns a field line completes associated with one
poloidal circuit:

1 [ 1By
2 RBg

where the integral is taken over one poloidal circuit around the flux surface s and By
and By are the components of the magnetic field in toroidal and poloidal direction,
respectively. It is clear that all magnetic field lines in a flux surface have the same
g, so ¢ is a flux function. Tt follows from Ampére’s law (Eq. 2.8) that the poloidal
field is proportional to the current contained within the flux surface:

q= ds, (2.11)

_ Mo

= ] 2.12
0 2 S(r)]ds ) ( )

where S(r) is the surface inside r and g is the magnetic permeability of free space.
For a large aspect ratio tokamaks (Rg/a > 1) with circular cross-section like RTP,
q, can be approximated by:

’I‘B¢
RoBy’

Gecyl = (213)
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where r is the minor radius of the flux surface and Ry is the major radius. From
Egs. 2.12 and 2.13 it follows that the ¢ value at the edge of the plasma (g,) is
determined by the external parameters:

27raQB¢
NOIpRO

(2.14)

Qecyl,a =

where I, is the total plasma current.
The efficiency of the plasma confinement is often expressed as the ratio of the
kinetic pressure and the magnetic pressure:

__(m
=7 e (2.15)

where (p) is the volume (V) averaged pressure, [ pdV/ [ dV. Similarly, the poloidal
B (Bp) is defined as:

(p)
Bp = , (2.16)
" Bj(a)/2u0
where a is the radius of the last closed flux surface, also referred to as the plasma
edge. Bp(a) is the edge value of the magnetic field in the poloidal plane.
The normalised internal inductance of the plasma (I;) is defined as:

- foa(B§/2p0)27rrdr
T (B3(a)/2m0)ma
The value of [; increases if the j profile is more peaked. The combination A =

Bp +1i/2 — 1 is an important factor in the horizontal positioning of the tokamak
plasma.

(2.17)

2.2 Neoclassical Transport

A single particle is in principle perfectly confined by the magnetic field in the
tokamak configuration. The occurrence of collisions in case of many particles gives
rise to transport perpendicular to the magnetic field. As a consequence of the
collisions the plasma particles undergo a random walk. If we approximate the
tokamak configuration with a cylinder, the time step of the random walk is the
characteristic time between two collisions (7.) and the radial step length is the
Larmor radius (pr,). This gives a diffusion coefficient across the field D ~ p? /7c.
Using the RTP parameters for the electrons, D ~ 1.3 - 107% m?/s. This radial
transport induced by collisions in a cylinder is called classical transport.
Collisional transport in a torus is considerably larger than in a cylinder and the
theory taking this into account is called the neoclassical theory [2]. Neoclassical
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Figure 2.1: Variation of diffusion coefficient with collision frequency

theory predicts that a number of particles is trapped in so-called ’banana orbits’.
The name of these banana particles is derived from the poloidal projection of their
motion, which has the shape of a banana. The radial transport is increased in
the case of banana orbits, because the banana orbit width becomes the radial step
length in the random walk estimate and this is much larger than the Larmor radius.

Three regimes are distinguished in neoclassical transport, characterised by the
level of electron collisionality v. This is proportional to the ratio of the electron-ion
collision frequency (vei) and the circulation frequency in the banana orbit (vg):

VeiqRo 1
4 )
e,th

*_ll/ei_
Ve =

x (2.18)

evg &304 U

where v, ¢1, is the electron thermal velocity and € is the inverse aspect ratioe = r /R.
Note that v} decreases strongly with increasing ve¢h. In the banana regime the
transport is dominated by the trapped particles. For v* > veigRo/ve th ~ €~%/2, the
Pfirsch-Schliiter current dominates the transport. This is called the Pfirsch-Schliiter
regime. The intermediate regime is called the plateau regime, 1 < v} < €32, The
variation of the neoclassical diffusion coefficient D as a function of v is illustrated
in Fig. 2.1. In the plateau regime D is independent of v;.

The neoclassical theory is one-dimensional with the poloidal flux as the single
coordinate. It gives the general relation between the fluxes and the corresponding
thermodynamic gradient forces [2]. This relation can be written in matrix notation:



2 TOKAMAK STABILITY AND TRANSPORT

T D C12 C13 W V’TL
Ge C21 Xe €23 C24 nVT,

= — . . 2.19
G €31 €32 Xi C3a nVT; (2.19)
J Dys caz caz o E

In this equation T is the particle flux, ¢, and ¢; are the electron and ion heat fluxes,
respectively, and j is the toroidal current density. In the vector on the right-hand
side n denotes the density, T, and 7; are the electron and ion temperatures, re-
spectively, and Fj denotes the electric field in toroidal direction. D is the particle
diffusion coefficient, y. and x; are the electron and ion thermal diffusivities, re-
spectively, and the o = 1/ is the parallel electrical conductivity. The off-diagonal
coefficients have no separate label, except for W, which is the Ware pinch coeflicient,
and Dyg, which is the bootstrap current coefficient.

There is only one particle flux present in this equation. This simplification is
allowed because the ion and electron densities are bound strongly to each other
because the force caused by charge separation is very strong. The nearly zero net
charge in the plasma is called quasi-neutrality.

The transport along the field lines is neoclassical transport. The neoclassical
parallel transport coefficients are very high and as a consequence, n, T, and T;
are in good approximation constant on the flux surfaces. Their gradients are in
radial direction. The ’charge flux’ j lies in the magnetic surface and is in first
approximation toroidally oriented. Three of the four components are thus in radial
direction and the fourth is in toroidal direction.

If the elements c;; in Eq. 2.19 are constant the transport is purely diffusive.
The diagonal elements are the usual diffusion coefficients. The off-diagonal terms
represent the so-called cross-terms. For example, c42 quantifies the toroidal current
density driven by the VT, term. However, in general the conservation equations
contain also terms due to convection, damping and sources and sinks.

Neoclassical theory gives non-zero expressions for all elements c;; of the trans-
port matrix. Most of the fluxes corresponding to the off-diagonal terms have already
been observed in non-equilibrium thermodynamics applied to metals. For example,
the toroidal electric current produced by a radial temperature gradient (c42 and
cq3) is called the Ettinghausen effect. The radial heat flux caused by the electric
field (co4 and c34) is called the Nernst effect. Non-zero c¢12 marks the occurrence
of thermo-diffusion or the Soret effect. The reciprocal effect is the electronic Du-
four effect: a radial pressure gradient produces a radial electron heat flux (c21).
The reciprocal off-diagonal terms are related to each other by the Onsager sym-
metry relations, i.e. ¢;;(B) = ¢;;(—B), where the tilde indicates the dimensionless
coefficients.

In the experimental situation it is not so easy to gain data on all the coefficients.
The coefficients that appear regularly in the literature on tokamak transport physics
are the ones labelled explicitly in Eq. 2.19, i.e. D, Xie, o), W and Dhys.

The Ware pinch [3] is directed inwards and is a consequence of the interaction
between the trapped particles and the electric field. It causes the plasma density
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profile to peak in the centre. The bootstrap current [4] follows from the interaction
of the trapped particles with the density gradient and is directed in the same
direction as the inductively driven current.

2.3 Anomalous transport

Experimentally, it appears that the radial transport coefficients are much larger
than given by neoclassical theory [5,6]. The ion heat diffusivity and the particle
diffusion coefficient exceed the neoclassical estimates by up to one order of mag-
nitude, the electron heat diffusivity exceeds the neoclassical value by up to two
orders. This additional transport (it comes on top of the irreducible background
transport given by neoclassical theory) is called anomalous, because there is no
detailed understanding of it.

Since the collisional effects are contained in the neoclassical theory, it is clear
that the anomalous transport is caused by a different effect. Generally, turbulence
is considered to be responsible. The turbulence come in two flavours: electrostatic
and magnetic fluctuations.

The fluctuations of the electrostatic potential (d¢y, where k indicates the wave
number of a particular fluctuation) lead directly to E x B drifts (dvy,) of the particles,
where for F the sum of all fluctuation modes must be inserted. The time step of
the transport correlated with these drifts depends on the time the motion of the
particle is correlated with the fluctuation modes, the correlation time 7. The
spatial step associated with the drifts is éry = Jdvg7i. The resulting transport
coefficient depends linearly on 7:

D =Y (6vy)’m (2.20)
k

Several de-correlation processes can limit 7. If the fluctuation level becomes high,
the fastest limiting process may become the fluctuation frequency itself. In that
case, Ty  (6vg) ! and D becomes linear in Jvy.

In the case of magnetic turbulence the set of nested toroidal flux surfaces are
destroyed. The flux surfaces are replaced by chains of magnetic islands and X-
points [7]. Around the X-points the magnetic field lines are ergodic. The higher
the perturbing magnetic field, the more flux surfaces are broken and the more
ergodic field lines exist. The motion of the particles along the field lines gives a loss
of particles and heat.

In the collision-dominated case, the ratio of the radial displacement and the
toroidal displacement of a particle between two collisions is § B, /B, where 6B, is
radial component of the fluctuating magnetic field. The associated radial diffusion
is:

D ~ Dy <5%>2 : (2.21)
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In the collisionless case the transport can be enhanced even more, because the radial
step width can be as large as the island width, which can be significantly larger
than the banana width [§]

In specific regions of the plasma the turbulence can be quenched, leading to a
localised improvement of the transport coefficients. These regions are referred to
as transport barriers. In Refs. 9 and 10 plasmas have been presented in which,
transiently, x; decreased to neoclassical predictions over most of the minor radius.
In this phase the n fluctuations, associated with electrostatic turbulence, decreased
below the detection limit. The electrons remained anomalous and showed only a
modest decrease of y.. Apparently, the anomalous electron thermal transport is
not dominated by electrostatic turbulence but by magnetic turbulence.

In RTP the heat conduction via the electrons has been studied extensively.
From experiments with ECH it is found that the electron thermal transport can
be described by a series of transport barriers [11-13]. Inside those barriers, an
up-gradient heat pinch is found. The resulting effective transport is reduced by
one order with respect to the ambient plasma, where transport is anomalous. The
barriers are located at simple rational values of the safety factor profile. In Chapter
6 the RTP findings will be presented in more detail.

The observed particle transport is a combination of diffusion terms driven by
several thermodynamic forces. The net effect of the terms which are not driven by
the density gradient is usually called ’convection’. Both diffusion and convection
exceed the neoclassical predictions. Observations have shown that the ratio be-
tween the coefficients for particle diffusion (D,) and convection (v,) is insensitive
to variations of the plasma parameters By, I, or ne [14,15]. This means that the
density profile shape is rather constant. It suggests that D, and v, have similar
dependences.

In RTP experiments with central ECH it was found that the n profile is flat
where T is high and peaked. In discharges with low n. and (as a consequence) extra
high T, Vn even reverses sign in the centre: The n, profile is hollow. For off-axis
ECH, the T, profiles are hollow due (probably) to outward heat convection, whereas
inward particle convection seems to be enhanced in the same region. These data
indicate an antagonistic coupling of the particle and heat transport in EC heated
discharges.

Additionally, after ECH the formation of a strong local n gradient located close
to the ¢ = 2 surface has been observed. This gradient, which is an indication for a
particle transport barrier, is again accompanied by relatively low T, values. This
observation is a hint for the possible existence of a relation between the ¢ and T'.
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THE RTP TOKAMAK AND ITS
DIAGNOSTICS

This chapter serves as an introduction to the tokamak of the Rijnhuizen Tokamak
Project (RTP) and the instruments that supply the information about the physical
state of the plasma, the diagnostics. The research at RTP is focused on the electron
transport. Therefore high resolution 7, and n. diagnostics are installed. The
electrons can be manipulated by powerful Electron Cyclotron Heating (ECH) and
by the injection of frozen hydrogen pellets.

3.1 The RTP Tokamak

The plasma in RTP is made in a stainless steel torus-shaped vacuum vessel with
a major radius of 0.72 m and a minor radius of 0.235 m. The cross-section of the
plasma is circular and its size is limited by two carbon limiters to a minor radius
of 0.164 m. The vessel sits inside 24 magnetic field coils, which create a toroidal
magnetic field of up to 2.5 T. A 6-fold transformer yoke can apply a flux swing of
~ 1 Vs. With this a plasma current between 40 and 150 kA is run for periods of
~0.5s.

The plasmas described in this thesis are made in hydrogen. To guarantee a low
impurity concentration the vessel is cleaned by baking and glow discharge cleaning.
Boronisation of the inside vessel lets oxygen stick to the wall, prohibits the formation
of water and decreases the CO and CO yield from the wall. With these measures
it is possible to decrease the effective ion charge in the plasma (Z.g) to Zeg < 2.

If no additional heating is applied the Ohmic heating of the plasma gives central
Te ~ 700 eV. With application of ECH T, can rise to ~ 4 keV. The central density
ne (0) can be chosen in the range 0.5 — 15 - 10!® m~3.
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3.1.1 ECH

The ECH microwave power is delivered by a Gycom gyrotron, giving up to 500 kW
110 GHz radiation for < 200 ms. The resonant condition for ECH is given by
the electron cyclotron frequency wee = eB/me, where e and m, are the charge
and the relativistic mass of the electron, respectively. The power is injected in
the second harmonic X mode and is launched from the LFS. The ’'cold resonance’,
i.e. the resonance for electrons with m. equal to the electron rest mass, occurs at
B =1.96T. The beam has a diameter of 1.5 cm and is deposited in a layer of ~ 1 cm
in the direction of the major radius. The deposition radius is determined by the
toroidal magnetic field. The height of the deposition is set by tilting the in-vessel
launching mirror. This mirror can also be tilted so that the injection is partially
along the plasma current. In this case the ECH drives current in a non-inductive
way. This is called Electron Cyclotron Current Drive (ECCD) [1]. The total ECH
power exceeds the Ohmic input power by a factor 4 to 7.

3.1.2 Pellet Injection

Injection of pellets of frozen hydrogen is considered as a possible method to fuel
a future burning reactor plasma. It can also be used for transport studies, as the
pellet induces a perturbation of a steady state plasma. At RTP a pellet injector is
available that can shoot up to 8 pellets into the plasma from the LFS. The pellets
can have two sizes: Small pellets contain 5 - 10'® atoms and are injected at 800 to
1100 m/s; Large pellets contain 2 - 101 atoms and travel at 400 to 700 m/s. The
number of particles in the small pellets is roughly the same as the total number of
particles contained in a typical RTP plasma. The pellet size is ~ 1 mm.

By tilting the pellet injector, injection under an angle of 0 to —7 degrees with
the horizontal mid-plane can be performed. If the pellet injector is tilted maximally,
the impact parameter of the pellet is ~ 10 cm.

3.2 The RTP Diagnostics

RTP features a large number of diagnostics [2]. Only the ones relevant for this
thesis are discussed here.

Magnetics
The radial and poloidal magnetic field components (B, and By, respectively) are
measured with two sets of 12 pick-up coils positioned in a poloidal ring around the
plasma just inside the vessel wall, at » = 0.213 m. From these coils the plasma
position is determined. The plasma position is controlled by a feedback loop, using
these signals as input. The By coils are used for determination and feedback of the
plasma current as well. The time resolution of these coils is 0.1 ms.

The voltage in the toroidal direction can be measured by a toroidal loop around
the torus. In RTP two such loops were installed in the mid-plane of the tokamak,
at the inside and the outside of the vessel.
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The radial plasma position is controlled by the externally applied vertical mag-
netic field (By). The strength of this field is proportional to 8, + ;/2 and can be
used as a diagnostic of this quantity. §, is the poloidal beta and [; is the internal
inductance, or current peaking factor.

Interferometry

Two interferometers are available at RTP to measure n.. The 19-channel hetero-
dyne interferometer [3,4], operating at a wavelength of 0.4mm, uses a slab-like
beam to cover up to 80 % of the plasma diameter. Its error is 10° at a maximum
time resolution of 1 us. This diagnostic is treated in detail in chapter 4. A 2mm
interferometer [5] measures the line-integrated density along a single vertical chord
through the vessel axis (ne,Lint.). Its accuracy is 1/64-th fringe, corresponding to
[ nedl = 1.8-10'"m~2 (I is along the line of sight), at a time resolution of 10 us.
The signal is used as feedback for the density control via the piezoelectric valves of
the gas feed.

Thomson scattering

In chapter 5 the double-pulse multi-position Thomson scattering system [6,7] is
introduced in detail. This diagnostic can measure vertical profiles of T, n., the
electron pressure p. and the spectral Doppler shift A\g at two (close) time points
with a spatial resolution of ~ 2 % of the minor radius. The statistical error on ne
is 3%, on T, it is 5% and on pe it is 6 % at T, = 1keV and ne = 510 m~3. This
diagnostic has been designed to measure small structures of the size of a couple of
ion Larmor radii on the plasma profiles, like filaments [8] and transport barriers [9].
It can also measure the spectra tangential to toroidal axis, measuring the current
density with an accuracy of 10 %

A ruby laser is pulsed once (< 25J, 25ns pulse) or twice (S 2 x 12.5J, 40ns
pulse), separated 20 to 800 us. The 90° scattered light is relayed by conventional
optics to the spectrometer. On the intensified CCD camera detectors, it is resolved
spectrally and spatially. The relative spectral calibration is performed with a Tung-
sten ribbon lamp. The absolute calibration is taken from Rayleigh scattering on
hydrogen. The density is cross-calibrated to [ nedl of the 2 mm interferometer.

ECE radiometry

The time evolution of T, can be followed by Electron Cyclotron Emission (ECE)
measurements. At RTP a 20-channel double heterodyne radiometer is operational
for second harmonic X-mode ECE measurements [10]. The spectral range between
86 and 146 GHz is down-converted in two steps to the interval from 0.4 to 3 GHz.
The observed cyclotron frequency (wee) is proportional to B and thus inversely
proportional to R. The intensity is proportional to 7, provided that the plasma is
thermal and optically thick. This enables spatially resolved T, measurements.

For the the ECE Intensity I holds:

ITxT(l1—e™T), (3.1)

where 7 is the optical thickness. The optical thickness depends on n. and 7T,. For
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RTP, 7 is usually between 1 and 3 in the core. The factor between brackets is
between 0.63 and 0.95. In the edge , 7 is somewhat lower than in the core.

The ECE channels are separated by 3 GHz, corresponding to 4-18 mm in the
plasma. They measure along the horizontal, radial axis. The exact location of the
channels depends on the magnetic field. The relative calibration of the channels is
performed by a sweep of the magnetic field in a steady state Ohmic plasma [11, p.
59]. The channels shift through the plasma during this sweep and pass the previous
positions of one or more neighbouring channels. The absolute calibration is taken
from Thomson scattering. The noise temperature is 1 eV at a temporal resolution
of 2 us.

Soft X-ray tomography

The Soft X-Ray tomography system (SXR) consists of five cameras of 16 pinhole
detectors each, together covering almost the full poloidal plane [12,13]. The 80
channels measure the emitted radiation between 1 and 10 keV. The intensity is a
function of n2. For the RTP system the intensity also depends on T, %5, so the
SXR diagnostic is sensitive to changes in these plasma parameters. It is well suited
to qualitatively study fast events.

The almost complete coverage of the plasma cross-section enables two-dimensional
reconstruction of the local emissivity from the line-integrated measurements, if the
plasma parameters are assumed constant on the flux surfaces. Such a tomographic
reconstruction is a solution of an ill-posed problem. It is further complicated by
the fact that not all cameras are cross-calibrated.
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POLARIMETRY

This chapter provides an introduction to interferometry and polarimetry in gen-
eral, and to the diagnostic at RTP in particular. The accuracy analysis and the
experimental results of this diagnostic are discussed in detail.

From polarimetry the poloidal magnetic field (By) can be deduced provided the
flux geometry and the electron density ne are known. This is one of the reasons why
polarimetry is often combined with interferometry in one set-up, for the density 7.
can be obtained from interferometric measurements, using the flux geometry. The
current density follows from By via Maxwell’s equations.

In section 4.1 the basic principles of polarimetric and interferometric measure-
ments in plasmas are presented. In section 4.2 the implementations of the exper-
imental schemes are discussed. Special attention is paid to the RTP set-up. The
remaining sections are devoted to this set-up. Consecutively, the data acquisition
(section 4.3), the data analysis (section 4.4), the accuracy analysis (section 4.6) and
the experimental results (section 4.5) are presented.

4.1 Interferometry and Polarimetry

Consider an arbitrary electromagnetic wave propagating through a tokamak plasma.
The wave can be decomposed into its two orthogonal propagation modes, also called
eigenstates. Both eigenstates are subject to changes of the polarisation with respect
to vacuum due to the plasma. As we will see, the average of these changes is pro-
portional to the particle density and the difference between them is proportional to
the product of the density and the magnetic field parallel to the wave.

The propagation of waves can be described by a dispersion relation. The strong
magnetic field makes the plasma highly anisotropic and as a consequence the dis-
persion relation is a rather complex tensor relation.
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The easiest way to deduce the dispersion relation is by describing the plasma as
a fluid. This is a macroscopic point of view as opposed to a kinetic treatment, which
incorporates the details of the particle distribution function. The fluid description
is adequate in case the thermal velocity of the particles is negligible compared to
the phase velocity of the waves. This is the so-called cold plasma approximation.
It can be shown a posteriori that for the waves under consideration here the phase
velocities are close to the speed of light (¢). The electron thermal velocity of a
1 keV electron is only ~ 1-107 m/s = ¢/30, so the cold plasma approximation is
valid.

As a second approximation, the interaction with the ions is neglected. Because
the ion mass is much higher than the electron mass, their contribution to the
dispersion is negligible, provided the frequency is high enough. We shall consider
here only cases where the ion motion can be ignored.

With these approximations the reaction of the plasma electrons to an arbitrary
wave with frequency w can be characterised. The dispersion relation can be written
as a quadratic relation for N2, where N is the refractive index N = kc/w [1, p.
87-95]:

[ X(1-X)
= 1/2 7
1-X - 1Y2sin?9 + [(% Y 2sin®9)” 4 (1 - X)? Y2c0s219}
(4.1)
where,
2
. B
x=_N  y_ (4.2)
€0Mew? Mew

and 4 is the angle between B and k. Eq. 4.1 is called the Appleton-Hartree formula.
The z-coordinate is chosen along the magnetic field B and the wave vector k is
chosen in the yz-plane.

The anisotropy in the solutions can easily be seen by considering the two cases
of propagation, perpendicular (¢ = 7/2) and parallel (¢ = 0) to B. First, the
parallel propagation is treated. In this case, the solutions are:

X

N>=1-—_.
1+Y

(4.3)
The corresponding polarisations of the wave electric field can be obtained if the
solution is filled in in the equation for dispersion. Here, only the result is given:

E .
E_z:il’ E,=0, (4.4)



4.1 Interferometry and Polarimetry

27

which are left and right handed circularly polarised waves, respectively. For the
following analysis to be valid it is necessary that the gradient lengths are much
larger than the wavelength of the incident wave. We take a linearly polarised wave
incident parallel to B. This wave can be decomposed into two circularly polarised
counter-rotating waves of equal amplitude. Upon exit these waves recombine again
into a linearly polarised wave. The total phase lag in the plasma is:

ga:/kdl:/N%dl, (4.5)

where [ is the beam path variable. Suppose the ratio By/w < me/e, so that Y < 1,
then Eq. 4.3 reduces to:

N2=1-X=1-"2°_ p.=emew?/e®. (4.6)
Ne
The quantity n. is called the cut-off density, because for n. > n., N? becomes
negative and N purely imaginary. This means the wave is evanescent. If the
density is sufficiently below the cut-off density, n. < n., then N can be expanded
to:

N=~1-1ne/n. (4.7)

and the phase lag becomes:

w n, w w
9 (1o g Ll 4
o c/<1 nc)dl ) 2cnc/ndl (4.8)

The first term is simply the phase lag of the wave in vacuum, the second term is
the phase shift by the plasma. Note that the second term is negative.

If Y is not neglected, it is found that the two circularly polarised waves are
subject to different refractive indices, see Eq. 4.3. This means that the polarisation
of the recombined wave on exit is rotated. This can be illustrated by assuming that
Y is finite but small. A similar expansion to Eq. 4.7 can then be used:

X XY
N2x1-X+XY, Neml—d = (4.9)

The polarisation rotation in the plasma is the difference of the phase lags the two
eigenwaves experience, cf. Eq. 4.8:

a=4lpr—p) = o [(1_§+¥)_<1_§_¥>]d1 (4.10)

w e
= — [ XYdl = <Bdl.
20/ di 2cmene /n di
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This effect is called Faraday rotation, after the English scientist Michael Faraday
who first described it.

For perpendicular propagation (¢ = 7/2), the situation is not so clear. The
solutions of the dispersion relation are:

N?=1-X and N? X (1= X) (4.11)

T 1l-X-Y?
The polarisations corresponding to these solutions can be obtained if filled in in the
dispersion equation. The positive sign solution is linearly polarised along B, but
the negative sign solution is perpendicular to B, and its polarisation is not simple.
Nevertheless, it has been shown that the phase shift and the Faraday rotation obey
Egs. 4.8 and 4.10. The following equations can be considered as generalisations of
Egs. 4.8 and 4.10 for arbitrary propagation angle [1,2]:

Ap = -~ /nedl,
2cene

a = ¢ ne B - dl
2¢cmene

(4.12)

for ne < n. and eBsec()/me < 1. The last constraint is a generalisation of the
small Y condition, in which the fact that the Faraday rotation is only sensitive to
the magnetic field parallel to the wave vector is included.

If the propagation is sufficiently close to perpendicular so that eB sec(¥)/me 2
1, effects other than simple rotation of the polarisation become important. It is the
consequence of the eigenwaves not being circularly polarised anymore. A linearly
polarised incident wave then gets some ellipticity in its polarisation. This is called
the Cotton-Mouton effect.

In RTP waves are launched vertically through the plasma, perpendicular to the
toroidal magnetic field. The phase shift by the plasma can be several wave periods.
The Faraday rotation is created by the poloidal magnetic field and is typically only
a few degrees. The Cotton-Mouton effect is negligible.

4.2 Measurement Method and Set-up

In this section the measurements of Ay and « are discussed. Measurement of A
yields knowledge of n., measurement of a yields information on the product of
the magnetic field along the measuring chord and n. (see Eq. 4.12). We focus to
measurements in the poloidal plane, i.e. By is probed. The poloidal magnetic field
is generated by the toroidal plasma current (I,) according to Maxwell’s equation
V x B = ppj. For large aspect ratio € = Ry/a the torus can be approximated by a
cylinder and using Stoke’s theorem we find:

By(r) = £2 / j(r') ds, (4.13)

T 21y



4.2 Measurement Method and Set-up

29

source
>// DN AN
\\ A N \
plasma
fi
\ fl = f2 N\ N dettectclx
AN A

Figure 4.1: Schematic representation of a homodyne Mach-Zehnder interfer-
ometer set-up.

where ' is the minor radius and the integral is taken over the flux surface with
radius 7.

In section 4.2.1 the determination of Ay with interferometry is discussed, in
section 4.2.2 the additional determination of « is discussed (polarimetry).

4.2.1 Interferometry

A simple way to measure the phase shift due to the plasma is to compare the
phases of two waves of equal wavelength with equal path lengths of which one
is influenced by the plasma. This is called a Mach-Zehnder interferometer. It
can be accomplished by splitting a laser beam into two branches of equal length,
one of which is passing through the plasma, and recombining them onto a single
detector, see Fig. 4.1. The electric fields of the split beams can be represented by
E; sin(wt+Ay) and F; sin(wt) for the plasma and the reference branch, respectively.
The amplitude of the recombined beam depends in a simple way on Ap:

2E\E
P = (E?+E?) <1 + g2 cos Aga) (4.14)

E? + E3
This method is called homodyne because of the use of a single frequency input beam.
There are two disadvantages: First, variations in beam power can be mistaken for
density variations. This problem can be overcome by monitoring the beam power
separately. Secondly, the sign of the density variations is unclear, because of the
cosine behaviour of the signal.

Both these problems can be overcome by application of a heterodyne measure-
ment set-up, see Fig. 4.2. In this case a second beam (the local oscillator beam)
with a slightly different frequency is relayed unperturbed to the detector. The effect
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Figure 4.2: Schematic representation of a heterodyne interferometer set-up.

of this second beam is the replacement of Ay in Eq. 4.14 with Awt + A¢, where
Aw is the frequency difference between the two beams. The power measurement
of the homodyne set-up is replaced by a phase measurement in case of heterodyne
detection. A reference detector is added to monitor the phase of the unperturbed
beams, not the power.

Most present-day interferometers in fusion research use heterodyne detection.
The time resolution is set by Aw. The frequency difference between the beams is
often accomplished by mechanical means, limiting the time resolution to tens of
kHz. Alternatively, two identical but slightly detuned lasers are used. The time
resolution is limited by the laser bandwidth and can be several MHz.

4.2.2 Polarimetry

There are two reasons to combine the measurements of the density phase shift Ay
and the Faraday rotation « into one set-up: First, ne is crucial to reconstruct By
from « and it is given by A¢p. Second, both quantities are detectable in roughly
the same frequency range, the far infrared (FIR) radiation. Since measurement of
« involves the polarisation of the beam, it is called polarimetry.

Probably the simplest way to extend the abovementioned interferometer with
a polarimeter is to replace the beam combiner in front of the detectors with a
polariser. In the polariser the wave is split into two linearly polarised waves, or-
thogonal and parallel to its characteristic axis, one of which is reflected and the
other transmitted. By choosing the axis along the incident polarisation, the Fara-
day rotation is carried by one of the components and it can be measured directly.
Of course, two detectors are needed instead of one to obtain both components.
Further, the o determination is based entirely on the ratio of the two components,
so accurate relative calibration of the detectors is crucial.

This method has been implemented successfully at the TEXTOR-94 tokamak
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[3], reaching an angular accuracy of 0.15° for nine vertical channels and one hori-
zontal. Use has been made of pyroelectric power detectors. The advantage of these
detectors is that they are easy to handle so the relative calibration is well feasible.
The disadvantage is their limited time resolution, which limits the time resolution
of a to ~ 3 ms.

Another method to improve the time resolution, which is applied in other ex-
periments, is to use Schottky diode detectors. The diodes are mounted in corner
cube reflectors. They are polarisation sensitive and have very high time resolution.
Their disadvantage is that the antenna pattern is very narrow, and the relative
calibration of two detectors is too sensitive to perturbations to rely on. Together
with the general fact that a double detection array considerably increases the cost
and complexity of the detection system, this creates the need for a measurement
scheme with a single detector per line of sight measuring both Ay and «. This can
be achieved by modulation of the polarisation of the probing wave.

Kunz and Dodel [4] used a rocking polarisation vector, modulated over a few
degrees. If « is small, it is proportional to the change of the modulated power level.
The rocking polarisation is usually accomplished by an oscillating ferrite element,
leading to very high power losses. Other disadvantages are the mechanical limit on
the modulation frequency, and the fact that the « signal is contained in the DC
component.

Alternatively, a rotating elliptically polarised wave [5] can be used, which has the
advantage that the « is contained in the phase of the measurement. The detected
signal is an amplitude modulated IF signal. The Agp signal is carried by the IF
phase, « is carried by the phase of the modulation. The ellipticity guarantees the
determination of Ay in the valleys of the modulation. Unfortunately, there is some
crosstalk between Ay and a.

This scheme has been implemented at MTX [5]. The rotation of the elliptically
polarised wave is generated using a rotating half-wave plate. The time resolution
is limited by the mechanics of this rotation to a ~ 0.5kHz.

All methods presented until now probe Ay and « directly. A perfect alternative
is to probe the two refractive indices directly, see Eqgs. 4.3 and 4.11. This can
be done by using two counter-rotating circularly polarised waves. These are the
eigenwaves for parallel propagation. Nevertheless, it can be shown that also in case
of perpendicular propagation their respective phases are characterised by one of the
two solutions of the dispersion relation only [2]. The left-handed and right-handed
waves experience different phase shifts Ap, and Ap_, respectively, cf. Eq. 4.10.
The average of these shifts is Ay, the difference between them is 2a.

A straightforward experimental implementation of the above method is to probe
the plasma with two waves of slightly different wavelength instead of a single probing
beam, see Fig. 4.3 [2,6]. These two probing waves are counter-rotating, circularly
polarised waves. The circularly polarised waves can be obtained by passing linearly
polarised waves through a quarter-wave plate at 45°. In this scheme three sources
are used and the detectors obtain three IF mixing frequencies. Two of these contain
the mixes of the respective probes with the local oscillator and their phases are
shifted by Ay, and Ay_, respectively. The third one is the mix of the two probing
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Figure 4.3: Schematic representation of a double-heterodyne combined inter-
ferometer/polarimeter set-up.

beams. The phase shift of this carrier with respect to the reference is 2c.

In this set-up, all quantities can be determined independently with phase mea-
surements. The time resolution is set by the laser bandwidth with the remark that
three sources are hosted within the bandwidth. No mechanical constraints limit
operation, nor does any signal crosstalk occur. Only one detector per line of sight
is needed. This scheme has been implemented on RTP and is to be implemented
on NSTX in the near future [7,8].

4.2.3 Experimental Set-up

The RTP triple-laser multi-channel double heterodyne interferometer /polarimeter
system, will be discussed using the three-dimensional view, given in Fig. 4.4 [2,9].
The figure is the guideline for the discussion of the set-up. Three laser cavities
filled with ~ 300 mTorr formic acid (CHOOH) are optically pumped by a 150 W,
9.4pm carbon dioxide (CO2) laser. The lasers deliver each ~ 30 mW FIR radiation
with Ag = 0.4325 mm and are mutually slightly detuned within the bandwidth of
~ 2 MHz. Directly behind the laser exit the polarisation of one of the probing
beams is rotated a quarter turn so that the polarisations of the probing beams are
perpendicular. Both beams are co-aligned by combining them on a polariser. The
beams are then coupled into highly oversized (& 70 mm) wave guides and trans-
ported to the tokamak. The part of the set-up around the tokamak is positioned
on a stiff F-shaped frame, which is anchored to the building fundament. There is
no mechanical connection to the tokamak.

Right after the wave guide exit a quartz quarter wave plate converts the or-
thogonal polarisations of the probing beams to counter-rotating circular. The next
relay element is a beam splitter: It transmits a 5 % fraction towards the reference
detector. This beam splitter is made of metallic mesh. Therefore the angle of in-
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Figure 4.4: Artist view of the RTP triple laser combined interferome-
ter /polarimeter set-up.



34

4 POLARIMETRY

cidence of the main beam is kept as small as possible, to conserve the polarisation
properties of the beams.

A one-dimensional lens of high density polyethylene (HDPE) is used to focus the
beam in the toroidal direction to the centre of the plasma. The beam is coupled onto
the set of parabolic mirrors, which expand the beam a factor 7.5 in radial direction.
In this way, a slab-like beam is created, which fits the available diagnostic port.
In the picture, the tokamak vessel, the diagnostic ports nor the flanges containing
the HDPE vacuum windows are drawn. The entrance window is positioned just
above the large parabolic mirror, ~ 0.3 m from the plasma. The exit window is at
a similar distance above the plasma.

After vessel exit the probes are recombined and linearised using a polariser.
With exception of the quarter wave plate and the polariser, the local oscillator
beam follows a similar optical path outside the vessel. The probing beams are
recombined with the local oscillator on a beam splitter and relayed to the detector
array. The detector array consists of up to 19 Schottky diodes mounted in corner
cubes. Each detector has a parabolic mirror to focus the signal on the diode. The
width of the combined mirror-corner cube elements determines the minimal spatial
resolution: 14 mm. They are mounted on a rail to allow flexible positioning.

Approximately 5% of the signal is split from both beams before expansion and
relayed directly to the reference detector without interference of the plasma (see
also Fig. 4.4). The reference fractions of the two probing beams are recombined on
a polariser right behind the beam splitter.

Both the detector array and the reference detector are placed inside a Faraday
cage to prevent the disturbance from the high power microwave heating sources of
RTP. The gyrotron frequencies 60 and 110 GHz are filtered out at the entrances of
the cage by a Fabry-Pérot interferometer consisting of a double nickel mesh layer.

4.3 Data Acquisition

The data obtained at the detectors is amplified and fed into the analog-digital
converters. The determination of the phase is done entirely by means of software.
To determine the phase of the three mixing signals, the signals have to be separated.
This is done by Fourier transformation, filtering and inverse transformation. The
final step is to compare the phases obtained from the detector array with those from
the reference detector. The phase differences are the quantities sought for. These
have to be corrected for the constant offset due to the path length difference between
the detector and the reference. This offset is removed using the zero-plasma signals
before and after the discharge.

In Fig. 4.5 the recorded spectrum of the reference detector is shown. The three
large peaks correspond to the beat frequencies between the three carriers. The
smaller peaks correspond to higher harmonics of the mixing frequencies. These are
visible in the recorded signal, because they are aliased down in the analog-digital
conversion. The side lobe at the right-hand side of the most right peak is also due
to a higher harmonic. If the higher harmonics are to close to the primary peak they
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Figure 4.5: Spectrum of the reference detector signal. Peak 1 corresponds
to mixing between the probes, whereas peak 2 and 3 come from
mixing between the respective probes and the local oscillator. The
other structures are due to higher harmonics.

can disturb the phase determination (see also section 4.6).

In the previous section we showed that the maximum measurement frequency
of the set-up is basically set by the laser bandwidth. For this to hold, the sampling
rate of the signal must be (much) faster than the bandwidth of the laser. For RTP,
the line width of the laser is approximately 2 MHz, whereas the sampling rate of the
ADCs at RTP is at maximum 500 kHz, limited by their storage capacity. In this case
the sampling rate is the limiting factor for the maximum measurement frequency.
The electronics involved act as a bandpass filter between 0.1 and 5 MHz and do not
limit the time resolution. We will now derive the maximum measurement frequency
for the RTP set-up. One should keep in mind that this is only an upper limit to
the time resolution. The time resolution is further compromised with respect to
this number by statistical noise.

The mutual tuning of the mixing frequencies must fulfill the following condi-
tions for optimal data acquisition: 1) The three frequencies must be as close as
possible, because of power considerations. The mixing power decreases strongly
with frequency difference as the laser band width is approached. 2) The three fre-
quencies must exceed 100 kHz, because of the electronics. 3) The stability of the
laser sources demands that the mixing frequencies are chosen as high as possible. 4)
The three frequencies must be well separated in the frequency domain after aliasing
(which is explained below). The first three conditions have as a compromise the
0.5-1 MHz range. The fourth condition is fulfilled by careful tuning of the lasers
with ~ 5kHz accuracy. Below, first the mechanism of aliasing is explained. Then,
the maximum time resolution is derived from the sampling frequency, which will
illustrate the importance of the laser tuning.
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In Fig. 4.6 the mechanism of aliasing is illustrated. The three laser frequencies
within the laser line give three IF mixing frequencies. The mixing frequencies are
recorded with 500 kHz, or, equivalently, they are folded spectrally into the Nyquist
interval 0-250 kHz. The recorded frequencies df; can be written as:

df; = |(dfi mod 2 fxyq) — fyal (4.15)

where the symbols are chosen like in Fig. 4.6. Two of the three frequencies can be
chosen. In the spectrum in Fig. 4.5 the mixing frequencies were tuned at 560, 625
and 1185 kHz. The corresponding aliased frequencies are 60, 125 and 185 kHz. In
Fig. 4.5 the mixing frequencies are well separated from each other and from the
edges of the Nyquist interval. If the frequencies were chosen to be 560 and 685 kHz,
the aliased equivalent of the third would be 240 kHz, which would interfere with
the edge.

In case of optimal separation each mixing frequency with sidebands has 250/3 ~
83kHz. After inverse transformation, half of the data remains, so the optimal
temporal resolution of the data acquisition is ~ 41kHz. In practice, the temporal
resolution can be somewhat lower, because the optimal setting is hard to obtain.

This rate is the rate with which the phase signals are obtained. The signal-
to-noise ratio of the measurement determines the error on these signals. For the
spectrum shown in Fig. 4.5, the thus obtained error is ~ 1°. This error is reduced
by averaging, further decreasing the time resolution.

A complicating factor in this picture is the occurrence of higher harmonics of the
mixing frequencies, which are aliased down to the Nyquist band as well. Interference
of higher harmonics with the mixing frequencies can give high frequency phase
perturbations.

Simulated data is used to test the software for phase determination. In the
simulation of the data, the observed effects polluting the spectrum are integrated,
like higher harmonics aliasing and instability of the laser frequencies, are integrated.
The obtained reconstruction error is in all cases below 0.1°, confirming that the
phase determination is correct.

4.4 Data Analysis

4.4.1 Refraction

Before further analysis is performed, the phases have to be corrected for the conse-
quences of refraction. These consequences are not at all negligible, mainly for the
following reasons: First, the limited size of RTP means that a strong radial den-
sity gradient exists. Secondly, the distance between the plasma and the detectors
is 1.5m, and small angular deviations can lead to appreciable beam shifts at the
detector rail, compared to the detector width of 14 mm. The refraction angle on
exit of the plasma can be as large as 0.75°, giving ~ 2 cm radial displacement at
the detector array. The data has to be corrected for this effect.
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Figure 4.6: The principle of aliasing is as follows: The three lasers are po-
sitioned around the optimum line fo (a). The three difference
frequencies are the mixing frequencies. These may not coincide
with (a multiple of) the Nyquist frequency fxyq (b). In the digital
recording the subsequent bands of width fnyq are ’folded’ on the
first interval like a harmonica (pictured schematically between b
and ¢). The numbers in the figure ¢ are the respective mixing
frequencies after aliasing.

The effect of refraction is two-fold: First, the plasma that is probed by the
detector is at a smaller horizontal distance from the magnetic axis than the detector
itself. This is accounted for by correction of the effective detector position in the
analysis. Secondly, the path length to the detector is increased with respect to the
zero level determination without plasma. This path length change is minute relative
to the path length itself but can be appreciable with respect to Ag. For the above
example of 2 cm displacement the path length change is ~ 270 ym or 0.6Ag. The
phases are corrected directly for this effect. Note that this effect is only important
for the probe-local oscillator mixes. Both the probes follow the same path so they
experience the same phase change and the effective phase of the probe-probe mix,
containing the « signal, is unaltered.

The correction for refraction is determined iteratively. The uncorrected n. pro-
file is used to determine the refracted beam path. With this beam path the mea-
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sured phases and measurement positions are corrected, and the corresponding n
profile is determined. This loop is iterated until the additional position correction
is below a pre-set threshold, usually 1 mm.

Though the refraction takes place in the plasma, the lines of sight are almost
perfectly straight. Hence, the channel positions are unambiguous. It is because
of the large distance between plasma edge and detectors that the refraction is
important.

4.4.2 Abel Inversion

The signals o and Ag contain the signals n, and By integrated over the lines of
sight. The measurements can be inverted if it is assumed that the integrands are
constant on the flux surfaces and that the shape and position of the flux surfaces
is known. The RTP tokamak plasma has a circular cross-section. The flux surfaces
can be considered as a set of nested toroids with circular cross-section, the centres
of which are slightly displaced to larger major radii for smaller flux tubes as a
consequence of the Shafranov shift (§). In RTP, § = 1 —2cm, depending on plasma
pressure and current.

The deduction of the integrand from the measurements represents an integral
problem. Solution of this problem in a geometry of concentric circles is called Abel
inversion, after the mathematician Abel who first studied it. The solution is calcu-
lated from the first derivative of the signal rather than the signal itself. This tends
to make the result rather sensitive to any error in the measurement. Fortunately,
this is partially compensated by the integration involved in the measurement.

In a tokamak the flux surfaces are usually not concentric circles. Fortunately,
several numerical schemes to approximate the Abel inversion have been suggested
[10-12]. The general principle which they use is the following: From the outermost
measurements, the density profile up to its position is directly obtained. With
this partial density profile, the contributions of this area to the other channels can
be calculated, and their signals can be corrected, using the above assumptions on
the two-dimensional geometry of the signals. Using the next to outermost channel
another 'ring’ can be added to the density profile, and the other channels can again
be corrected for this. Proceeding from the edge, the whole signal profile up to the
centre can be constructed in this way. Abel inversion is a standard technique for
interferometer measurements. For RTP, the results of the various methods differ
only for very strong asymmetries in n.. In the data in this thesis no such extreme
ne asymmetries are met.

For the « signal, Abel inversion is not straightforward, because the inner product
in the integrand is not constant on the flux surfaces (Eq. 4.12).

Due to the line integration, small structures are invisible on the interferometer
and polarimeter profiles. If n, or By change locally, the change of the measured
quantities is weakened by the line integration. The measured difference between
two A¢p profiles is always less than the difference between the corresponding n,
profiles. A similar statement holds for « profiles. As a consequence, the measured
Ay and « profiles are expected to be smooth.
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The RTP interferometer data has an excellent signal-to-noise ratio. The signal is
in the order of 10® degrees. The statistical error is a few degrees at a time resolution
of ~ 50 ps. The measured profiles are smooth and symmetric in r (see e.g. Fig.
4.7b). The reconstruction of the ne profile from the data using Abel inversion is
straightforward.

The signal-to-noise ratio of the polarimeter data is not so good. The typical
signal level is a few degrees. To bring the noise down to an acceptable level of 0.1°
degrees, low-pass filtering must be applied at 1 kHz. Apart from the statistical
error, systematic errors of ~ 0.3° are observed. We call these errors systematic
because their origin is not noise, but they are unpredictable. Therefore, the data
cannot be corrected for these systematic effects. As a consequence the Faraday
rotation profile is not smooth and Abel inversion is impossible. More seriously, the
expected changes in Faraday rotation between j profiles in different plasmas are of
the same magnitude. This makes reconstruction of By rather difficult. In section
4.6 we discuss these errors in detail.error in more detail.

To give an impression of the measurements we first show two examples. In Fig.
4.7 two polarimeter and interferometer profiles are shown for a plasma with off-axis
ECH. One profile is measured shortly before switch-on of ECH, the second one
after 70 ms of off-axis heating. The T, profile as measured by Thomson scattering
(TS) has become hollow by then. The interferometer profiles nearly coincide, so
the difference in « is almost entirely caused by a difference in j. The polarimeter
profiles show a significant difference of the order of 0.5°. The main difference is in
the profile shape.

It is clear from this figure that the « signal is much lower than the Ay signal.
The relative error on « is much larger than the relative error on Ay, which is too
small to be seen in the figure.

The line-integrated measurement profiles are expected to be smooth, and in
Fig. 4.7 polynomials are fit to the profiles. The interferometer data are well fitted
by the polynomials. In the polarimeter profiles there are several points off the
polynomial outside their error bar. The scatter on the « profiles is considerable
and, remembering that Abel inversion is rather sensitive to errors, this excludes
inversion of the « profiles. From Fig. 4.7 it seems advantageous to concentrate on
the profile shape rather than the local values.

4.4.3 Parametrisation of ¢

In the previous section it was argued that Abel inversion is not suitable for analysis
of the a profiles. However, important physical information can be obtained from
the profile shape. In this section the attention is focused on an analysis method
that is sensitive to the profile shape only.

The j profile can be reconstructed from the resulting n. and the a profile using
a parametrisation of the ¢ profile. The parameters are not so sensitive to local
excursions of the profile if the number of degrees of freedom is much smaller than
the number of signals. The parameters are fitted to the data.

As the basis of the parametrisation for ¢ the Natural Current Profile (NCP)
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Figure 4.7: a) Faraday rotation profiles just before switch-on of off-axis ECH

(asterisks) and during the hollow T, phase, four current diffusion
times after switch-on (diamonds). The lines represent polynomial
fits to the data. The arrows indicate the heating position.
b) The corresponding interferometer phase profiles. These are
nearly identical apart from a slight increase of the edge density
during ECH. I, = 80 kA, By = 224 T, g, = 5.2, ne(0) = 3-
10" m—3.

[13,14] is used. This profile describes the Ohmic ¢ profile. In RTP discharges with
off-axis Electron Cyclotron Heating (ECH) are performed, which have inverted j
profiles and corresponding flat or hollow ¢ profiles. To allow for such a central rise
of the ¢ profile, a Gaussian function is added to the parametrisation. This Gaussian
is centred at p = r/a = 0 and its amplitude is offset such that its influence is zero
at the edge:

2 2
qpar(p) = QNCP,O |:< — 1) p2 —|— 1:| +A (67(5) — 67(%) ) (416)
Qdncr,0
There are three free parameters: guce,0, 4 and o. guer,o0 is the central value of the

quadratic term, A and o are the amplitude and the 1/e-width of the second term,
respectively. Note that the requirement 8‘3—";‘(0) = 0 is fulfilled by addition of the



4.5 Experimental results

41

last term in the equation.

From this expression for g the corresponding « profile is calculated and compared
to the measured o profile using the x? value. The x? value is calculated with the
statistical errors only, not with the systematic errors. The x? value is minimised
using the method of Powell.

In the edge relatively little current is running. This corresponds to a derivative
of q to p at the edge of 2q,. The derivative at the edge of the first term is indeed
2q,. The Gaussian adds less than 4 % even for relatively large 0 = 0.4 and A = 1.

Note that gp is not determined by gycp,0 only:

132
G0 = guoro + A(1—e ()). (4.17)

For increasing A, gpar inside o goes from quadratic to a shape with a local maximum
at p = 0. This last shape represents negative central shear.

If the measurements are averaged to a time resolution of 1 ms, the error on
gnor,o 1s typical 10%. For A, this is also 10 % and for o 0.10. Together, this
results in a statistical error on q of 20 % on axis, decreasing to 0 towards the edge,
assuming that ¢, is known exactly.

4.5 Experimental results

To study the diffusion of j, both perturbative and transient experiments were per-
formed. In these experiments the steady state plasma is perturbed or it is brought
to a new state. The reaction of the plasma to the perturbation and the relaxation
to the new steady state is studied via the changes of the various profiles with re-
spect to the target plasma. This section focuses on j profile perturbations by pellet
injection and j profile transitions by current ramping and off-axis ECH.

For the current ramp and the pellet injection experiments the influence of cen-
tral ECH was investigated by comparing Ohmic and EC heated discharges. In case
of pellet injection the ECH is started after the injection to avoid that the pellet
is prematurely vaporized by the supra-thermal electrons created by ECH. The ex-
pected effect of central ECH is to increase the current diffusion time (7,) because
of the reduced resistivity (7).

From the poloidal field pick up coils, A = 5, +;/2 — 1 is determined, where
Bp is the poloidal 8 and I; the normalised internal inductance [15]. 3, can also be
determined directly from the diamagnetic loop, Bp dia, but this measurement suffers
from a large error bar.

In the remainder of this section gpar is compared to simulations of the resistively
driven current diffusion, taking into account both the neo-classical correction and
the bootstrap current. These simulations use as input several time-separated T,
profiles from Thomson scattering, starting from an Ohmic equilibrium 7, profile.
Thomson scattering profiles of subsequent identical discharges are used, taken in
dedicated measuring sessions. 7T, is interpolated in time between these profiles.
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Figure 4.8: a) Time trace of the plasma current (top) and the central radia-
tion temperature from ECE measurements (bottom) with pellet
injection at ¢ = 207 ms. The block indicates the presence of ECH.
Br =2.08 T.

b) Typical interferometer signal ¢ (top) and polarimeter signal o
(bottom) at r/a = 0.61

4.5.1 Results obtained with pellet injection

In Fig. 4.8 time traces of a polarimeter and an interferometer signal are shown for
a discharge in which a pellet is injected at ¢ = 207 ms and ECH is switched on at
215 ms. In contrast to Fig. 4.7, in this case the change in the polarimeter signal
after the pellet is mainly caused by the increased density due to the ablated pellet.
In fact, the relative increase of the interferometer signal is larger than the relative
increase of «, indicating that the current inside r/a = 0.61 has decreased due to
the pellet ablation.

Pellets with two different sizes were injected into the plasma. Small pellets were
injected in 120 kA, Bt = 2.06 T (g, = 3.2) discharges with n.(0) = 4.5- 10 m—3.
The total amount of injected particles (N = 5-10'®) approximately equals the total
amount of particles present in the plasma. Large pellets (N = 2-10'?) were injected
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Figure 4.9: Typical ¢ profiles for a discharge (I, = 80 kA, By =2.06 T, ¢, =
4.3) after the injection of a large pellet. Central ECH was started
8 ms after injection of the pellet. Indicated times in milliseconds
are with respect to the pellet injection.

in steady state 90 kA, By = 2.06 T (g, = 4.3) discharges with n.(0) = 4.0-10'° m~3.
In some of these discharges, central 110 GHz ECH was applied from 8 to 90 ms
after pellet injection.

The small pellets penetrate only 7 cm into the plasma up to p = 0.57. No effect
beyond the error bars was seen on the polarimeter data nor on A. [; goes linearly
with 2A during the pellet ablation: From TS measurements it is known that during
the pellet ablation the electron pressure profile is unchanged [16], so /3, is constant.

The large pellets reach the central region. T, decreases to 50-100 eV over the
whole plasma column just after the ablation and recuperates on a time scale of
10 ms [16]. At these temperatures 7, is reduced below 1 ms.

Examples of pellet injection followed by ECH are given in Fig. 4.9 and 4.10. In
Fig. 4.9, one q profile just before injection is shown for reference. Before injection,
the central ¢ value is approximately unity. At At =9 ms, the first reconstruction
available after the pellet injection, the ¢ profile is significantly changed: The central
current density (jo) is decreased by a factor of three. Subsequent profiles show
a relaxation to a new steady state, which is reached at At = 33 ms. In this
new equilibrium, the current density is more peaked than before injection. The
sawtooth behaviour corroborates this development: The pre-pellet sawteeth with
small inversion radius (piny) of & 2 cm vanish at the moment of pellet injection.
The sawteeth re-appear after 35 ms and in 3 ms p;,, rapidly increases to the final
value of 2 5 cm.

Fig. 4.10 shows the measured time evolution of gg,¢(a/2) and g, for the same
discharge. The ¢q trace reaches 1 after ~ 35 ms, in agreement with the re-start of
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Figure 4.10: Time traces of qp (#), ¢, (dashes) and q at p = 0.5 (x) for the
discharge of Fig. 4.9. The thick line results from the current
diffusion simulation. In the indicated pellet perturbed interval
no reliable phase measurement could be performed.

the sawtooth. Note that ¢, is slightly varying in time, because I, is slightly varying
after the pellet. Unfortunately, no reliable n. data could be obtained in the interval
At = [0, 8] ms due to a strong oscillation making the interferometer signal useless.

For comparison, in Fig. 4.10 the central ¢ value, as calculated with the current
diffusion simulation for a series of discharges with I;, = 80 kA is shown. Since the
simulation does not account for sawteeth effects, the initial and final values of qq
are well below 1. After 10 ms, the data indicate a much larger perturbation of the
central 7 value by the pellet than the simulation, i.e. the measured ¢y = 3.3+0.4 and
the simulated gg ~ 2.4. It should be noted that in the simulation the strength of the
current perturbation is strongly influenced by the exact value of the temperature
just after the pellet. At a value of 50 €V a variation of 10 eV means a variation of
almost 50 % on 7,, so a modest over-estimation of T, during the first ten ms after
pellet injection could cause an appreciable underestimation of the maximum ¢ in
the simulation. Unfortunately, no reliable 7, measurement just after the pellet is
available.

The measured relaxation to the final state is two times faster than simulated.
In the simulation curve at least two time constants can be identified: One for the
perturbation, which is about 2 ms and one for the relaxation of about 13 ms. From
the measured data only the relaxation time constant can be resolved: It is about
6 ms. Partly, this difference can be due to the above-mentioned effect: If T, just
after the pellet is overestimated, 7, is overestimated as well.

A peculiar result is obtained in case the injected large pellet does not fully
ablate during the travel to the plasma centre and the remainder reaches the plasma
edge, acting as an enhanced gas puff. In Fig. 4.11 the traces of the H, emission are
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Figure 4.11: H,, radiation obtained a) in the discharge of Fig. 4.8, in which the
pellet fully ablates during its travel towards the plasma centre, and b) in a
discharge in which only part of the pellet ablates during the crossing of the
plasma, cf. Fig. 4.12. Time is taken with respect to the pellet injection.
In both cases the first peak corresponds to the ablation during the travel
to the centre. After this, the plasma is very cold. This is why the signal
in b) is very low during the travel from the centre to the edge, between
t = 0.3 and 0.55 ms. The second peak in b) arises after the pellet has hit
the wall and the remainders re-enter the plasma. Apparently, the signal
in a) is negligible during this interval. Note the short time-scales of these
figures with respect to the discharge time, cf Fig. 4.8.

shown for a discharge with regular full pellet ablation and one with partial pellet
ablation. The difference between these traces is the occurrence of a second peak in
the latter of a size comparable to the first peak, which originates from the plasma
edge. The edge density strongly increases by the pellet remainder.

In Fig. 4.12 the effects of the partial ablation and the subsequent edge fuelling
enhancement on the plasma are shown. The gg trace is obtained from the paramet-
rical fit to the polarimeter data. The first obtained value after the pellet injection
is high, like in the abovementioned discharge type. However, it decreases even
faster than in the previous case, to values below the pre-pellet values. Note that
it decreases below 1. The [, + l;/2 signal rises after the pellet injection relative
to the 3, signal. This is in agreement with the behaviour of gop. The maximum of
Bp +1i/2 coincides with the minimum of gy. The lower part of the figure shows the
radiation temperature as obtained from ECE radiometry in the centre and in the
outer LFS edge. Both temperatures decrease to a fraction of their pre-pellet values.
The edge channel has a sawtooth like mode immediately after the pellet injection.
However, this cannot be a usual sawtooth, because the central channel misses the
first couple of periods. After a few periods the central channel interferes as well.
Due to this mode the plasma temperature rises very slowly. The relaxation of g
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Figure 4.12: Time traces of go (upper figure), 5, + ;/2 and 3, (mid figure)
and Teraq at 7/a = 0 and 0.8 (lower figure) in a discharge in
which the pellet is only partially ablated in the plasma (I, =
80kA, By =2T). qo is obtained from the parametrical fit to the
polarimeter data. 8, + [;/2 and 8, are measured directly. T rad
is obtained from ECE measurements. The vertical lines indicate

the moment of pellet injection.

to the pre-pellet state takes much longer than in the previous case.

In Fig. 4.13 the ¢ profiles obtained from the parametrical fit are given. The
profile at ¢ = 201 ms is before the pellet. It has a relatively high g9 value of 1.5.
This is partly due to the low plasma current. The first profile after pellet injection is
obtained at 210 ms and its gg value is in good agreement with the current diffusion
simulation given in Fig. 4.10. However, q decreases rapidly and reaches its minimum
value at t = 222 ms, gy = 0.7, as we observed already in Fig. 4.12.

Apparently, the edge cooling induced by the edge ablation of the pellet has
as much impact as the in-plasma ablation. We see that after the pellet, go has
increased like in the previous case, but this increase is quickly followed by the
decrease of qg. The cause for this decrease is twofold: The edge is cooled down and
the strong off-axis mode comes into existence, keeping the edge cool, also when the
centre heats up again. Note in comparison with the Ohmic phase the T} profile is
more peaked, although the central T, value is lower. The consequence is that jg
becomes even higher than in the Ohmic phase. As soon as the mode stops, the
temperature rises and the peak temperature reaches its pre-pellet value. It takes
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Figure 4.13: ¢ profiles obtained from the polarimeter data, corresponding to
the data in Fig. 4.12. One profile has been taken before pellet
injection (¢ = 201 ms), the others are taken just after pellet
injection (¢ = 210 ms) and when the minimum gy is reached
(t = 222 ms).

much longer before ¢ has relaxed and gy remains lower than the pre-pellet value.

The plasma perturbation by a pellet critically depends on the penetration depth
and therefore on the pellet size. Thomson scattering measurements on RTP [16]
have shown that only pellets which cross the sawtooth pi,, cool the whole plasma
to T, ~ 50 — 100 eV. A pellet not reaching the ¢ = 1 surface just influences
the edge, where only little current is running, and minor changes to the j profile
are expected. This is indeed confirmed by the experiments with injection of small
pellets. Large pellets, on the other hand, do cross the ¢ = 1 surface. Indeed a strong
effect on the ¢ profiles in Fig. 4.9 is observed. Thomson scattering measurements
have shown that during the first few ms after pellet injection the T, profile is
essentially flat, and since T, is sufficiently low to allow a fast redistribution of
the current, one would expect also to observe a flat current density and ¢ profile.
The parametrisation results presented in this section, however, indicate a slight
hollowing of the current density profile shortly after the injection. This might
be due to an enhanced bootstrap current induced by the strong n. gradient after
the pellet. The resistively driven current is expected to be flat right after the
pellet. Addition of the bootstrap current would make the j profile hollow. It could
also be an artifact of the parametrisation chosen in the analysis, which uses only
three independent parameters. The edge measurements affect only one of the three
parameters, namely gparo- This is compensated in the central region by the other
parameters resulting in a bell-shaped modification.

In case of a pellet that ablates only partially inside the plasma and cools the
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edge strongly after plasma traversal, a similar ¢ flattening is observed. This is
however interrupted by a peculiar peaking of j as a consequence of a mode, that
keeps the edge cool. The time-scale of this peaking is comparable to the time-scale
of the flattening in this experiment, and faster than the time-scale in case of usual
pellet ablation. This is due to the lower temperatures in the latter case.

4.5.2 Results on current ramps down

Current ramps were done by programming the total current to decrease from 120 to
90 kA in 30 ms (Bt = 2.05 T, ¢, from 3.2 to 4.2). The density n.(0) ~ 5-10"%m=3
and varies only slightly during the current ramp. For some of the discharges ECH
with central resonance was applied for At = [—60, 70] ms with respect to the start
of the ramp.

In Fig. 4.14a, the ramped current for a discharge with ECH (indicated by the
block) is shown. The actual ramp down takes about 40 ms due to an overshoot of
several kA. In the same figure the signal of A is shown. In Fig. 4.14b the time traces
of ¢, and ¢(p = 0.4) as determined from the polarimeter are shown. This signal is
obtained using a two-parameter fit, with the same form as in Eq. 4.16 but with the
width of the Gaussian fixed at 0.3. Unfortunately, the evolution of gy could not be
resolved from the measurements due to large errors on the central channels.

On both A and By gia (not shown), two plateaux can be seen, before and after
the ramp. During the transient, the increase in A is 0.1 larger than the increase
in Bp. dia, indicating increased peaking of the current density. The relative rate of
change of the ¢(p = 0.4) is ~ 20 %, i.e. half the relative change of ¢, (40%),
thus confirming an increased peaking of j during the current ramp down. This is
further corroborated by the persisting sawtooth during the current ramp, albeit
with a reduction of pi,y from p = 0.21 to 0.15 £ 0.015, according to the soft X-ray
signals. Hence ¢y increases slightly but stays below 1; if a parabolic ¢ profile is
assumed, the observed decrease of py,, corresponds to an increase of ¢o of 10 %.
The time evolution of g(p = 0.4) follows the evolution of ¢, with a time delay of
~ 10 ms, which is a good estimate of 7, from the edge to p = 0.4. The measured
values of ¢(p = 0.4) before the current ramp are ~ 1. This is in contradiction
with the inversion radii determined from ECE, which are significantly smaller than
0.4. The reason for this is unknown. It is possible that the omission of the central
channels and a systematic phase shift as described in section 4.6, yield this effect.
Nevertheless, the relative changes can be used.

To determine the effect of ECH, in Fig. 4.15 the same signals as in Fig. 4.14b are
plotted, complemented with the signals for a current ramp in a similar, Ohmically
heated discharge. The ¢, signals show that the ramp down is faster for the Ohmic
discharge, and it has a larger overshoot. g(p = 0.4) is slightly higher for the Ohmic
discharge than for the EC heated discharge, indicating that j is somewhat less
peaked in the Ohmic discharge. Although the average resistivity, as determined
from the loop voltage in steady state, is ~ 60% larger in the ohmic case, the time
lag between the evolution of g, and g(p = 0.4) is similar for both cases. The cause
for this is the localisation of ECH within the p;,,. The temperature and hence 7
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Figure 4.14: a) Time traces of the plasma current (thick) and of A = S,+1;/2—
1 (thin) during a current ramp. ECH is applied from At = —60
to 70 ms and is indicated by the block.

b) Time traces of the corresponding g, (thin) and g(p = 0.4)
(thick). Plasma parameters: By = 2.05 T, ne(0) = 5.0-10*° m=3.

outside the pi,, has not changed much, and thus the current diffusion from the edge
to p = 0.4 is unaltered.

4.5.3 Results in discharges with hollow 7,

The current density profile evolution was studied after switch-on of off-axis ECH
with a power deposition radius (pgep) equal to half radius in a series of discharges
with I, = 80 kA, g, = 5.5, ne(0) = 5.0 - 10'm~3. In such discharges a hollow T,
profile develops [17,18] (see Fig. 4.16) with local maxima at the deposition radius.

In Fig. 4.17 several reconstructed q profiles are shown for such a discharge,
demonstrating the development of a low or negative shear region as a result of the
change in T, and hence 7 profile. In Fig. 4.18 the development of the central radi-
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Figure 4.15: Comparison of the ¢, and g(p = 0.4) time traces with (dashes)
and without (line) ECH applied during the current ramp.

ation temperature (Te raq(0)) is shown as well as gpar,0 and go from the simulation.
The evolution of g is lagging behind the evolution of T ;aq(0) by about 20 ms
(~ m,) and reaches a new steady state after 45ms. The rates of change of gpar,o
and the simulated gg are comparable. The ultimate steady state profile agrees well
with the simulation on the basis of neo-classical theory, as shown in Fig. 4.17. Both
the values and the positions of ¢y and the minimum of ¢ (gmin) are equal within
error bars.

4.6 Accuracy Analysis

At the end of section 4.4 it is argued that the scatter on the measured « profile
is too large to perform Abel inversion successfully. The scatter is at variance with
the expectation that the line integration involved in the measurements results in
smooth profiles. For particular discharges the scatter can be so large that it causes
the minimisation procedure to fail. In this section the attention is focused on the
systematic phase deviations contributing to the scatter.

Before proceeding a remark should be made concerning the possibilities to mea-
sure phase deviations. If one wants to trace disturbances of the phase of the beams
which could possibly show up in the measured signals, one needs a phase-sensitive
detector and a reference phase. For measurement at an arbitrary position in the
set-up, this means the construction of a complete polarimeter set-up at that posi-
tion. The disturbances can in principle be measured by moving the beam or the
detector. Unfortunately, the phase-sensitive Schottky diodes are not stable enough
to measure reproducibly while moved around or when the alignment of the entering
beam is changed. This excludes them for this kind of experiments. Pyro-electric
detectors are very stable, but not phase-sensitive. Both detectors are not suitable
to perform the mentioned experiment. Only intensity profile measurements can be
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Figure 4.16: Typical T¢ profiles from Thomson scattering just before off-axis
ECH is started (e) and 70 ms (7g =~ 3 ms) after switch-on of the
off-axis ECH () for discharges with I, = 80 kA, By = 2.24 T
(¢a = 5.5), ne(0) = 4.0- 10" m~=3. The arrows indicate the ECH
deposition radius.

performed, with the pyro-electric detectors. These can be done at almost every
location in the set-up though. For phase measurements we are limited to the set-up
as used during plasma operation (see Fig. 4.4).

The systematic deviations can be diagnosed using the following considerations.
Given the line-integrated nature of the measurements, no strong fluctuations within
the « profile can occur. Off-central channels cannot give zero or negative signals in
the presence of plasma. The signals must also be roughly proportional to both the
plasma current and the density and changes must be correlated.

The systematic deviations will be illustrated with the help of some figures. In
Figs. 4.19 and 4.20 « data of a discharge with pellet injection, prematurely ended by
a disruption, is shown. The profiles are taken at 196 ms in the steady state Ohmic
phase of the discharge and at 220 ms after the pellet has been launched. The main
difference between the profiles is due to the density increase after the pellet. Three
remarkable deviations appear. First, the outermost channels of the Ohmic profile
give zero signal although they both measure > 2 cm inside the plasma boundaries.
Secondly, the r/a = —0.67 is unchanged by the pellet, while n. is strongly increased
Thirdly, the channel at r/a = 0.49 strongly deviates towards negative « in both
profiles.

The time traces in Fig. 4.20 correspond to the channels that deviate strongest
from a smooth profile in Fig. 4.19. The second channel behaves more or less as
expected: The pellet ablation gives a peak and the pellet induced density increase
is clearly visible in the signal. After the disruption the signal falls off to zero fast.
The other traces illustrate the systematic errors. The fourth signal does not come
up until the pellet is injected. At pellet injection the fourth signal has only a small
peak, the third signal initially shows a decrease instead of an increase. They both
cross zero at the disruption. The first signal is very large relative to its neighbouring
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Figure 4.17: ¢ profiles during a discharge with off-axis ECH switched on at
At = 0 ms. After At = 25 ms the fully relaxed state is reached.
Times are indicated with respect to switch-on of the ECH. The
full line is the final equilibrium from the current diffusion simu-
lation. I, = 80 kA, By =2.24 T.

channels during the Ohmic phase, cf. Fig. 4.19, and its signal in the post-pellet
phase equals the pre-pellet signal.

In Fig. 4.21 the difference between the measured averaged profiles and the fits
with Eq. 4.16 are shown for three discharges with I, values of 140, 100 and 56 kA
under further similar plasma circumstances. The maximum || values are 5.3°, 3.2°
and 2.0°, respectively. Again, the deviations in the profiles are in disagreement with
the line-integrated nature of the measurements. The maximum deviation is 0.3° for
all three residuals as can be seen from the figure. The residuals seem independent of
«. Furthermore, the fluctuations follow the same trend, regardless of the difference
in a. These discharges are all taken on the same day.

The « data are determined with respect to the zero-plasma state, so the observed
deviations are either related to the presence of the plasma or caused by time-varying
perturbations. However, in the last case, it is unlikely that the perturbation is
cancelled at the end of the discharge, like observed. This kind of perturbation
should be visible as well in zero-plasma conditions. This is not the case. The
deviations are thus plasma-related.

It must be noted that the deviations are seen on the mixing signal of the two
probing beams. Since these beams follow exactly the same beam path, they are
perturbed in exactly the same way by imperfections in the set-up and by vibra-
tions. To verify this, a test experiment was performed in which the set-up was
artificially disturbed by vibrations. Indeed, while the interferometer experienced
phase changes of several fringes, the polarimeter signal remained perfectly constant.
Most candidate phase disturbances have equal effect on both probing beams and
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Figure 4.18: Time trace of gg (x) with off-axis ECH switched on at At = 0 ms
and T ;24(0) from ECE (dotted) for the discharge of Fig. 4.17.

The dashed line results from the current diffusion simulation.
I, =80 kA, Br =224 T.

their contributions cancel in first order.

The figures 4.19 and 4.20 show that the deviations are n. related. The presence
of plasma seems to shift the zero level. The zero level after the discharges equals
the starting level again. In three cases with strongly different I, and similar ne,
the deviations are more or less fixed and independent of «, so we can conclude that
the current is not involved.

To study the above effects in more detail the set of parabolic mirrors below the
vessel is replaced by a single flat mirror. In this case, the probing beam is no longer
expanded in radial direction, but it is more or less circular. Since the size of the
beam is now only a few cm in diameter only three detectors get full signal. The
purpose of this replacement is purely diagnostic, the obtained data are useless for
interpretation in terms of j. The plasma is operated routinely and a density ramp
up is applied around 200 ms. In Fig. 4.22 the resulting polarimeter signals are
shown as well as I, and an interferometer signal, while the small circular probing
beam is located around p = 0.4. The polarimeter signals have oscillations on the
phase during the density ramp up and during the density ramp down at the end of
the plasma too.

Each full period of the oscillation on a corresponds exactly to a change of Ay
of 7 radian. These oscillations and those at the start-up and end of the plasma
are probably caused by interference loops, which are discussed in detail in subsec-
tion 4.6.1. In case of interference loops, the measurement is disturbed by beam
power that crossed the plasma multiple times. The disturbance is phase-dependent
and is periodic in a fringe of the interferometer signal divided by the number of
times it traversed the plasma. The top-down amplitude of the oscillations is < 1°,



54

4 POLARIMETRY

o [degrees]

10

r/a

Figure 4.19: « profiles measured during the steady Ohmic state (¢), and af-
ter pellet injection (stars), averaged over 10 ms. The outermost
channels give zero signal in the Ohmic profile, although they are
located in the plasma. Note also the channels at r/a = —0.67,
remaining unchanged, and r/a = 0.49, having a negative peak.

which is a significant fraction of the measured a.

This is not the only disturbance present in the signals: While a(p = 0.38) and
a(p = 0.26) signals experience increases of ~ 2°, the a(p = 0.50) signal hardly
changes. Apart from the oscillations the phase experiences a phase disturbance
exceeding the oscillation amplitude, ~ 2°. A candidate explanation for this distur-
bance is diffraction, which causes the phase front of the beam non-flat. Diffraction
can lead to erroneous measurements if the beam position on the detection array is
non-constant, e.g. due to refraction effects.

First, the interference loops will be explained, and then the combined diffraction-
refraction effect in subsection 4.6.2.

4.6.1 Interference loops

An interference loop exists when power arrives at the detector, that has been re-
flected back and forth in the set-up, disturbing the single pass beam. It is called a
loop because the power from the reference beam can enter the probing beam and
vice versa. The disturbance is like from a standing wave. Several loops are possible
but the attention is focused to loops that include the plasma here, because the phase
modulation is plasma dependent. Further, the loops involving the local oscillator
can be neglected, because this is not contributing to the o measurement. Under
this restrictions, the power is possibly reflected at the detectors, travels through
the set-up backwards, is reflected at any surface perpendicular to the propagation
direction, e.g. the quarter wave plate or the laser output coupler, and travels to the
detector again, interfering with the original beam. Interference loops have never
been observed in the Ay measurement, obviously because they are negligible in
this case.
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Figure 4.20: Some detector traces for the discharge of Fig. 4.19. The pellet is
injected at ¢ = 0.207 s. A disruption occurs at ¢t = 0.327s. The
traces are offset artificially. The vertical lines indicate the time
points where the profiles of Fig. 4.19 have been taken.

Since all three laser frequencies are present at the detector, the loop signal can
be considered as a disturbance of the primary signal of the same frequency only,
without loss of generality. The power of the loop signal is much lower than the
probing beam power and its phase is different due to the additional path length
and plasma phase shift. The loop signal slightly modifies the power and the phase
of the probing beam. The observed loop changes twice as fast as the interferometer
phase, indicating that the loop passes the plasma two additional times with respect
to the primary beam.

The observed phase modulations by the interference loops are a second-order
effect, because the two beams constituting the probing beam are co-aligned through
the whole set-up and will suffer from interference loops simultaneously. In the
mixing frequency the two respective interference loop phase modulations cancel in
first order. The remaining effect is caused by misalignment of the probing beams
and variations in reflected power.

The period of the interference loops is not dependent on the size of the probing
beam. Nevertheless, in the expanded beam set-up similar effects have never been
observed. The fact that the interference loops are so clearly visible in case of the
non-expanded beam set-up, is probably due to the higher signal level in this beam
and the easier alignment of this set-up.

The easiest way to prevent interference loops is by slight misalignment of all
optical elements at which reflections can occur. All elements with a flat surface,
like waveplates and some lenses are tilted slightly with respect to perpendicular
to the beam path to exclude the interference of reflections. Misalignment of the
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Figure 4.21: Residuals of the fit of Eq. 4.16 to data of Ohmic discharges with
I, is 140, 100 and 56 kA, respectively. Bt ~2.33 T, ne ~ 4.4 -
10" m—3.

laser output couplers is however not advantageous, because of the associated dete-
rioration of the output power. Similarly, misalignment of the detectors reduces the
signal amplitude, thus decreasing the signal-to-noise ratio. Further, reflections in
the vessel and the flanges cannot be prevented.

In principle it is possible to filter the reflection from a single reflecting surface,
because such a surface has the property to revert the polarisation direction of the
wave during the reflection. With the combination of a polariser and a quarter
waveplate at an angle of 45°, the reflection can be filtered. Unfortunately, if the
two probing beams are combined, which is the case for the major part of the
set-up, the insertion of a polariser will destroy their prepared mutual polarisation
difference. Further, the power loss associated with this solution is at least a factor
V2, neglecting the transmission losses in the polariser and the waveplate.

4.6.2 Diffraction

The interference loops are not the only disturbance in Fig. 4.22. The interference
loop is periodic in nature, so in one period there are two situations where the net
effect on the phase is negligible. This is exactly between each top and bottom of
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Figure 4.22: Time traces of the polarimeter in the upper part and the inter-
ferometer signal at p = 0.26 (full curve) and I, (dashed curve)
in the lower part of the figure in case of a non-expanded, circular
probing beam. The polarimeter traces are artificially offset. The
vertical dotted lines indicate the peaks of the oscillations in the
upper polarimeter signal. The vertical dotted lines in the lower
part of the figure are 180° apart.

the modulations. From Fig. 4.22 it is clear that in these situations the phase is
still seriously disturbed. This disturbance seems to be larger than the top-bottom
amplitude of the interference loop. The signal at p = 0.38 remains close to zero
before the density ramp up, the signal at p = 0.50 remains negative for almost the
entire discharge. The deviations from expected values in these cases are up to 2°
degrees.

This effect could be caused by diffraction in combination with plasma refraction.
As pointed out before the refraction moves the beam over the detectors. As long
as the phase front of the beam is straight this induces no systematic error, but
any irregularity in the phase front disturbs the measurement as soon as refraction
moves it over a detector. This mechanism is in agreement with Fig. 4.22. All three
polarimeter signals react strangely to the start-up of the plasma where the density
and thus the refraction rapidly rise. Two signals have a very strong negative peak,
the third does not react at all. Traces of this behaviour can be seen at the end of the
discharge, stretched in time. In the density ramp-up the reactions are ambiguous.
The signal at p = 0.38 rises strongly, whereas the signal at p = 0.50 hardly changes.
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Figure 4.23: Beam intensity profiles measured 60 cm after the exit port. The
top curve is without window, the bottom curve is with window.
The dashed curve is a Gaussian shaped profile, drawn for com-
parison. The intensity difference between the curves is artificial.

The effects in Fig. 4.22 are similar to the effects observed on the signals in the
expanded beam set-up, see Fig. 4.20. Hence, the disturbance is not caused by the
smaller beam size, although it seems to be more pronounced in the small-beam
set-up. A possible cause for this is the stronger divergence of the smaller beam!
Also, structures on the phase profile obtained before the plasma are smaller on the
non-expanded beam.

Where can the beam be diffracted? Tests have shown that the vessel ports do
not disturb the beam significantly, although strictly spoken their diameter is too
small compared to the beam diameter. Tests do show that the beam power profile
is seriously disturbed by inhomogeneities in the windows. In Fig. 4.23 the obtained
power profiles are shown with and without windows 60 cm behind the exit port. It
is clear that the phase front must suffer from the structures on the power profile.

The windows are made of HDPE. This material is not very stiff. During prepa-
ration for tokamak operation, the window shrunk 1 cm in the length direction,
compared to a length of 45 cm. During tokamak operation the windows suffer from
the vacuum stresses. Further, the plasma itself has of course its influence on the ma-
terial, although the distance to the plasma is more than 0.3 m. The inhomogeneities
in the window are understandable from these considerations.

The value of the diffraction hypothesis is disputable. First, like in the case of
the interference loops, the effect is cancelled in first order because both probing
beams are co-aligned and experience similar diffraction and refraction. The phase
front disturbance must then be 2 20°. Regarding the structures in Fig. 4.23, this

1The divergence of the beam is not at all negligible in this wavelength range, as ray tracing
codes show.
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might be the case. More importantly, one should realise that the inhomogeneities
are immobile, so this means that the errors should be reproducible. On the term of
days this is definitely the case as can be seen in Fig. 4.21, where all three residuals
have more or less the same structure, while the corresponding density profiles are
not perfectly identical. However, comparing these residuals with Fig. 4.19, the
agreement is only marginal. (It must be noted here that the n. values differ.) It is
highly improbable that the inhomogeneities change on short notice, regarding the
extended time they have been subject to plasma operation. The plasma parameters
and the vacuum conditions most certainly do vary between the respective plasmas.
It has not been possible to construct a reliable error correction, assuming fixed
inhomogeneities.

To avoid any inhomogeneities in the window another material should be cho-
sen. Only few materials have a significant transmission of FIR radiation. Poly-
methylpentene (PMP, registered as a trademark named TPX) has a transmission
of 10%/cm. Such a transmission would seriously compromise the signal-to-noise
ratio of the polarimeter. Furthermore, PMP is a plastic, like HDPE, and is likely
to be as sensitive to plasma influence as HDPE is. Quartz has a reasonable trans-
mission, though not as good as polyethylene. Unfortunately, it is very expensive,
and together with the fact, that it is not clear if the window is the real error source,
the result of this investment is too insecure.

Though refracted diffraction effects and interference loops could play a role
in the systematic deviation of the o measurements, there might still be another,
unknown effect intervening. It is clear from this section that it is very hard to
identify the systematic effects, though correction for them is crucial to obtain more
valuable information from the data.

4.7 Discussion and conclusion

Measurements of the Faraday rotation polarimeter in RTP have been presented.
The measurements have been done in pellet-disturbed plasmas and during the
transitions to a lower I, and to hollow 1; profiles. The measurements have been
analysed using a fit of a two or three parameter g profile.

The effect of pellet injection critically depends on the pellet size. After injection
of a large pellet, which reaches the centre of the plasma and causes a strong cooling
of the whole plasma column, a very flat j profile is observed, which then peaks again
on a time scale of ~ 6ms. The observed flattening is stronger, and the subsequent
peaking is faster than expected from simulations. This, however, might be caused
by a modest overestimate of T, in the first few ms after pellet injection in the
simulation. A small pellet, which does not cross pi,y, does not influence the j
profile outside error bars.

Strong flattening, and even shear reversal, after pellet injection into the centre
of the plasma has been observed in many machines, e.g. [19,20]. However, the
transient confinement improvement, the so-called PEP mode, reported in those
machines, has not been observed in RTP. In pellet experiments in TEXTOR [21]
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the pellets do not reach pi,y and go remains well below one even after subsequent
injection of 5 pellets.

In plasmas with a current ramp down, the measured current profile peaking
factor increases, whereas jo remains almost constant as can be concluded from
the sawtooth behaviour. The polarimeter measurements indicate that the current
decreases in the region outside pj,,. This is in agreement with similar experiments
in JT-60U [22]. The estimated 7,, of 10 ms matches the expected Ohmic 7, within
the error bars. EC heated discharges have slightly lower values of ¢ at p = 0.4
than Ohmic discharges, both before and during the current ramp. No difference
in time scale nor rate of change could be observed between Ohmic and EC heated
discharges, although the average resistivity as obtained from the loop voltage is
35% lower in the ECH case. The relaxation in the centre could not be resolved.

In the last series of experiments off-axis ECH was applied with pqep = 0.5,
causing hollow T, and j profiles. The T, and j profiles reach their new steady state
25 and 45 ms after switch-on of ECH, respectively. The measured final ¢ profile has
qo =~ 4 and quin ~ 3. The measured evolution of ¢ agrees well with the simulated
evolution.

Off-axis ECH was also applied in FTU [23]. In FTU hollow T, profiles could be
obtained only transiently. The main difference between FTU and RTP is the ratio
Pgcn/Pq, which is > 1 in RTP and ~ 1 in FTU. Apparently, dominant ECH is
needed to achieve steady state hollow 7, and j profiles.

The presented results of the three experiments are in agreement with the cur-
rent density distribution as expected from neo-classical theory within error bars.
Therefore, the use of current diffusion simulation for the evaluation of the current
density in RTP is valid.
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TANGENTIAL THOMSON
SCATTERING

5.1 Preface

In this chapter the set-up and experimental results of the tangential Thomson
scattering (TS) system at RTP are discussed. The tangential set-up of the TS
provides a mean to measure the local electron drift velocity, which represents the
major fraction of the current density. The experimental set-up and the results of
this diagnostic have been reported in a paper: sections 5.2 and further contain
this article. The first section contains a more general introduction to Thomson
scattering. First, the general strengths and weaknesses of the method are given
and several examples of application of TS are discussed. The basic principle is
explained and the basics of the derivation of the scattered spectrum is given.

In sections 5.2 and further the specific set-up for TS at RTP is discussed. The
data acquisition and analysis is presented and it is shown that accurate calibration
and correction for background and plasma light signal is crucial to perform the frag-
ile measurement of the drift velocity. Measurements are performed in discharges
with and without Electron Cyclotron Heating (ECH) The results are presented in
section 5.5.

The main strength of Thomson scattering is the possibility to determine the
electron temperature (7,) and the electron density (n.) locally and with high spatial
resolution as independent measurements. The disadvantage is that the Thomson
scattering cross-section is very small. Therefore TS became only available as a
diagnostic after the invention of the ruby laser in 1964, which gives high power
pulses. Unfortunately, the repetition rate of this laser is low.

The process of TS is the scattering of photons at free electrons. The occur-
rence of free electrons in appreciable quantities is limited to plasmas. Hence, the
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application of TS as a diagnostic is limited to plasmas. The technique has be-
come well-established in high and low temperature plasma physics and is routinely
available in most nowadays tokamaks.

5.1.1 Theory

The electromagnetic field of radiation interacts with charges. Suppose we have
radiation of wavelength )¢ incident on a cloud of free charge carriers. If the energy
of the incident radiation is comparable or larger than the rest mass of the charged
particles, then the interaction is dominated by the momentum transfer. This is
called Compton scattering. Let us assume this is not the case: The momentum
transfer is negligible. This is called Thomson scattering. The way the charged
particles react to the photon is dependent on how strong the interaction with their
neighbour particles is. The charged particles form spheres in which they shield all
fields for each other. The radius of these so-called Debye spheres depends on the
density. If )¢ is comparable or larger than the shielding length, which is called
Debye length, than the wave interacts with a collection of particles. This is called
coherent or collective Thomson scattering. If A\g is much smaller than the Debye
length, the particles interact as if they were isolated from their environment. This
last case is called incoherent Thomson scattering. If we speak about Thomson
Scattering in this thesis, we mean incoherent Thomson scattering on free electrons,
unless stated otherwise.

With ’scattering’ the process of absorption and re-radiation of the photon by
the electron is meant. In this process the photon is Doppler shifted by the electron
velocity. The scattered radiation thus contains information on the temperature of
the electron population. The intensity of the scattered radiation is proportional to
the electron density. If the velocity of the electron is much smaller than the speed of
light and their distribution is Maxwellian, the spectrum is Gaussian. Unfortunately,
relativistic effects have to be taken into account in tokamaks. If the electrons
have an average velocity not parallel to the incident wave, the Doppler shifts as a
consequence of this drift would give a deformed spectrum. An average drift of the
electrons is a current. Since the drift velocity in tokamak plasmas is much lower
than the thermal velocity of the electrons, the only effect of the drift velocity is to
shift the spectrum as a whole.

Let us assume that the electron velocity distribution is isotropic. Although the
movement of the electrons in a magnetic field is non-isotropic, it is shown that this
assumption holds for incoherent TS [2,3]. Here, the derivation of Mattioli [1] is
followed to obtain an analytical expression for the scattered spectrum for T, below
25 keV in a scattering geometry as given by Fig. 5.1.

In the derivation the reaction of a single electron to an incident electromagnetic
wave is calculated. In this reaction part of the energy is emitted as an electro-
magnetic field again (the scattered wave). Mattioli first calculates the spatial and
spectral distribution of the scattered power by the single electron.

For the application to high temperatures, the expression must be corrected
for the fact that the electrons move through the laser volume in a time much
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Figure 5.1: Geometry used in the derivation of the Thomson scattering spec-
trum according to Mattioli [1].

shorter than the 15 ns laser pulse. This correction is called the ’finite transit time’
correction.

The expression for the scattering cross-section of a single electron can now be
integrated for a relativistic Maxwellian electron distribution function. The merit
of Mattioli’s method is that the cross-section is split into two parts one of which
can be integrated analytically. The other part can be shown to be negligible for
electron temperatures below 25 keV.

Start of the calculation is the electric field E4 at a fixed (observer) position
R and time ¢, scattered (subscript s) by an electron at position r and time ¢/,
accelerated by an electromagnetic wave. The used geometry is illustrated in Fig.
5.1. Eg is given by the Lienard-Wichert potentials in the far-field region:

e [3x(6-8)x5)

ER.O= & |55 : (5.1)

w>

_y IR-r))
t=t—

where § is the unit vector in the scattering direction, 8 = v/c (v being the electron
velocity and ¢ the speed of light. The label indicates that the expression between

brackets has to be evaluated at the time ¢'.
The electric field of the incident (i) wave is:

Eo,;i .
Ei(r,t') = %exp [(ki-r—wit))] , (5.2)

where j is the imaginary number. The acceleration ﬂ of the electron can be ex-
pressed in this field and used in Eq. 5.1. It is assumed that the induced velocity
is lower than the thermal velocity of the electron, so that its trajectory can be
described by straight line.

The scattered power (Ps,) at position R is expressed as a function of frequency,
expanding it into a Fourier series. The final result for a solid angle A{2 is:
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22 =587
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Psv (ws) =

with ¢ the delta function, i the unity vector along the incident direction and
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To

(5.4)

4megmec?

the classical electron radius (m. being the electron mass) and vy = (1 — 32)~'/2 the
relativistic factor.

This rather complex expression can be simplified if the incident wave is polarised
perpendicular to the scattering plane:

ceorgAQE2 (1— 5;)? 1 BE(1 — cos?) 2

Psv(ws) = 22 0,i (1 — ﬂs)?’ (1 - /81)(1 - ﬂs)

O(ws —wi + c(ki — ks) - B)
(5.5)

with 1§ the angle between iand 8, also called the scattering angle, and §; = 8 -i, Bs =
B -8 and Bp = B - E; ( E; being the unit vector along the incident electric field).

This expression for the scattered power from a single electron perpendicular to
the incident polarised wave can be integrated over the electron distribution function
to yield the power scattered from a volume V with an electron temperature 7T, and
density ne:

Py(ws) = neV / dg dQPs, (ws) f(B)5> (5.6)

AQ

where f(3) is the normalised, relativistic, isotropic electron distribution function,
which is a Gaussian. Since the distribution function is assumed isotropic, the
integral consists of an integration over the solid angle in velocity space, which can
be performed, and an integration over 8. The integral over 3 can be performed for
the first part in brackets in Eq. 5.5. The result of the integration is given in terms
of the scattering wavelength ()s) rather than the w:

Pi(Xs, ) = neVooY (A) exp [— Zﬁ(;z)] (5.7)

with
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Figure 5.2: Example spectral distributions in case of ruby laser injection (A; =
694.3nm) and perpendicular observation (¢ = 90°).
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In Fig. 5.2 examples of the theoretical spectra are drawn for various electron
temperatures. The main consequence of the relativistic effects is that the spectrum
is ’tilted’ to the low wavelength side of the spectrum. The expression obtained
by Mattioli can be used to fit to the data or to correct the data for relativistic
effects. T, is proportional to the square of the width, n, is proportional to the total
scattering yield, thus to the surface of the spectrum.

If a current is carried by the electrons in a direction not perpendicular to the
scattering vector, then the electron velocity distribution is a shifted Maxwellian
and the spectrum is not Gaussian anymore. However, if the average velocity of
the electrons induced by the current (the drift velocity (vq,e)) is small with respect
to the thermal velocity, then the deformation of the distribution function is small.
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In this case, the observed spectra are still like Mattioli spectra, but shifted with
respect to the injected wavelength by an amount proportional to vq,.. The spectra
are 'Doppler’ shifted. For this approximation of the observed spectra it must be
assumed that all electrons in the distribution are shifted by the same velocity.
Therefore it breaks down in case a substantial part of the current is carried by a
small part of the distribution.

The value of vq,. in a tokamak can be measured using this principle if the scat-
tering vector is partially along the toroidal direction. This was first proposed by
Hutchinson [4]. The proof of principle was given by Alladio and Martone [5] with
a single point measurement in a very small tokamak. They reached an accuracy of
40 % averaging five discharges with a temperature of 70 €V. In 1989 another single
point measurement with tangential viewing was performed at TORTUR at Rijn-
huizen [6]. In this experiment 8 % error could be reached thanks to the modest 7
(T. ~ 400 V) and very high current density (j ~ 10"MAm™?). The accuracy of the
results presented here is comparable to that of the TORTUR results, However, the
presented results constitute profile measurements under reactor-relevant conditions,
i.e. higher T, and lower j. Typical values are T, ~ 1keV and j =1 — 5MAm™2.

The rest of the chapter is a reprint of a paper submitted to the journal Plasma
Physics and Controlled Fusion. The title of the paper is ’Measurements of the
current density profile with tangential Thomson scattering in RTP’. The authors
are: F. A. Karelse, M. de Bruijne!, C. J. Barth, M. N. A. Beurskens?, G. M. D.
Hogeweij, N. J. Lopes Cardozo

1Present address: Faculteit Wiskunde en Informatica, Utrecht University, The Netherlands
2Present address: JET Joint Undertaking, Culham, UK



5.2 Introduction

69

5.2 Introduction

The past research on tokamaks has shown that global knowledge of the plasma is
not sufficient to optimise a tokamak reactor. Detailed knowledge of a number of
key parameters like electric field and the magnetic field is essential to obtain high
performance operation.

The current density j is one of the important parameters. The confinement
of the tokamak plasma in a set of nested torus-shaped magnetic flux surfaces is
determined by j and the externally applied magnetic fields. The safety factor g,
which is a measure of the pitch of the field lines, is inversely proportional to the
integral of j. As a consequence, the magneto-hydrodynamic (MHD) stability is
determined by the j profile as well. For heat transport studies it is important to
know the j profile, because the j and resistivity (n) profiles determine the Ohmic
power deposition profile.

Recently, improved confinement regimes have been reached by manipulation of
the j profile. In these regimes, the j profile is flat or hollow in a large central region
of the plasma. The improvement of the confinement is caused by an internal trans-
port barrier. For JET, this barrier occurs at ¢ = 2 [7,8]. In RTP the observations
on heat transport can be described by an electron heat transport model which is
based on a set of transport barriers at rational g values [9].

Despite its importance the measurement of the j or ¢ profile is an extremely
difficult task. Several methods to measure these profiles have been developed, each
with its own strengths and weaknesses. Faraday rotation polarimetry [10] mea-
sures the poloidal magnetic field (Bp) profile. A disadvantage of this method is the
line-integrated nature of the By measurement, which necessitates inversion of the
measured profile. For this inversion the electron density (n.) profile is required,
which is why Faraday rotation polarimeters are often combined with interferome-
ters.

Another measurement of B is spectroscopy of the Zeeman splitting of spectral
lines of impurities. This can be applied to either intrinsic [11,12] or injected [13]
impurities. The observation of the intrinsic lines suffers from the limited availability
of sufficiently strong lines throughout the plasma. Like polarimetry, this method
gives line-integrated measurements, which necessitates an inversion procedure.

Spectroscopy of injected impurities provides a local measurement of By, but
it can be disturbed by collision induced fluorescence. Furthermore, the injected
beam is attenuated by ionization and charge exchange. This means that the beam
penetration decreases with density, limiting the applicability of the method.

Motional Stark effect polarimetry [14] measures the splitting of the spectral lines
of neutrals depending on the pitch angle of the magnetic field. The localisation of
this method depends on the width of the neutral beam it utilises.

Another possible measurement of the current distribution makes use of Thomson
scattering. Here, a laser beam is directed through the plasma and the light scattered
by the free electrons is analysed spectrally. In the normal application of this method
ne and the electron temperature (7;) can be determined locally.

There are two basic ways to determine j from Thomson scattering; First, if the
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Figure 5.3: Scattering geometry of the Thomson scattering set-up at RTP.
ko is the incident laser beam, ks, are the observation directions
for tangential (o« =T) and radial (o« =R) detection, respectively.
ko ,a = T,R are the corresponding scattering vectors. The angle
of ks v with the toroidal axis is v.

scattering vector is taken close to perpendicular to the magnetic field, the spectrum
consists of a series of peaks at multiples of the electron cyclotron frequency (wee)-
From the observation of these peaks the pitch angle of the magnetic field can be
determined [15-17]. To observe the separation of the peaks, the scattering vector
must be within ~ 1° to perpendicular for plasma temperatures of a few hundred eV.
The obvious problem is that the pitch angle of the magnetic field is not a constant.

The present paper is concerned with the determination of j from Thomson
Scattering (TS) spectra taken in the direction tangential to the field, as suggested
by [4]. The drift velocity of the electrons (vq.) causes a spectral shift

2
ANy = _E)\Ovd’e sin g sin (¢ — g) cos 7, (5.9)

where c is the speed of light and )¢ is the wavelength of the incident beam. The
geometrical factor contains the scattering angle 1}, the angle v between the scat-
tering plane and vg. and the angle ¢ between kg and the projection of v4e onto
the scattering plane (See Fig. 5.3.) The current density j depends linearly on vq,e,
Jj = —ene(vd,e —va,i), where e is the elementary charge. The ion drift velocity (va,;)
has to be determined independently. In section 5.5.3, vq,; is estimated and it is
shown that it usually is an insignificant term for the measurements presented here.

In this set-up the scattering volume is determined by the intersection of the
laser beam and the sight line, both of which can be focused to ~ 1 mm. Hence, ex-
cellent spatial resolution can be achieved and no inversion is required. The intrinsic
difficulty is that the scattering cross-section is very small, so that photon statistics
often limits the achievable accuracy.

This measurement of j is local and does not perturb the plasma. Hutchinson [4]
estimated that six to eight spectral points could give the spectral shift Ay with
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less than 10% systematic error. This error is due to the finite width of the channels

and the fact that only the first order relativistic correction was taken into account.
The challenge of the method lies in the fact that A)q is much smaller than the

thermal line width A\ and the relativistic shift (A\;) of the TTS spectrum:

2
AXe = =AgUgh e Sin g, (5.10)
c

where the electron thermal velocity v e follows from T, = mevfh,e /2e. A crude
estimate of A\, in nm is obtained from AM, ~ 0.01T,, with T, in eV.

The single-point proof of principle measurement [5] was obtained in a relatively
cold plasma (T, = 73eV, ne = 5.1-10""m™3). A statistical error of 40 % on the j
measurement was reported after averaging of five discharges, at a spatial resolution
of 25% of the minor radius (a). The streaming parameter £ = Alg/A)e = 0.1.
Other single-point measurements reported an error of 30 % with comparable spatial
resolution and £ = 0.05, obtained from single laser pulses [6,18].

In this paper we report profile measurements with a spatial resolution of 5% of
a, in plasmas with n, = 5-10%m=2 and 7, = 1.5keV, with £ ~ 0.02. A statistical
error of 7% on j could be reached after averaging 7 up to 34 discharges. Nor-
malised to the same relative resolution and streaming parameter, this constitutes
an improvement of almost two orders of magnitude in the accuracy of the measure-
ment compared to [5], while at the same time a radial profile is resolved. These
improvements, which make this diagnostic viable for present day tokamaks, are
mainly a consequence of high laser energy, high collection and relay efficiency and
modern high efficiency detection, image intensification, and sophisticated plasma
light suppression techniques.

At RTP a tangential TS (TTS) diagnostic is available based on the multi-
position double-pulse TS system [19], which can also be switched to radial ob-
servation (RTS). In this paper the feasibility of the TTS diagnostic is discussed
using several experimental examples. Section 5.3 gives the setup and calibration
procedure of the system. In section 5.4 the data analysis is described and tests of
the method based on numerical simulations are presented. Section 5.5 presents the
results of experiments with Ohmic discharges and discharges with on- and off-axis
Electron Cyclotron Heating (ECH), as well as a fluctuation analysis of the data.

5.3 Set-up and calibration

5.3.1 Set-up

RTP is a limiter tokamak (I, < 150 kA, Br <24 T, a = 0.164 m, Ry = 0.72 m)
with circular cross-section. The experiments focus on electron heat transport. With
a typical energy confinement time 75 ~ 3ms, and electron-ion energy exchange
time 7e; ~ 20 ms, the electrons can be considered fully decoupled from the ions. A
110 GHz 350 kW gyrotron for ECH allows the establishment of a varied set of T
profiles, including steady state hollow and very peaked profiles.
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Figure 5.4: Top view of the Thomson scattering diagnostic at RTP. The
shaded area marks the tangential viewing line. It originates from
the vertically injected laser beam. The switch between the two
viewing lines is done with the switchable mirror below.

In Fig. 5.4 a top view of the tokamak and the Thomson scattering diagnostic is
shown. A detailed description of the TS diagnostic is given in [19]. Here, only the
main characteristics are discussed.

A ruby laser (A\g = 694.3nm, up to 25J in 15ns) is injected vertically through
the geometrical axis of the vessel. The scattered laser light can be collected in two
directions perpendicular to the injected beam (¥ ~ 90°), one along the toroidal axis
of the tokamak, referred to as the radial set-up (RTS), the other almost tangential
to the toroidal axis of the tokamak (TTS). Both set-ups share the laser beam line
and the spectrometer.

The fact that the laser passes through the geometrical centre of the vessel implies
that it misses the plasma magnetic axis by a distance equal to the Shafranov shift.
The TS profiles lack measurements around p = 0, where p is the normalised flux
coordinate p = r/a. In this paper, measurements in the upper (lower) half of the
laser chord are represented by positive (negative) values of p. This is illustrated by
Fig. 5.5 in which T is plotted vs. p.

The ruby laser is focused at the geometrical centre of the vessel to a waist of
~ 1.5 mm. At the plasma edge the waist is still smaller than 2.5 mm. The tangential
observation vector ks T is under an angle v = 17° with the toroidal axis (see Fig.
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Figure 5.5: Typical T, profile from TTS of an Ohmic discharge plotted versus
the normalised flux coordinate p. The central gap comes from the
fact that the laser misses the magnetic axis.

5.3.) Using a half wave plate, the laser polarisation is set perpendicular to k.
The scattered light is gathered using an in-vessel Venetian blind mirror (VBM)
system [20]. It consists of 2 arrays of six vertical mirrors, aligned in such way that
they focus on the laser chord. The signal is relayed to and focused onto the entrance
slit of the spectrometer using three mirrors and a 260 mm diameter, f = 1700 mm
doublet lens. The last mirror can be switched to select between RTS and TTS.

The detector is a 2D CCD array. In one direction the image is spatially resolved,
in the other direction spectrally resolved in the range between 530 and 860 nm with
0.9 nm per pixel. The spatial resolution is determined by the resolving power of
the optical elements and the detector and is typically < 4 pixels.

5.3.2 Comparison Radial and Tangential TS set-up

The image-slit distance is 6.8 m compared to 4.0 m for RTS. Since the distance
between the viewing doublet and the slit is also larger for T'TS, a different field lens
is needed at the position of the slit. The switch to TTS is established by insertion
of a correction lens. The system parameters are summarised in Table 5.1, both of
RTS and TTS.

The magnification for TTS is 1:1 (RTS: 3:2). This means that the length of
the laser beam seen by 1 CCD pixel is 0.55 mm for TTS and 0.82 mm for RTS.
The central 20 cm of the plasma can be viewed by TTS, whereas RTS observes the
plasma from z = —12 to +17 cm. The slit width is increased with respect to the
RTS setting from 2 to 2.3 mm. The solid angle of collection for TTS is 4.5-10 3 sr,
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Table 5.1: Summary of wavelength independent system parameters of the tan-
gential and radial TS set-up.

Symbol  Description TTS RTS  Unit
Flaser Laser energy at the scattering volume 10 10 J
hvg Single photon energy at 694.3 nm 2.86x10~19 J
AL Length of scattering volume (seen by 1 pixel) 0.55 0.82  mm
L Length of observed laser chord 0.2 0.3 m
Q Solid angle of collection 4.5 2.1 msr
OThomson Classical TS cross-section 7.94x1073%  m?/sr
Toverall Overall system transmission (incl. polarizer) 5.1 17 %
71 Efficiency of intensifier 10 18 %
G Photon gain of the first intensifier 2.5x103
Ty Efficiency of the lens coupling system 6 %
M9 Efficiency of the ICCD intensifier 3 %
K Collection fraction second image intensifier 30 %
Kcep ICCD detection efficiency: counts/photon 5x10~2 cnt/ph
Ccep CCD conversion factor: photoelectrons/count 10 pe/cnt

limited by the doublet lens. For RTS the solid angle is only 2.1-10~3 sr, limited by
the spectrometer.

The overall system transmission is 5.1 % for TTS and 17% for RTS. The differ-
ence is mainly due to the reduced reflection of the VBM system, which faces the
plasma. The transmission of TTS was determined from the absolute calibrations
of TTS. It remained almost constant in a year of plasma operation. Following
the error analysis of [21] we obtain an error on ne of 3.5% at typical densities of
5-10' m=3 cf. 2% for RTS. This corresponds well to results from simulations [21]
of TTS spectra, as shown in section 5.4.2.

5.3.3 Calibration

A detailed discussion of the calibration of the RTS set-up is given in [22]. Here, the
differences with the calibration of the TTS set-up will be summarised.

Since the in-vessel VBM system dominates the transmission, the relative sen-
sitivity in wavelength direction is calibrated in situ. A Tungsten band lamp of
known temperature is scanned along the laser chord position. In Fig. 5.6a the rel-
ative spectral sensitivities of TTS and RTS are compared. The TTS sensitivity
decreases stronger than the RTS one towards shorter wavelength. Part of the red
wing of the spectrum is also lower.

The scan of the band lamp gives the position calibration as well. The calibration
of the wavelength is done using the lines of He, Ar and Hg lamps. This is assumed
to be identical for both set-ups since they share the spectrometer.

In Fig. 5.6b the signal in wavelength direction is shown in case of Rayleigh
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Figure 5.6: a) Central relative spectral sensitivities of TTS set-up (full line)
and RTS set-up (dotted line). The gap around 700 nm is the in-
strumental gap. The reductions at the edges of the curve are at the
edges of the spectral image. b) Signal in wavelength direction in
response to a line source in z-direction as obtained from Rayleigh
scattering on Ho. The empty region represents the instrumental
gap, which is shifted towards higher wavelength for this calibra-
tion. It falls around the laser frequency in case of scattering in the
TS set-up.

scattering on low pressure Hy. The scattered light acts as a line source and if the
instrument function of the set-up would have been ideal, a single peak on the noise
had been detected. The real instrument function is characterised by a sharp central
peak and long tails. The central peak has a width of 3.5 nm and redistributes the
light over a few pixels. This redistribution smoothes the signal, hence reduces the
noise. The long tail is caused by the halo of the phosphor of the image intensifier
rather than by the stray light. The stray light ratio < 5-10~%. The phosphor tail
is lower than in the figure, because the figure is obtained with a line source.

Measurements with a pinhole source in front of the entrance slit of the detector
have shown that the spectral resolution of the spectrometer is 2.4 nm [21].

5.4 Data analysis

In this section the data analysis of the T'T'S data is discussed. First, two methods to
obtain the shift from the data are introduced in section 5.4.1. These two methods
are tested on simulated data and their results are compared in section 5.4.2. The
way the data are simulated is presented in section 5.4.2. From the knowledge
obtained from the simulations, the data analysis procedure is established, section
5.4.3.
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5.4.1 Fit method and moment method

The electron temperature T, and density n. are routinely obtained by fitting a
thermal distribution function to the spectrum [22]. Since S = vgn,e/c is not negligi-
ble in a tokamak plasma, the spectrum is deformed by relativistic effects. We use
the approximate analytical expression proposed by Mattioli [23] to take this into
account.

The width of the spectrum is proportional to Ts / 2, the integral of the spectrum
is proportional to n.. The fit function normally has 2 parameters but can readily
be modified with a spectral shift, of magnitude A\q, as a third parameter. It is
assumed that A)g is so small that it is unnecessary to modify the shape of the
fitting function. The simulations show that this assumption is justified and that
indeed the addition of the third parameter does not influence the determination of
Te or ne.

The scattering process is governed by Poisson statistics. The detection noise
includes the photon noise at the two image intensifiers, the photon noise at the
CCD-chip and the read-out noise of the CCD-chip. The detection error o;; can be
written for each pixel (¢, ) as follows:

2 _ . 2
0;; = Uphoton Sl] + Oread—out (511)

where Chhoton contains the three above-mentioned sources of photon noise and S;;
is the TS signal at pixel (¢,7). Both S;; and o0;; are number of counts. The CCD
read-out noise Oread_ous 1S @ constant: 2 counts for each pixel. The photon noise
dominates o055, because Cphoton is ~ 5. Gaussian weighting of the error gives the
weight function for the fit. The errors on the fit parameters follow from the variance
matrix.

A drawback of the fit method is that an approximated analytical expression has
to be used as a fit function. If the distribution function is non-thermal, this method
may have a systematic error. This is the case, for example, when a supra-thermal
electron population carries a substantial part of the current.

A method which is not dependent on any analytical expression is the so-called
moment method. This method tests the symmetry of the spectrum by calculation
of the first moment. The current density j depends on the first moment only (which
is an additional advantage of this method), A)\gq follows after normalisation with
the zeroth moment:

j= —ecACR / Y- (ho = A)d, (5.12)
0

AXg = /y-(/\o =Y d)\//y dx, (5.13)

where y is the spectrum and CR is a constant from the Rayleigh calibration.
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The fit and moment methods are compared in section 5.5.2.

To obtain the moments of the spectrum caused by vg . only, the spectrum has
to be corrected for relativistic effects. This is done by application of the same
expression of Mattioli [23], that is used as the fit function. Further, this expression
contains 7., which has to be taken from the fit result. Nevertheless, the moment
method is intrinsically less sensitive to spectral disturbances [18].

The errors on the moments follow from the integrals of the estimated Poisson
errors. The errors on j and A)g from the moment method are almost equal,
because the relative error on the zeroth moment is much smaller than that on the
first moment.

5.4.2 Simulation results

To test the analysis for errors on the determination of T, n. and A)\y the measured
spectra are simulated. The starting point of the simulation is the expression of
Mattioli [23] for spectra scattered from relativistic electrons. To obtain spectra
which are similar to the measured ones, the various noise sources are applied to the
simulated signal in the order they would be met in the set-up by a real signal. An
additional advantage of this method is that by simulating the data in the format of
the measurements, the calibration and analysis software can be tested. First, the
actual simulation of the CCD images will be discussed and after that the results of
the analysis methods applied to these images are discussed.

Simulation of spectra.

The noise sources and the way they should be treated in the simulation are ex-
tensively discussed in [21]. Here, the same procedure will be used using the TTS
system parameters listed in Table 5.1.

The starting point of the simulation is the number of photons scattered at the
laser chord. Their spectral distribution is given by the Mattioli function. The
number of photons on entrance of the first image intensifier is reduced by the over-
all transmission factor. At this stage we also correct the simulated data for the
measured spectral sensitivity!. Furthermore, the spectral points in the laser gap
are cut out.

The following operations are performed subsequently:

1. Addition Poisson noise of the first image intensifier;

2. Convolution with a two-dimensional instrument profile;
3. Addition Poisson noise of the ICCD cathode;

4. Addition Poisson noise of the CCD chip;

5. Addition read-out noise of the CCD.

INote that the measured spectral sensitivity is the convolution of the sensitivities of the indi-
vidual elements. However, the individual sensitivities are unknown.
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Figure 5.7: Relative error on T, (left) and ne (right), respectively, as a function
of the logarithm of T,. The full line with the crosses represents
the errors resulting from the fit, the dashed line with stars gives
the standard deviations of the simulation results. For compari-
son, the relative errors of RTS are given as well (dotted line with
diamonds). ne = 5-10¥m=3, AN\ = 0nm, Ejager = 10J.

The subsequent steps indicate the conversion steps the signal undergoes during
the transformation to the digital CCD image. For the two-dimensional instrument
function the pinhole measurement referred to in section 5.3.3 is taken. This function
is a nearly triangular function with a FWHM of 2.8 pixels in both directions. This
instrument function has no tails. Note, that this function represents the over-all
function of the detector and no information is available on the characteristics of the
individual elements.

The main source of noise is the cathode of the first image intensifier. Other
noise sources are relatively low, because of the high image intensifier gain (2500 to
8750).

In the end the CCD background and read-out noise are added. The spectra can
now be calibrated and analysed like measured spectra.

Analysis of simulated spectra.

The operational area of the CCD camera consists of 350 pixel rows, so 350 similar
spectra are simulated per CCD image. In addition to 7, and n., the output contains
two estimates of the shift, AAg fm and AXgmm, resulting from the fit method and
the moment method, respectively. The averaged outputs are compared with the
input to keep track of systematic deviations. The standard deviations of the output
are compared with the errors resulting from the analysis methods.

In Fig. 5.7 the relative errors on Te (or,/Te = er,) and ne (opn,/Ne = €,,) as
resulting from the fit, and their standard deviations are plotted against 7,. For
comparison the result for RTS is given as well. As can be seen from the figure the
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Figure 5.8: Absolute errors on A)g as a function of the logarithm of T, (a)
and AMg (b), respectively. In a the subscript fits stands for
the errors resulting from the fit, the subscript stat. indicates
the standard deviation of the simulation result. The third curve
gives the deviation between input and output of the simulation
(ne = 5-10m=3, ANy = O0nm, FEjaser = 10J). The insertion
contains the same figure with logarithmic A\y scale. In figure
b the errors and deviations of the fit method (fm) and the mo-
ment method (mm) are compared. T, = 1keV, n. = 5-10**m—3,
Elaser = 10J.

results from the fit and the statistics are very similar. The fit error ey, decreases
slowly to its minimum at ~ 1 keV after which it increases rapidly. The fit error
€n, basically has the same behaviour except that the curve is much flatter and the
increase starts at higher 7. Towards low T, er, and €,, slightly increase. In this
case, a relatively large part of the spectrum is cut due to the laser gap and the H,,
window. For high T, the spectra becomes broader than the spectral range of the
detector, causing a rise of both er, and €, .

The RTS set-up gives very similar curves, but the errors are lower. The rise for
high T is less pronounced. The reason is that the transmission yield of the RTS
branch is a factor 2.3 higher than that of the T'TS branch (see section 5.3.2.)

The systematic deviations of the T, and n. outputs with respect to their input
values are much lower than the errors. For the region from 0.1 to 1 keV the deviation
is < £2% for T, and within +1% for ne.

In Fig. 5.8a the fit error, the standard deviation and the systematic deviation of
the obtained shift are plotted against the logarithm of T, for n, = 5-10'9m—2 and
AMg = 0 nm. The error and the standard deviation are similar and the systematic
deviation stays below those two. The error strongly increases for 7T, > 2 keV. This
is a consequence of two effects: 1) The increase of the spectral width with Te; 2)
The finiteness of the observed spectral range, cf. the above-mentioned increase of
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er, and €, for high T,. The systematic deviation increases for T, > 1 keV, though
it remains a small fraction of the error. For T, < 1 keV the systematic deviation is
small compared to the error.

In Fig. 5.8b the standard deviations and systematic deviations of the fit method
and moment method are compared for T, = 1 keV and n. = 5-10""m 2 as a function
of A)\gq. The point-to-point scatter is caused by the finite length of the simulated
array. The agreement of both standard deviations is good. Both systematic devi-
ations deviate from zero. The systematic deviation of the fit method is constant
over the whole A)\g range at ~ 0.2 nm. The systematic deviation of the moment
method lies around zero but it has a small positive slope of ~ 0.06. This means
that the moment method gives a 6 % overestimate of relative A\g measurements.

For a typical Ohmic RTP plasma with T, = 1keV, ne = 5 - 10'®m~3 and
j =4MAm™?2 Eq. 5.9 gives a value of A\g of 1.1 nm. This shows that the statistical
error is of the order of the shift itself. Note, that for lower n. the error on A\g
is higher, but the expected A)q is higher as well. Their ratio is independent of
ne. This 100 % error means that to obtain a 10 % error on the A)q results, 100
measurements have to be averaged.

The systematic deviation of the shift can be significant compared to the expected
measurement of A\g < 1.1 nm. In principle, the measured Ay could be corrected
for the systematic shift using the simulations. However, we think it is better to
compare measurements of positive current (A\g < 0) and negative current (AXg >
0) discharges, so that the systematic shift cancels out. In this way, any systematic
shift of unknown nature is removed as well.

Both analysis methods give equal results on the simulated data. In section 5.5.2
the results of both methods applied to measured data are compared.

5.4.3 Analysis procedure

In the previous subsection we saw that averaging is needed to reduce the statistical
error to acceptable values. It is favourable to do as much averaging as possible
before the analysis is applied. In this way, the analysis is applied to very clear
spectra. This was kept in mind when the analysis procedure was established.

The obtained raw data is corrected for the plasma light, that is measured with
a second CCD detector 100 us before the laser shot [24]. The plasma light is bilin-
early interpolated from one to the other CCD grid, and corrected for the difference
between the respective calibrations of the CCDs. We assume that the emission
of H, is constant between the two exposures. The resultant plasma light signal
can then be normalised to the TS signal using the amplitude of the H,, line. This
is necessary since the interpolation under-estimates the plasma light. Though the
signal level of the plasma light varies, it is in all cases well below the TS signal level
(except at the H, and He lines). Nevertheless, the A\g determination is extremely
sensitive to the plasma light and accurate correction is crucial.

The H,, line and the laser gap are cut from the spectrum by the analysis software.
The much weaker He lines are well compensated by the plasma light correction.

Both the TS signal and the plasma light signal are carefully corrected for the
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Figure 5.9: Typical Thomson scattering spectrum averaged over 12 discharges
with a laser energy of 11.8J, and the fit to this spectrum (line) giving
T, = 1.33 +0.02keV and ANg = 2.5 + 0.5nm. The vertical lines indicate
the instrumental gap around the laser wavelength. The open dots without
error bar are neglected in the analysis. This is the data around the H,
line and in the laser gap. At the positions of the He lines the spectrum
is not disturbed. This is so because a separate, accurate plasma light
measurement has been subtracted.

CCD background. This correction signal is the average of several zero signal images.
This correction is superior to any fit to the background since it eliminates the global
variation as well as the small details of the CCD background.

The spectra still have an offset with respect to zero. This is due to the long tails
of the instrument profile, discussed in section 5.3.3. A coarse correction method
for this is given in [21]: subtraction of a fraction 1-107% of the total signal on
the CCD of the spectra. This number has been determined empirically from the
measurements and is confirmed by simulations.

Data of 16 adjacent spectral rows is added as well as data of a series of 7 up to
34 discharges. The data is corrected for the relative sensitivity and the perspective
deviation. Since the pixel width is smaller than the spectral resolution, see Fig.
5.6b, four pixels in wavelength direction are binned. Now, the fit is done, in two
iterations: The first iteration is used to the determine the widths of the spectra
approximately. The obtained values are used to limit the fit width in the second
iteration to 2A ). Both fit and moment method are limited within 2A ). to avoid
over-stressing the tails of the spectra.

A\q follows from subtraction of the results of the positive and negative current
discharges. Once the shift is obtained, the vqe,j and g follow in a straightforward
way, assuming vg; is known.

In Fig. 5.9 a spectrum is given after correction for the CCD background and
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Table 5.2: Summary of plasma parameters of the discharges discussed in this

paper.
Description I, T.(0) ne(0) Hpos Hneg Pdep Section
(kA) (keV) (10"m—3)
Ohmic discharges 60 0.6 scan 15 34 - 5.5.1
ECH, profile A 80 12 48 12 16 01 554
ECH, profile B 80 0.6 5.0 20 14 0.23 5.5.4
ECH, profile C 80 05 5.3 7 12 034 554
ECH, profile D 80 04 5.3 20 11 038 5.54
Relaxation after off-axis ECH:
e before crash 90 0.6 5.3 10 12 0.48 5.5.5
e after crash ? ? 5.3 10 10 ? 5.5.5
vq,e fluctuations 60 ~1.5 ~ 1.5 - - 0.0 5.5.6

the plasma light and after calibration for spectral sensitivity. In this example, the
instrumental gap around JAg is clear. Further, the H, line is cut from the spectrum
softwarematically. The spectral positions of the He lines are indicated, although
they are not visible on the data. The obtained fit to this spectrum is given as well.

5.5 [Experimental results

In this section the results obtained with TTS are summarised. First, the measure-
ment of the j profile in an Ohmic discharge will be discussed, section 5.5.1. In
section 5.5.2, the results obtained with the fit method and the moment method
will be compared. An estimate of the ion drift velocity from observations is given
and its implications for the measurements will be discussed in section 5.5.3. In
section 5.5.4 we study the j profiles in a set of Electron Cyclotron (EC) Heated
discharges. The normalised deposition radius (pdep) of the EC Heating (ECH) is
varied along the radial axis. During the relaxation of the plasma after switch-off of
ECH a fast MHD event happens, which interrupts the rapid increase of the density.
A similar event is observed at the onset of the bifurcation of the Ohmic state re-
ported earlier [25]. The current density j is measured just before and after this fast
event, section 5.5.5. Finally, we will present a drift velocity fluctuation study using
TTS in section 5.5.6. In Table 5.2 the relevant plasma parameters of the described
experiments are given.

Before series of measurements are taken, it is desirable to evaluate the per-
formance of the diagnostic on single discharges. This can be done most easily
by comparing the results obtained from TTS and RTS, especially the T, profiles
obtained using both methods. Unfortunately, both measurements cannot be per-
formed during one discharge. Therefore, results of similar discharges are compared.

For this comparison, the use of the high power ECH is appropriate, because by
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Figure 5.10: a) T, obtained from TTS (stars) and RTS (diamonds) vs. B.,.
b) T, obtained from TTS (stars) and RTS (diamonds) vs. the
line averaged density.

variation of pgep and n. a wide range of T; profiles is established.

In a rough scan of pqep at constant ne, agreement of the RT'S and T'TS temper-
atures was found, see Fig. 5.10a. We expect staircase-like behaviour of T (0) as
a function of pgep, as reported in [26,27] and indeed three plateaus can be distin-
guished. Due to lack of data points the transitions between the plateaus are not
clear.

In Fig. 5.10b the central T is plotted as a function of the line averaged density
(ne,aver) from central interferometric measurements for both TTS and RTS. ECH
was deposited centrally. The results of both methods agree well above, except
for the two shots with lowest neaver- The TTS temperatures of these shots are
significantly higher than the RTS ones at slightly higher n¢ aver-

This discrepancy between the RTS and TTS temperatures is probably not
caused by any anisotropy in the EC heating, because the ECH is resonant to the per-
pendicular component of the velocity distribution (f(v)). Consequently, the most
obvious anisotropy due to ECH would give a higher ’perpendicular temperature’,
giving an effect opposite to that observed.

On the instrumental side it must be noted that the transmission yield of the
TTS branch is ~ 2.3 times lower than the RTS transmission yield. This becomes
especially important at low n. and corresponding low photon yield, and high 7.

5.5.1 Results on Ohmic discharges

In Fig. 5.11a the resultant shift A)g for a series of 15 positive and 34 negative
current Ohmic discharges is shown (|I,| = 60 kA, Br = 2.04 T). The central
density was varied between 1-10'% and 9-10'° m—3 in this series, but all data have
been averaged to yield the above result. The shift in Fig. 5.11a was determined
using the fit method. Application of the moment method yields a very similar result
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Figure 5.11: a) Doppler shift as obtained with TTS from a series of posi-
tive and negative plasma current Ohmic discharges (I, = 60 kA,
Br = 2.04 T, n.(0) = 5-10'Y m~3. b) Averaged n. (full line)
and 7, (dashed line) profiles from the series of Ohmic discharges
used for a. c) j as calculated from the Doppler shift (symbols)
and as obtained from NCR calculations (dotted line).

(section 5.5.2). The maximum |A)g4| is ~ 1 nm, the corresponding v4 . = 4-105 m/s.
In Fig. 5.11b the average n. and T, profiles of the series are shown. Assuming that
va,i is negligible, the j profile can now be calculated (Fig. 5.11c), according to

J = —enelg,e-

From the j profile, the g profile as a function of the normalized radius p = r/a
can be calculated (Fig. 5.12). For this, the average of the positive and negative-z
parts of the j(r) profile is taken. Since the plasma centre is Shafranov shifted with
respect to the centre of the vessel by ~10% of a, no j values within p ~ 0.1 are
obtained. To estimate the contribution of this area to g, n. is extrapolated linearly
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Figure 5.12: Safety factor ¢ profile corresponding to the measurements (sym-
bols) and the NCR calculations (dashed line) of Fig. 5.11c. To
transform to p = r/a the measured j profile has been sym-
metrized around z = 0 before integration.

to p = 0. This extrapolation is based on the assumption that the n. profile is
peaked in the centre. This is confirmed by interferometer measurements. The Ay
profile is interpolated linearly between the inner points, because the scatter is too
large to extrapolate well. The resulting central j is integrated numerically to obtain
q.

For comparison, Figs. 5.11 and 5.12 also show the profiles as determined from the
Te and ne profiles using neo-classical resistivity, assuming full current penetration
(the TTS profiles were taken 10 current diffusion times after reaching thermal
equilibrium), a flat Z.g profile and taking the bootstrap current into account. The
value of Z.g is determined self-consistently in this calculation. The agreement with
the data is good. These calculations will be refered to as NCR calculations.

5.5.2 Comparison fit method and moment method

The data is analyzed using the two methods discussed in section 5.4. In Fig. 5.13a
the resulting spectral shifts of a series of Ohmic discharges are given, in Fig. 5.13b
the results are given of a series of discharges with strong central ECH and T, > 1
keV, cf. ’profile A’ in Table 5.2 and Fig. 5.14. It is clear that the results of both
methods are close to each other within each others error bar for both discharge
types. For the Ohmic series, the results of the moment method are slightly higher
than those of the fit method. This effect is not visible for the EC heated discharges
and its cause is unknown. The asymmetry in Fig. 5.13b will be discussed later.
We have seen that the results of both data analysis methods agree well applied
to simulated data as well as applied to measured data. There is no sign that the
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Figure 5.13: Comparison of the spectral shifts (A)q) obtained with the two
analysis methods for Ohmically heated discharges (a) and dis-
charges with central ECH (b).

measured spectra deviate from the assumed Mattioli distribution. This result is
important, since it holds for strongly EC heated as well as Ohmic plasmas. In the
following only the fit method results will be presented.

5.5.3 Estimate of the ion drift velocity

The ion drift vq,;, which was neglected in the result shown in Fig. 5.11c, was esti-
mated from grazing incidence spectrometer measurements of excited carbon states.
Typically, vq; = 3 £1- 103 m/s is found, opposite to Vg,e- This measurement
pertains to the edge of the plasma. No measurements of v4; in the plasma core
are available at RTP. The central vg; can be estimated from the MHD frequency
(fmup), which has to be corrected for the diamagnetic frequency (fZ) to obtain the
plasma rotation frequency. Measurements give fuup < 15 kHz for them =2,n =1
mode. The diamagnetic frequency is not measured directly, but can be obtained
from the following equation:

m 1 Ope
r 2meneB Or

fe= (5.14)
Note, that f* is proportional to the radial p. gradient [28]. For the discharges with
on- and off-axis ECH, which will be discussed in the next section, this equation
gives f& = 10 — 15 kHz. This value is of the order of fymp. The upper estimate
of the rotation frequency is therefore 5 kHz, the corresponding vq; < 20 - 103 m/s.
For the Ohmic plasmas, neglecting such a vq; profile leads to a 5% underestimate
of j. For plasmas with lower vq values, the ion drift velocity might become more
important.
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5.5.4 Steady state on- and off-axis ECH experiments

In RTP experiments with ECH were performed with 350 kW power, exceeding the
Ohmic input power by a factor three to seven and localisation within 10% of the
minor radius [26,27]. The deposition radius (pgep) Was varied between 0 and ~ 0.5
on the low field side of the magnetic axis, by tuning the toroidal magnetic field.

It has been shown that a stair-step relationship between pqep and T (0) exists
with sharp transitions separating plateaux (labelled A-D) in which 7¢(0) is insen-
sitive to variation of pgep [26,29]. The sharp transitions can be associated with
the loss or gain of a simple rational ¢q surface. These observations suggest that the
electron thermal diffusivity x. is a direct function of ¢, with alternating layers of
low and high xe. It has been shown [9] that such a model well describes the distinct
profile shapes.

Here, the TTS measurements of the j and ¢ profiles in the plateaux A-D are
presented. These data were obtained from 4 series of discharges.

Fig. 5.14 shows a set of T, profiles measured with T'TS, for four values of pgep,
see also Table 5.2. The T, profiles are peaked for central deposition and flat or even
hollow inside pqep for off-axis ECH. Outside pgep the profiles are very similar.

In all cases, the measurements were taken > 150 ms (= 50 energy confinement
times and 10 current diffusion times) after ECH was switched on. At this time all
diagnostics indicate that the plasma has reached a thermal equilibrium.

The centrally heated plasmas provide an extra challenge to the TTS method
since T, is higher and vq will be an even smaller portion of vihe than in Ohmic
plasmas. For the off-axis heated discharges, the temperatures are similar to the
Ohmic case.

For the levels A to D the A)q, T, and ne profiles are shown in Fig. 5.15. The
A\q profiles are obtained with the fit method according to the procedure described
in section 5.4.2. The moment method gives equal results within error bars. The
Te and n, profiles are averages of all used discharges. The j profiles are obtained
using the A)4 and n. profiles mentioned above. The ion drift velocity vq; has been
neglected.

The data were taken with same I, almost same B, and almost the same line-
integrated density. paep was varied between the different data sets, causing different
T. profiles. As a consequence, the g profiles of the data sets are different and there
is some variation in the n, profiles, as can be seen from the figures. It is clear that
|AX4(0)| is highest for level A and lowest for level D. A)q4 is peaked for level A,
flat for level B and hollow for levels C and D. This trend is also present in the j
profiles though less clear.

We observe that the measured j profiles are not smooth. The variation between
the profile points can be several error bars, for example in Fig. 5.15a at z/a = —0.20
or in Fig. 5.15d between z/a = 0.46 and 0.51. The occurrence and amplitude of
these variations are of random nature. Therefore, it is unlikely that a systematic
instrumental effects causes this effect. In section 5.5.6 the presence of fluctuations
in the raw data is discussed in more detail.

The averaging of the T, and n. profiles over up to 20 discharges brings the
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Figure 5.14: Four averaged T, profiles from TTS obtained in a scan of the
deposition radius, labelled A to D with deposition radii of 0.1,
0.23, 0.34 and 0.38, respectively.

error down below 1%. The error bars are indicated in Fig. 5.15, but can hardly be
seen. The structures on the T, and n, profiles in Fig. 5.15 are probably due to the
statistical error on the calibrations. The fluctuations on the profiles are discussed
in section 5.5.6. The fluctuations on n. are so small that they are unimportant for
the determination of j.

In Fig. 5.16 the ¢ profiles corresponding to the profiles of Fig. 5.14 are shown
as a function of the normalised radius p. Additionally, the ¢ profiles from NCR
calculations were plotted. These calculations are justified because the on- and off-
axis heated plasmas can be sustained for up to 200ms (i.e. 20 current diffusion
times). The data were taken at the end of this interval.

The error bars on the NCR calculations are obtained considering two sources
of uncertainty in the ¢ profiles: In the first place, the self-consistently determined
value of the effective ion charge (Zg) might be non-constant throughout the profile.
Second, the T, profiles need to be extrapolated towards the edge and the centre.
The precise shape of this extrapolation determines the amount of current in the
edge region. The error bars are obtained by allowing Z.g¢ to vary by 20 % over
the plasma radius, in accordance with earlier soft X-ray measurements [30], and by
20 % variation of the T, extrapolation parameters.

The agreement of the g profiles deduced from the vq. measurements with the
calculations is good. The calculations and the measurements agree within error bars
nearly everywhere. As expected from the j profiles, profiles C and D have negative
central shear and profile B has zero shear within pgep. Though its minimum value
is not much below one, the centrally heated profile A has an considerable inversion
radius. Both measurements and calculations have considerable error bars in the
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Figure 5.15: Measurements of AMg, ne, Te and j for level A (a-c), level B (d-f), level
C (g-1) and level D (j-1), cf. Fig. 5.14. The A\ data are averaged over the series of
positive and negative I, discharges and these averages are subtracted subsequently.
The T, and n. data are both averaged over the positive and negative I, discharges
together. The j data is obtained from the A)\y data. In Table 5.2 the numbers of
averaged shots for the respective series are given.
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Figure 5.16: ¢ profiles corresponding to the classes of T, profiles of Fig. 5.14
as measured with TTS (symbols) and from NCR calculations
(lines). In the box gmin is plotted vs. pgep for the measurements
(closed symbols) and the calculations (open symbols).

negative shear area since j is very low there. Also, the minimum values of ¢ (Gmin)
of the measured and the calculated profiles are in good agreement to each other,
as can be seen from the box in Fig. 5.16. Thus, it confirms the assumption that
gmin Passes half-integer values between subsequent levels. This provides further
backing for the RTP transport model, which assumes transport barriers at rational
q surfaces [9,26,27,29].

5.5.5 Relaxation after off-axis ECH

In this subsection we focus on the relaxation of discharges with far off-axis ECH to
the Ohmic mode after the switch-off of the ECH. In Fig. 5.17 the relaxation of the
central T, (T, (0)) from ECE and the line-averaged density (neaver = [ nedl/2a)
after ECH switch-off are shown. The central temperature, which is low in off-
axis heated discharges (cf. Fig. 5.14) rises to the Ohmic value it had before ECH
was applied in about 60ms. All ECE channels return to their pre-heating values
similarly. The relaxation of 7 aver has multiple phases. The modest increase at
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Figure 5.17: Central T, (T, (0), as measured by ECH, dotted line) and line-
averaged density (e, aver, as measured by interferometry, full line)
around the switch-off of ECH at ¢ = 0 (indicated by the vertical
dashed line) (pgep = 0.53). The vertical dotted line indicates an
m = 2 MHD-event, which interrupts the n. and T; build-up (a).
The insertion (b) shows T, traces of eleven discharges, which all
experience this event. I, = 90kA, By =2.26 T, pgep = 0.48.

the end of the ECH phase is due to gas puffing. After ECH switch-off, ne aver has a
sharp increase, ended by an MHD-event, which is also visible on ECE. The density
reaches a maximum at ¢ = 23 ms, which is a delayed response to the stop of the gas
puff at t = 2ms.

The relaxation after ECH switch-off of discharges with far off-axis ECH often
experiences this MHD event. Actually, this crash occurs in most discharges at
almost the same time, as can be seen from Fig. 5.17b. In this figure the ECE T
traces of eleven similar discharges are shown, all having the crash between 5 and
9ms from ECH switch-off. These eleven discharges are a subset of a series of 71
discharges (pdgep = 0.53) with such a crash. The magnetics are not clear, but do
indicate a low poloidal mode number of 2 or 3.

Apparently, the event destroys an effective density build-up. The post-crash
Ne,aver Tise is much slower than the pre-crash rise of 7 aver. In contrast, the T¢ (0)
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Figure 5.18: ¢ profiles ~ 1ms before (stars, full line) and after (diamonds,
dotted line) the relaxational m=2 MHD crash as determined by
TTS (See Fig. 5.17). The profiles are very flat inside p = 0.4.

trace picks up its previous pace quickly.

The inversion radius of the crash, as deduced from the ECE, p = 0.5, is com-
parable to pgep during ECH. Though the 7, and p. profiles are already peaked
at the moment of the crash, the profile slopes are modest with respect to Ohmic
discharges. Considering this and the fact, that at the start of the relaxation the
magnetic shear is negative inside pqep, it is interesting to know the g profile at the
crash.

The crash characteristics match those of a similar event reported by De Baar
et al. [25]. They found that this characteristic event is a necessary condition for
the discharge to relax to the standard Ohmic state. In absence of the crash the
discharge evolves to a regime with a high central n. and low central T,. They
suggest also that the ¢ profile plays a role determining the transport of heat and
particles.

In series of similar discharges mentioned above, T'T'S measurements were taken
around the crash to clarify the g profile. For the ¢ profiles in Fig. 5.18 the data
taken within 1 ms before and after the crash were used, obtained with TTS.

Both profiles are very flat within p = 0.4. The profile after the event is ~ 0.3
lower than that before the event. The corresponding j profiles suggest current
penetration of ~ 3kA from p ~ 0.4 to 0.2. This is in agreement with the g-profiles.
The difference between the profiles is most pronounced in the region between p = 0.2
and 0.3. It has been reported earlier [27] that the absence of magnetic shear may
lead to instabilities. This case represents an extreme situation, because the whole
area between p = 0.2 and 0.4 has zero measured shear before the crash.

At the end of ECH a steady-state negative central shear discharge exist. Un-
fortunately, we have no direct ¢ profile measurement, but based on section 5.5.4 it
can be labelled as a 'level D’ discharge with gmin ~ 2.6 and pgep ~ 0.45. Since Tt
is relatively low, the current diffusion is relatively fast, so that the measured flat
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profile can be reached within 10 ms.

In the case of instabilities with low magnetic shear, the g value has usually a
rational value with a low denominator. In this case the value of g just inside pqep
is ~ 2 before the crash. After the crash it is ~ 1.7 and the profile is monotonically
increasing with p.

5.5.6 Electron drift velocity fluctuations

Up till here all presented data were averaged over several discharges. The single shot
measurements can provide information on the level of fluctuations of the measured
profile, in this case A\g. From [31] we know that the spectra of the fluctuations on
the T, and n. profiles from RTS are higher than expected from Poisson statistics
for values of 1/k > 10 mm, where k is the wave number. The T, fluctuations are
much stronger than the ne fluctuations.

A fluctuation is defined as the signal after subtraction of the data filtered with
a Gaussian filter with a Full Width Half Maximum (FWHM) of 20 mm (36 pixels).
The fluctuations were determined in a series of 47 discharges with central ECH (I,
= 60kA, ne (0) ~ 1.5-10""m~3, B, = 1.94T). In Fig. 5.19a to ¢ a typical example
taken from the series is shown, as well as the corresponding filtered data.

In Fig. 5.19d to f the power spectra of the fluctuations Te/Te, Nie/ne and ANg
are shown. To avoid spurious low frequency contributions the fluctuation analysis
is restricted to the central part of the profile, i.e. z between -40 and 40 mm. The
central parts of the 47 respective profiles are concatenated to form one long array
before Fourier transformation. The shown noise spectra are known from the error
analysis [21]. They have a high frequency cut-off due to the finite width of the
instrument profile, which is 2.4 pixel FWHM. The instrument profile is indicated in
Fig. 5.19d to f as well. For plotting reasons it is normalised to the simulated noise.

All three quantities have fluctuation levels higher than the noise levels for &
values between 0.03 and 0.2 mm~!. For k values close to and above the instrumental
cut-off the curves of the simulated noise and the data come together. In case of
the curves of T, and i this is for k 2 0.2, in case of A)\g for slightly lower
values, k 2 0.15. This corresponds to minimum structure periods of 5 and 7 mm,
respectively. The fluctuation level decreases towards low k because of the 2cm
FWHM Gaussian filter.

Though the spectra of the respective fluctuations have the same shape, their
mutual linear regression correlation coefficients are small. From the shape of the
power spectra it is clear that the high fluctuation level is not caused by erroneous
error estimation.

In Fig. 5.20 the histogram of the 6862-element A)\y fluctuation array is com-
pared to the histogram of the simulated noise. The distribution resembles very well
the normal distribution, as can be seen from the fit in the figure. The standard
deviation of the distribution is 3.6 nm, which is 30 % larger than the average sta-
tistical error of 2.8 nm. The x2-distribution of the fits corresponding to the data
in the histogram is shown in the box in Fig. 5.20. It is in good agreement with
the theoretical distribution, backing the validity of the error estimation. For the T
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Figure 5.19: Typical profiles of T, and T, (a), ne and 7, (b) and Ay (c) of a plasma
with central ECH. The fluctuations are drawn with a thick line, the quantities
themselves have thin lines. The fluctuation profiles are obtained by subtracting a
low-pass filtered profile (Tejgcm,ﬁe,gcm and A_Ad,gcm, dotted lines. For clarity, the
last one is hidden) from the measured profile (see also text). The horizontal bar
drawn from z = [—40, 40] mm, shows the area to which the power spectrum analysis
is restricted. In figures d to f the full lines are the power spectra (for 47 discharges)
of T./T. (in d), 7ie/ne (in €) and A)q (in f). They are compared to the power
spectra of simulated noise or,,0,, and oay,, respectively (dotted). The dashed
line is the instrument profile, normalised to the noise level for low frequency.
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Figure 5.20: Histograms of the A\g (stars) and the simulated error on A)g
(diamonds), and the corresponding fitted normal distributions (full line and
dotted line, respectively). The vertical bars indicate the standard deviation
of the fluctuation distribution and is to be compared with the vertical
dotted lines, which give the average error obtained from the data analysis.
This error is the standard deviation of the simulated error distribution.
The total number of data is 6862. In the box the x2-distributions from the
fits (points) and from theory (line) using the average number of degrees of
freedom of the fit (60).

and ne fluctuations, similar pictures can be made.

Since the statistical error on A)\g is ~ 100 %, the relative fluctuation level on
j is higher than on T, or n.. The average fluctuation has a shift of 3.6 nm and a
period of ~ 10mm (kK = 0.lmm~1!). This amplitude corresponds to j ~ 3 MAm~2,
which is significant with respect to the expected average j ~ 4 — 5MAm 2. The
ion drift velocity is unimportant, since its upper estimate corresponds to only 5%
of j.

In similar analysis in [31], Te and n. were determined as well. The i signals
reported in [31] and here are in good agreement. The fluctuations on 7, obtained
here are higher than those reported in [31]. This difference is possibly caused by
the difference in n and p. between the two sessions. In [31], ne(0) = 2-10"" m™3, in
the session reported here, n.(0) < 1.5 - 10! m 3. The pressure differs a factor 2.2.
This observation suggests an increase of the n. fluctuation level with decreasing
density.
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5.6 Summary and discussion

The experiments in this paper have shown that current density (j) profile measure-
ments are feasible in RT'P with the tangential Thomson scattering set-up. 10-point
profiles with errors of ~ 10% extending over 50 % of the plasma diameter were
obtained in Ohmic plasmas and plasmas with dominant ECH deposited on- or off-
axis. To obtain this statistical error, spectral information of 16 z pixel positions
and 20 to 30 discharges was used. Very careful analysis was needed to suppress
the systematic error. The full CCD resolution detector background was subtracted
from both the TS and the plasma light measurements. Further, for each TS mea-
surement the plasma light was determined within 100us at full CCD resolution and
subtracted from the measurement. The Doppler shift A\g of positive and negative
current discharges were compared.

Two analysis methods have been presented and compared for simulated and
measured data: The fit to a shifted Maxwellian corrected for relativistic effects
according to Mattioli [23], and the calculation of the zeroth and first moment of
the TS spectra. Both methods give results which are equal within error bars,
both for simulated and measured data. Even for plasmas with dominant ECH no
deviation from the Mattioli function was found.

From the TTS data the electron temperature (7¢) and the electron density (ne)
are determined simultaneously with the shift. In simulations it is shown that the
introduction of A\g in the analysis does not influence the determination of T, and
ne. Further, the results of radial TS (RTS) and TTS were compared and found
to agree for T, and n.. In this case plasmas with dominant ECH were considered
as well. A discrepancy is only found below ne aver = 1.2 - 10'm=2. The T, from
TTS is higher, although the ECH heats the perpendicular velocity component. No
plausible explanation for this effect has been found.

To obtain j both the electron and the ion drift velocity (vqe and vg;, respec-
tively) are needed. Since vq; is not measured directly, it is estimated from edge
measurements and the magnetic mode behaviour. Unfortunately, this estimate is
not very precise. The upper limit on vq; corresponds to an underestimate of j of
5% in Ohmic discharges. For the plasmas with off-axis ECH this could be up to
15 % because j is lower. However, correction for this figure would not change the
conclusions.

Current density profile measurements in Ohmically and ECH heated discharges
were presented with j(0) values varying between 1 and 4.5 MAm~—? for far off-axis
and on-axis ECH heated plasmas, respectively. The steady state measurements
were in good agreement with neoclassical calculations of j from the T, and ne.
profiles, corrected for bootstrap current.

In discharges in which the deposition radius was varied between 0.1 and 0.4,
the minimum values of the safety factor ¢ are separated by half integer values.
This observation is in agreement with the analysis of the MHD activity in these
discharges and the neoclassical calculations mentioned above.

Fluctuation analysis of low density central EC heated discharges shows that the
fluctuation level of Ti, ne and A)q is significantly higher than the noise for the
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scale length between 7 and 20mm. If it is assumed these fluctuations represent
current filaments, the current in such filaments can be estimated to be ~ 30A.
De Rover [32] uses similar current filaments in his numerical simulation of field
line motion, giving magnetic field perturbations B /B ~ 4-10~%. This compares
well with observations from cross-polarisation scattering at Tore Supra [33,34] and
with estimates obtained from runaway confinement studies in TEXTOR-94 [35].
Thus, it cannot be excluded that the measured fluctuations correspond to physical
j fluctuations in the plasma.

We have obtained j measurements with good accuracy from TTS by averaging
several laser shots. If the number of detected photons per shot could be increased,
less averaging is needed. This would mean a major improvement to the diagnostic.
Recently, a multi-pass laser system was reported [36] which delivers a burst of 10
to 20 pulses of 80 to 150 J per pulse during the 1.5 ms flash-tube discharge, with a
total energy of < 1625 J. Each pulse is passed multiple times through the plasma
between two spherical mirrors after which it is returned to the laser. Laser pulses
of this energy enable single shot TTS measurements with an accuracy comparable
to or better than reported here.

Simultaneous TTS measurements along both directions of the tangent can be
performed to suppress the systematic error. By this bi-directional detection the
current reversal as applied here can be avoided.

Compared to the RTP plasma, large tokamak plasmas have one order higher
electron temperatures, similar current densities and substantially higher electron
densities. From our simulation we know that density variation does not influence
the relative accuracy of the A\yq determination. The simulation also shows that
the error on A)\g increases strongly with T, for high T.. This is due to two effects.
The first is the limited spectral detection range used, which causes the spectrum
to interfere with the edge. This edge effect can be suppressed by extension of the
spectral width of the detector. Alternatively, the width of the observed spectrum
can be varied between 0 and 100 % by an appropriate choice of the angle between
laser injection and observation direction.

The second cause for the error increase is the reduction of the ratio between
A)g and the width of the detected spectrum with increasing T,. This ratio can be
improved with up to 30 % with respect to the RTP set-up by increase of the angle
between the laser and the plasma current.

By changing the scattering set-up, the edge effect, which is the major cause of
the error increase, can be removed. The remaining error increase can be estimated
from the simulation to be only a factor 2.5 at T, = 10keV with respect to 1keV.

The duration of the discharges in large tokamaks enables multiple or repetitive
laser operation during a discharge for higher photon yields. If the improvements
mentioned above could be combined, the determination of j using tangential Thom-
son scattering on large tokamaks would become feasible.
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PARTICLE TRANSPORT IN
THE RTP TOKAMAK

6.1 Introduction

The density profile in tokamaks is usually peaked, although the particle sources
in the centre are small. Various observations of peaked density profiles have been
reported (see the reviews [1-4]). It is generally assumed that an inward particle
convection exists, that equilibrates the diffusion down the gradient. However, the
nature of this flux is unknown.

Neoclassical theory predicts a particle pinch, called after the first reporter of
this effect, Ware [5]. This theoretical pinch is in most reported cases too small to
account for the observed density profile peaking. So, the neoclassical Ware pinch
acts as a lower limit to the pinch, rather than a prediction.

The particle flux (T') is usually expressed in terms of a diffusive and a convective
part:

I'=—DVn—-Vn, (6.1)

where D represents the diffusion coefficient, n is the particle density and V has
the dimension of velocity and is therefore called the pinch velocity. We dropped
the subscript on n. For low Z.g discharges like those in RTP, the ion and electron
densities are to good approximation equal n. = n; = n.

In steady state, if the particle sources can be neglected, I is zero and the diffusive
and convective parts balance each other. From the steady state density profile, the
ratio of D and V can be determined. It is proportional to the density gradient
length (Ly):
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D n

V" Vn] - L, . (6.2)
It has been reported for several tokamaks that the n profile shape is remarkably
insensitive to variations of the plasma parameters, i.e. L, is fixed [4].

The aim of the study in this chapter is to determine the relation between the
particle transport and the plasma parameters 7, and j from the experiments in
RTP. Since both D and V are anomalous, the study of the dependences of the
particle transport coefficients is important for the understanding of the physical
mechanisms causing the anomalous D and V. It is also important that the existing
theoretical models and scaling expressions are tested against the experimental data.
This is also part of the study in this chapter.

To determine the values of both D and V, it is necessary to perform time
resolved measurements. Results reported by the different groups are contradicting.
D and V are proportional to n® with « between —1 an 0. In TFTR [6,7] D and V
are reported to be proportional to 722, but in other tokamaks [3,4] no dependence on
the temperature has been found. The reported dependence on the edge safety factor
qq varies between power —1 and —2. Summarising, the mechanisms determining
the particle transport are not yet crystallised from the research.

The tokamak RTP is well equipped to study the particle transport, because the
ne profile can be measured with the 19-channel interferometer and multi-position
Thomson scattering (TS) diagnostic independently (see Chapter 4 and 5, respec-
tively). The interferometer gives the required time resolution. The profiles of the
electron temperature (7¢) and safety factor (¢) can be varied between very peaked
and hollow shapes with the help of Electron Cyclotron Heating (ECH). The elec-
tron temperature 7. is determined with Electron Cyclotron Emission (ECE) and
TS independently. Unfortunately, j can not be measured, but it can be calculated
from the T;, and n profiles from neoclassical theory. The results of these calculations
are confirmed by the measurements presented in Chapter 5.

The main tool for the study in this chapter is the transport code ASTRA [8].
With this code neoclassical theory as well as several expressions from the literature
can be tested against experimental data.

The chosen approach is as follows: In section 6.2 a brief introduction into particle
transport theory is given. The neoclassical expression for the particle fluxes is
reviewed and several expressions for the particle transport are introduced. These
expressions are tested against the data later.

The balance of particles is determined by the sources and sinks of charged
particles and the particle fluxes. In section 6.3 the sources and sinks are discussed.
In particular, the penetration of neutral particles into the plasma and the associated
particle source are treated in detail.

The rest of the chapter focuses on the particle flux. In section 6.4 the RTP
experiments relevant to the particle transport are presented. The presentation of
this varied set of observations gives already clues about the mutual interaction of
the plasma parameters. These provide the basis for the transport simulations with
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ASTRA, presented in section 6.6. But before that, the previous particle transport
results on RTP are reviewed and compared to simulations of the steady state in
section 6.5.

Section 6.6 has the following cyclic structure: The observation of a transition
in the plasma is presented. Subsequently, the various expressions introduced in
section 6.2 are used to simulate this transition. The results of these simulations are
discussed and compared. After this, the next cycle starts, with another transition.

Section 6.7 contains the summary of the results of this chapter, section 6.8 is
the evaluation and discussion of the material presented in this chapter.

6.2 Theoretical background

In sections 6.2.1-6.2.5 the expressions are introduced, which are tested with ASTRA
against the RTP data. First a brief description of particle transport is given and
the neoclassical theory as introduced in section 2.2 is reviewed.

The transport of a particle species, e.g. electrons or ions, can be described by
the conservation of particles:

on

5 ="VI+3s, (6.3)

where X.5 represents the sum of all processes by which particles of the species under
consideration come into existence and disappear, also referred to as the particle
'sources’ and ’sinks’, respectively.

The sources of particles come from ionization of neutrals. These neutrals can
originate from sources like pellets or injected neutral beams. Here, only the neutrals
entering the plasma from the edge are considered. In section 6.3 it is shown that
the particle source is negligible with respect to |V.I'| in a large central part of the
plasma.

The particle sinks are the various processes in which free electrons are captured
in atoms and molecules. The most important of these is the recombination of
hydrogen ions and electrons to neutral hydrogen. However, in the plasmas under
consideration the cross-section for recombination is more than 6 orders below the
ionization cross-section, and the particle sink can be neglected.

The reason for the absence of a subscript on I' is that the plasma is ’'quasi-
neutral’, i.e. there is no net charge in any volume and the electron and ion fluid
motions are coupled to each other.

If we look at Egs. 6.1 and 6.3, it is clear that if D and V are increased while
V/D is kept constant, the diffusion and convection fluxes are higher. Hence, the
time constant of the particle diffusion is shorter. Summarising, the ratio V/D can
be obtained from the steady state profile, while the absolute values of D and V can
only be obtained from the time development of n(r).

In the formalism of Chapter 2 for the neoclassical transport the radial compo-
nent of the particle flux can be expressed as follows (c.f. Eq. 2.19):
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Fhe = =DueVen — c12nV, Te — c13nV,T; = WE (6.4)

where the coefficients are the neoclassical coefficients, F| is the amplitude of the
parallel electric field, and V., is the radial component of the V-operator. The
neoclassical coefficients are too small to explain the particle transport in RTP. If
we assume that in case of anomalous transport the gradients in Eq. 6.4 determine
the transport, the following equation is obtained:

V., T,

e

I'=-DV,n— (Dr +Vw)n . (6.5)
For convenience, the term proportional to V,7; has been dropped. At RTP no
measurements of 7; are available and this term is not considered in the following.
This is allowed since the ions are heated exclusively via the electrons, and the
electron-ion exchange time is much larger the energy confinement time. Hence, T;
is much lower than T,. Only if ¢;3 >> c¢19, this assumption is not valid.

In this equation D and Dr are the anomalous diffusion and thermo-diffusion
coefficient, respectively, and Vjy is the anomalous pinch. The term with Vi is
not explicitly dependent on Fj as in Eq. 6.4. This is to allow for more general
expressions for the pinch velocity.

If Eq. 6.5 is compared to Eq. 6.1, we find that the convective part of the flux
in Eq. 6.1 is expressed in two parts in Eq. 6.5, a thermo-diffusion part and a part
proportional to the parallel electric field. In the next subsections, these two terms
of the particle flux will be discussed, as well as other proposed pinch effects.

6.2.1 Ware pinch

The Ware effect arises from the interaction of the parallel electric field (E) with
the trapped particles in the banana orbits. The field E causes the banana orbits
to be displaced by a small poloidal angle with respect to the horizontal plane. As
a consequence, the effect of the curvature drift and the grad-B drift is no longer
symmetric about the mid-plane and the trapped particle ends up a little step inward
each time it completes a full banana orbit. The corresponding drift velocity Viy is:

Ey
By’
It is directed radially, and because of the minus sign of this term in Eq. 6.5 it is
directed inwards.

The Ware pinch follows directly from neoclassical theory with the following
coefficient:

Vw ~ (6.6)

E
ne = 2.44— . .
Vi, 5 (6.7)
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Varma [9] argues that since the ions and the electrons have opposite charge,
their banana orbits shift in opposite directions in #. This leads to separation of
charges and a vertical electric field. The corresponding F x B drift is directed
towards the tokamak axis. Since the banana orbits are mainly at the LFS the net
effect is an increased inward drift of the trapped particles:

8 L E _, E
VVarma - 96 (]- \/g) 30 = fV BG . (68)

Note that the incremental factor with respect to Eq. 6.6 (fv) is a geometrical factor,
because it depends on the inverse aspect ratio (¢) only. For RTP, e < 0.227 and
Warma > 3.56 E/By. At half radius, fy = 4.00.

As mentioned before, the predicted value of the neoclassical Ware pinch Viy ne
is usually smaller than the measured pinch effect. Varma claims that with his
correction the pinch is strong enough to take account for the measurements. This
claim is tested in section 6.5.2.

The pinches described in this section involve only the trapped particles. To
obtain the effect on the plasma as a whole they have to be corrected for the relative
concentration of the trapped particles. This consists of two factors. The first factor
gives the trapped particle fraction (f;) in a collisionless plasma. In a tokamak
plasma with circular cross-section this is [10]:

fo =146V . (6.9)

The other factor (f,) corrects for the collisionality of the plasma:

1

fV:1+V*.

(6.10)

This factor accounts for the fact that electrons that make a collision before com-
pleting a full banana orbit are effectively not trapped.
The final expression for the Ware pinch is:

W= fehifig (6.11)

If the text is referring to the Ware pinch, this expression is meant with the Varma
factor fy = 2.44. In case the Varma pinch is mentioned, the expression for fy is
used (c.f. Eq. 6.8)

6.2.2 Thermo-diffusion

Neoclassical theory predicts a non-zero electrical thermo-diffusion coefficient like
D7 we defined before. This coefficient is negative, i.e. in a plasma with zero density
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gradient, a T, gradient causes a particle flux towards the hot region. In the case of
tokamaks, where T, is usually peaked at the centre of the plasma this represents an
inward particle flux, in the same direction as the Ware pinch. The predicted Dy
is of the order of the neoclassical D and as a consequence the neoclassical thermo-
diffusion flux is negligible with respect to the anomalous convective flux. In [11] an
anomalous thermo-diffusion coefficient has been proposed.

The anomalous thermo-diffusion has been shown to be appreciable in case of low-
frequency electrostatic turbulence. It is possibly driven by a temperature gradient
[12,13]. The physical mechanism responsible for the convection in this case is the
decrease of the diffusion coefficient with velocity within the velocity distribution,
i.e. the high velocity part of the distribution diffuses slower than the low velocity
part. This effect introduces an electron temperature gradient dependence.

Terry [12] argues that only in the collisionless case, above a threshold tempera-
ture the effect occurs, but Miskane [13] finds it occurs in the general case. He finds
the following relation between D and Dr:

1
Dt =Drgy— ED , (6.12)
where both D and Dy o can be expressed as integrals over the velocity distribution.
He obtains values between Dy = —0.02D and —0.46D, for various strengths of
the electrostatic turbulence. The strength of the effect decreases with increasing
magnetic shear.

6.2.3 Electrostatic Turbulence

It is noted [14-16] that the typical potential fluctuation amplitude of generic low-
frequency electrostatic turbulence is tens of Volts. This number is large compared
to the macroscopic parallel electric field of typically 1 V/m or lower. Hence, the
pinch associated with such fluctuations might be large. However, the turbulence
has zero average, so it does not give an average convection, but only diffusion. In
the absence of convection, any diffusion makes the steady state n profile flat.

In Ref. 14-16 it is shown that the steady state density profile from this diffusion
is not uniform. We will not go into the details of the argumentation, but give the
results and the important restrictions instead.

It is argued that the average trapped particle distribution as obtained from the
turbulence induced diffusion, is constant in ¢, the poloidal magnetic flux coordinate.
From this density uniform in ¢, the density profile in the radial coordinate r can
be calculated. This calculation can be done independently of the exact shape and
strength of the turbulence and the resulting profile is a so-called ’consistent’ profile.
It is inversely proportional to ¢ H, where q is the safety factor and H is a geometrical
factor. For plasmas with circular cross-section and large aspect ratio H is equal to
1.0. Note that this profile is peaked in case of monotonically increasing q.

The consistency of the profile means that in non-steady state the plasma will
try to relax to the steady state, giving the following convection velocity [16]:
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V=-DV,Ingq (6.13)

Note that with this pinch the ratio V/D is proportional to s/r, where s is the
magnetic shear. In the following, (i.e. section 6.6) this convection expression is
referred to as the ¢~ !-pinch’.

Though the result is obtained strictly for trapped particles, it is shown in [16]
that the inclusion of the passing particles will not give a significant modification
to the obtained profile shape. For the perturbative transport study performed in
section 6.6, we can assume these are not important.

6.2.4 Scaling with neutral density

Becker [17,18] presented an experimental scaling of V/D with the neutral density
(nn) profile:

V(o) ~ mao (614)

The argument for this scaling is the notion that if the sources are neglected, the
steady state n profile has an L ! increasing strongly towards the edge, just like the
ny, profile. Since n, is rather insensitive to the plasma parameters, this scaling also
explains the observed stiffness of the n profile shape.

Towards the edge Becker finds an exponential increase of V. However, this
increase might be an artifact caused by incorrect neglect of the electron source
close to the edge. Despite our doubts about this neglect, also this expression is
tested against the experimental data.

6.2.5 Other pinch mechanisms

There are other suggested mechanisms for the anomalous particle pinch. It has been
attributed to anomalous viscosity in the presence of sheared toroidal rotation [19,20]
and inductive electric fields caused by the edge plasma source [21,22]. It has also
been suggested that it is a consequence of the conservation of angular momentum
of the ions in a slightly non-neutral plasma [23]. These models will not be discussed
here, since they involve transport via the ion channel, which we are unable to study.

6.3 Particle source and Neutral density

In the particle diffusion equation Eq. 6.3 the right hand side contains the sum
of all sources and sinks in the plasma. The sources are due to the ionization of
neutral atoms and molecules in the plasma, the sinks are caused by recombination
of charges into neutral particles. In this section we consider a pure hydrogen plasma
and make an estimation of the sources and sinks in this plasma. This estimate is
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important to determine what the origin of the particles in the centre is: Do they
come from a central source or are they transported towards the centre, e.g. by a
pinch term in the flux?

The transitions from neutrals to ions and electrons and vice versa happen during
collisions. Quantitative analysis makes use of the collision ’cross-sections’. Each
kind of collision has its specific cross-section ¢. From the cross-section the collision
rate (ov) can be determined, where v is the velocity of the fastest incident particle,
determining the velocity of impact. The average is taken over the velocity distri-
bution of this particle. In a tokamak plasma, the particle determining the velocity
of impact is the hot charge from the plasma.

The collision rate for recombination in a tokamak plasma is much lower than
that for ionization by electrons. Hence, the neutral concentration in the plasma is
determined by the balance between neutrals which enter the plasma from the wall
and the ionization. The charged particles which are lost from the plasma cool down
at the vessel wall and recombine to neutral particles. These neutrals re-enter the
plasma.

The processes concerning the production of the neutrals, which take place be-
tween the last closed flux surface and the vessel wall and at the limiter are not
discussed here. We will assume that the neutrals, which enter the plasma can be
characterised by one temperature. This assumption might be violated regarding the
reported differences between the circumstances at the wall and at the limiter [24].
Further, both atomic and molecular hydrogen enter the plasma. We assume that
the molecules dissociate in a short distance from the wall and can be neglected. We
will come back to this assumption in section 6.3.2.

In this simplified problem two collision types are dominant: The electron-impact
ionization in which an incident electron (e™) scatters the bound electron from the
neutral hydrogen (H):

H+e = H' +2e (6.15)

and ion-impact charge-exchange, in which the incident ion (i) takes over the electron
and becomes atomic hydrogen:

H+Ht = H"+H. (6.16)

These two processes have comparable cross-sections. Further, for the incoming
particles in the temperature range 10-10* eV, both cross-sections vary less than
one order of magnitude. Therefore they are treated as constants: (Tionve) = 1.5 -
107" m3s™! and (ovi) =2.0- 107 m3s~1.

The input particles of the charge-exchange reaction in Eq. 6.16 are the same
as the products, but the energetic incident ion has become a hot neutral, and the
incident cold neutral has become a cold ion. This means that the charge-exchange
reaction creates a second neutral population with a much higher temperature than
the original one, which has the temperature of the edge. The original population will
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be referred to as 'cold’ neutrals, the charge-exchanged population will be referred to
as ’hot’ neutrals. In equations the indices 'c’ and 'h’ are put on the neutral density
if only one of the populations is referred to: ny for the cold neutral density and
N for the hot neutral density.

In section 6.3.1 an analytic solution for the neutral transport problem is pre-
sented assuming a plasma density which increases linearly with the distance from
the wall. After that, the RTP neutral density will be discussed in section 6.3.2.

6.3.1 Analytic solution of the Neutral Diffusion Equation

The distribution of neutrals can be considered as a diffusive process if random
scattering of the neutrals occurs. Suppose the charge exchange process is this
process: The number of neutrals is constant in this reaction and the resulting
velocity has little correlation with the incident velocity. The step size of the random
walk of the neutrals is the mean free path for charge exchange (Aex):

Un

)\ -
T n(oexu)

(6.17)
The neutral velocity vy, is replaced by the ion thermal velocity vy ;, assuming thermal
equilibrium between the charged exchanged neutrals and the ions.

If we assume that the plasma density n increases linearly with the distance from
the edge, n = B(a—r) +ng, where § is a constant and n, is the offset edge density,
then the stationary diffusion equation in one dimension can be solved analytically.
This is shown in the appendix of this chapter. The resulting expression for n, is as
follows:

Np = n%;) exp (—%’y [(a — 1‘)2 — (na/ﬁ)ﬂ) ,
9 (6.18)
Y= T(chvi><0ionve> )
Uts
which is a Gaussian. In the appendix an estimate for n, ¢ is made as well.

For RTP, A\ yields values between 0.3 and 1 m for the typical RT'P parameter
values, if we assume that the neutrals are thermalised with the plasma. Hence, a
charge-exchanged neutral has a small chance to participate in a charge exchange
or ionization reaction again while inside the plasma (¢ = 0.164m). The physical
length between reactions is clearly too long for the assumption of random walk
diffusion to hold.

Therefore, we must conclude that the obtained expression for n, is not applica-
ble to RTP. Nevertheless, for a larger tokamak with higher edge temperature and
density, the result can be valuable. In section 6.3.2 we will discuss an alternative
approach to the problem of the neutrals in RTP. In this section the following finding
is used: In good approximation, the neutral experiences only one or two reactions
in the plasma before being ionised or being lost to the wall, and not more than
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that. With this as a starting point, the stationary n, profile can be calculated nu-
merically. The model is bench-marked against the EIRENE code [25] and is used
to calculate the RTP n, profile.

6.3.2 A Numerical Model of Neutral Penetration and the Benchmark-
ing Against the EIRENE Code

Above we found that the penetration of neutrals can not be considered as a dif-
fusive process. Alternatively, the m, profile can be determined numerically. A
well-known code for the calculation of the behaviour of neutral particles is the
EIRENE-code [25]. This is a two-dimensional Monte Carlo code to simulate the
neutral concentration of multiple species in the tokamak plasma and its scrape-off
layer.

Unfortunately, we have not been able to do many runs with EIRENE, due to
circumstances. Nevertheless, two runs could be performed with the RTP geometry
implemented in the code. With these runs, we could benchmark the numerical
model we developed for RTP. First, this model is introduced. Then, the results of
the model are compared to the EIRENE runs. Since the results of both methods
agree well, the model is used to calculate n, in RTP.

description of the model

We found in section 6.3.1 that the penetration depth of charge-exchanged neutrals
exceeds the minor radius of RTP. Hence, the concentration n,; is likely to be
constant over the system. However, the penetration depth of the cold neutrals
from the edge is much smaller than the minor radius, so their concentration n, ¢
will fall rapidly with the distance from the edge.

Most incoming neutrals have only one or two interactions in the plasma. Ioniza-
tion acts as a sink for the neutrals, so only the charge-exchanged neutrals remain
neutral. these are however hot and consequently have a high chance to be lost to
the wall.

The task is to determine the ratio between ny . and n,n. The n, profile has its
maximum at the edge, caused by the n, . profile, but in the centre n, 1 determines
ny. For deduction of the central n, from the edge value, the ratio of n, and nyn
has to be known.

For this a simple iterative scheme is set-up to calculate the steady-state n,. As
a consequence of the fact that the hot neutrals experience few reactions, we must
keep track of the direction of their motion. This is the main difference with the
treatment of section 6.3.1, where the random walk of the neutrals is one of the basic
assumptions. The n, 1 and ny o profiles are calculated iteratively using the fluxes,
sources and sinks of the previous n, 1 and ny . profiles.

We take a one-dimensional slab of plasma with a fixed background plasma den-
sity n. For this, the measured density can be taken, but in this case a linear
approximation to the measured density is used. The fluxes and sources of the two
constituents are calculated and from those new concentrations are calculated. At
one side a constant influx of cold neutrals of constant velocity is assumed. This
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wall is a perfect absorber for incident neutrals. At the other side, a reflecting wall
is imposed: Incident particles come back with identical but reversed velocity. This
resembles the case where a particle crosses the tokamak centre. The ionization and
charge exchange rates are assumed constant over the slab, as well as the tempera-
ture of the hot neutrals. This last assumption holds because the major part of the
hot neutrals is formed in a single charge exchange reaction close to the edge.

The effect of the reactions are treated as three-dimensional in the slab. The
motion of the entering neutrals has no preferential direction and the reactions act
as direction-randomising events. In our one-dimensional calculation the average
projection of the velocity on the dimension x is taken. For the motion along the
positive or negative x axis, this is the average of a half sphere onto its symmetry
axis, which is 1/2 times the radius.

For the cold neutrals there is one flux, the influx from the edge, and one sink,
the combined effect of charge exchange and ionization. For the hot neutrals, there
are in- and out-fluxes. The source is the charge-exchange of cold neutrals, the sink
is ionization of hot neutrals.

First, the results of the slab calculation are compared to calculations with the
EIRENE code. In Fig. 6.1 the results of the EIRENE simulation and the slab
calculation are shown for a low density (n(0) = 2-10'm=3) and a high density
(n(0) = 7-10"m~3) RTP plasma. Both EIRENE and the slab calculation were
run with parabolic T, and n. profiles.

The results are in quantitative agreement with each other. For low z, the
ny, curves fall off strongly with x. For higher x, the curves become more or less
independent of x, at a low value. The EIRENE results do not decrease immediately
at x = 0, probably due to the effect of the scrape-off layer.

The EIRENE results also indicate that the neglect of other hydrogen species
is allowed: Their densities are more than one order below the atomic hydrogen
density.

Summarising, since the results of the slab calculation and the EIRENE simula-
tion agree well, the slab calculation is appropriate for calculations of n, in RTP.

In Fig. 6.2 the result of a calculation with central n of 3-10?m=3 is shown. The
neutral density decreases strongly with the distance to the edge up to z/a ~ 0.3,
above which it converges to a more or less constant level of less than 5% of the
edge neutral density. The decreasing part is the ’cold’ neutral density (nn,), the
constant level is due to the "hot’ neutrals (nnn). For z/a 2 0.35, ny 1 is larger than
Nnc.

If we assume perfect recycling at £ = 0 and neglect the convection of the ions
and the hot neutral out-flux:

on
oz
where vy, « is the velocity of the cold neutrals in z-direction. With the parameters of
Fig. 6.2 and D = 1rmm? /s, the estimate n,(x = 0) = 5-10'° m 3 is obtained. Note
that a higher n gives a higher n,(0). This is in agreement with the experimental
situation, where stronger gas puffing leads to higher densities.

D—(0) + vnxnn(0) =0, (6.19)
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Figure 6.1: Neutral densities obtained with EIRENE (full lines) and the slab
calculation (dashed lines for low density (n(0) = 2-10'm~3) and
high density (n(0) = 7-10m~3) plasmas with parabolic T, and
ne profiles. Note that z/a is along the tokamak minor radius in
the EIRENE calculation, while it is the distance to the wall in the
slab calculation.

In Fig. 6.3 n, is shown for three different n profiles. Only the n(0) value is
varied, the profile shape is kept constant. The ’cold’ neutrals penetrate much
further for lower density plasmas. The lower n, the higher the central n,p value,
but for the lowest density, it still goes below 5% of n, (0). In Fig. 6.4 the sources
NNy {Tt0tv) corresponding to the n and n, profiles of Fig. 6.3 are shown for fixed
nn(a) = 5-101°m=3. Note the three curves are rather close for z/a > 0.6. Assuming
instead of a fixed n,, a ny rising with n, like mentioned above, then the relative
source is independent of the density.

In all cases a constant velocity of the charge exchanged neutrals has been as-
sumed. This velocity depends on the average of the thermal velocity of the ions
involved and is unknown. However, the calculation is rather insensitive to the exact
value of this temperature: Variation between 50 and 200 eV gives a variation of less
than 15 % on the resulting n, profile.

The ratio n(z = 0)/n(x = a) was set to 10% in the calculations. This is a
typical value for RTP, though it is not a constant. The width of the n, profile
increases with decreasing ratio. The central n, value is almost independent of this
ratio.

Both EIRENE and the slab calculation give relative profiles. These can be
calibrated by a single local determination of n,. In the appendix an estimate is
given using the assumption of perfect recycling in the edge. Another estimate was
obtained by Christian Ingesson [26] by analysing the tomogram of the H, emission.
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Figure 6.2: Neutral density versus normalised distance (full line) from the
edge obtained from self-consistent calculation on a 1d slab. The
assumed n profile is shown as well. The dotted line indicates ny ,
the dashed line is ny h.

He finds a distribution with a strong local peak of n, ~ 4 -10'® m~3 at the edge
(line averaged density 2.4-1019 m=3). The decrease of this peak towards the centre
suffers from large error bars, but is in agreement with the presented calculations.

This value is higher than our estimate in the appendix, which assumes perfect
wall recycling. It should be kept in mind, though, that the latter is rather crude.
Since we are mainly interested in an upper estimate of the neutral source in the
central plasma, we adopt the value of [26].

To find out whether the electron and ion source associated with the obtained
n, is important in the centre, we compare this source with the typical electron/ion
fluxes in the plasma. Consider the flux surface with minor radius r; = 0.05m.
The source of neutrals in this torus is 27Rg - 7r} - 0.02n,(r = a)n(0){(cienv) =
0.4n(0) [s7!], where the n,(r1) = 0.02n,(r = a) is estimated from Figs. 6.1-6.3.
If we assume that n decreases linearly with r and take an typical value for the
anomalous diffusion coefficient D = 1m?s~!, then the particle flux through the
surface is 27 Ry - 2771 - Dn(0) /a = 8n(0) [s~']. The anomalous particle diffusion flux
exceeds the electron source by the neutrals by more than one order of magnitude.
The obtained electron source cannot explain the observed steepness of the n profile.
An inward convection flux must exist balancing the diffusion flux and thus exceeding
the electron source by more than one order of magnitude. This allows the neglect
of the central electron source in the next sections.

The ionization of the neutrals represents a central heat sink. The neutral den-
sity in the centre consists mainly of single charge exchanged neutrals of which the
temperature is between 50 and 200 €V. For an Ohmic plasma with 7,(0) = 700 €V,
ne(0) = 5-10Y m~3, the heat lost to the heating of the ionised neutrals in the
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Figure 6.3: Neutral density versus normalised distance from the edge ob-
tained from self-consistent calculation on a one-dimensional slab
for n(0) = 1 (full line), 3 (dotted line) and 10 - 10'm~3 (dashed
line).

central cylinder of 5cm is between 1.7 and 2.2kW. This is negligible with respect
to the Ohmic input power: For a central current density (j(0)) of 5MAm 2 and a
loop voltage of 1.5V, the Ohmic power dissipated in our test cylinder is ~ 60 kW.
Even in the case of off-axis Electron Cyclotron heated plasmas, in which j(0) is a
factor 3 to 4 lower and the loop voltage is ~ 1V, the neutral heat sink is only a
minor fraction of the Ohmic heat source.

For future use a simple analytical expression for the n, profile would be conve-
nient. The n, profile has more or less the shape of a power dependence

t1n(0)+e
nn:nn(r:a) (z) ' ’

. : (6.20)

especially if we neglect the central n,. It turns out this expression is in good
agreement with the results of the slab calculation if we take ¢; = 1, 1o = 2 and n(0)
in 10 m—3. As expected, this rule of thumb gives a narrower peak at the edge if
n(0) is increased.

Summary of the Modelling of Neutral Penetration in RTP

Summarising, it has been found in section 6.3.1 that the penetration of neutrals in
RTP is not a diffusive process, but a flow-like process. In section 6.3.2 a numerical
model for the neutral penetration in RTP has been presented and bench-marked
against the EIRENE code. Starting from an experimental value of the neutral den-
sity at the edge, the neutral density profile has been calculated. It has been found
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Figure 6.4: Electron sources associated with n, versus normalised distance
from the edge obtained from self-consistent calculation on a 1d
slab for the profiles and corresponding n profiles of Fig. 6.3. n; =1
(full line), 3 (dotted line) and 10 - 10%m ™3 (dashed line).

that the particle source and heat sink corresponding to the hot neutral concentra-
tion can be neglected in transport analysis. The remaining cold neutral density
falls off strongly with the distance from the edge and it is negligible in the core.

In section 6.5-6.6 the obtained results on n, are used in the analysis and simu-
lation of the particle transport in RTP.

6.4 RTP observations

The aim of this section is to give an overview of the observations on particle trans-
port in RTP. Several different plasma experiments are shown, which have in com-
mon that the density reacts to a change of the plasma state. First, the steady
state n profiles during on- and off-axis ECH (section 6.4.1) and during Electron
Cyclotron Current Drive (ECCD) (section 6.4.2) are presented: After that, the fol-
lowing time-dependent situations are shown: The density change after switch-on of
central ECH (section 6.4.3), spontaneous transitions between plasma states during
ECH (section 6.4.4) and the bifurcation of the Ohmic state after the off-axis ECH
is switched off (section 6.4.5).

This section also serves as an introduction to the data that is simulated in
section 6.6, using the expressions introduced in section 6.2.

6.4.1 Steady state Ohmic and ECH discharges

In this section the steady state n profiles in Ohmic state and during ECH, deposited
both on- and off-axis, are discussed. The ECH system used is a 110 GHz gyrotron,
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Figure 6.5: a) Steady state n profiles averaged over 22 Ohmic discharges (full
line) and 11 discharges with central ECH (dashed line) as obtained
from Thomson scattering; b) the reciprocal gradient lengths cor-
responding to the profiles in a). The roughness of these curves is
due to the involved numerical differentiation.

delivering up to 350 kW for up to 200 ms. The Ohmic input power is 100 — 150 kW
in the Ohmic state, but it decreases to 50 — 80 kW during ECH, depending on the
plasma parameters and the deposition radius (pdep)-

If the launch angle of the microwave radiation is tilted in the toroidal plane, a
localised current can be driven non-inductively. Results with this current drive are
presented in the next section.

In Fig. 6.5a the average n profiles in the steady state of a series of Ohmic
discharges and a series with central ECH are shown. The profile from the ECH
discharges has a flat central area. In Fig. 6.5b the corresponding reciprocal n
gradient lengths 1/L, = V,n/n are shown. The small n gradient in the centre
for the ECH case is even more pronounced in this figure. As will be shown later,
the reaction of the n profile to the switch-on of ECH is localised in the centre. In
the calculation of 1/L,, the edge source was neglected, so the values are under-
estimated there.

If the deposition radius of the ECH (pgep) is scanned, a discrete set of steady
state T profiles can be distinguished [28]. This scan can be done statically, by vary-
ing pgep between discharges, and dynamically, by varying pgep during the discharge.
In Fig. 6.6 this discrete set of T, profiles is shown, in Fig. 6.7 the corresponding
central T (7c(0)) as a function of pqep. For central deposition the T, profile is high
in the centre, for off-axis ECH it is flat or slightly hollow with a maximum close to
Pdep- Outside pqep the profiles are equal.
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Figure 6.6: Five typical T, profiles obtained with TS, taken in the indicated
plateaux of Fig. 6.7.

In Fig. 6.8 the corresponding n profiles are shown as well as the line peaking
factor I, = an(0)/ [ndr as a function of pgep for the series of discharges of inter-
mediate density (n(0) ~4 — 5109 m™3) of Fig. 6.6. The profiles are averages of
several discharges in the same levels.

The trend of the n profile is opposite to that of the 7, profile: The larger pgep,
the higher n(0). For central ECH, n is flat in the core region. [,, is constant within
level A up to pgep = 0.15 where it starts a gradual increase through level B and C
to its end value of level D and E. This gradual increase differs from the behaviour
of T, (0) in that T, (0) has no intermediate values in between the levels. The [,, value
of level D and E remains just below that of Ohmic discharges, which is typically
l, =2.0.

The behaviour of 7, as a function of pgqep can be described with an electron
thermal convection (Ugn e ), which is an explicit function of ¢ [29]. Ugn e is zero except
for thin layers where it is high and inward directed. These layers are located at the
q values which are simple rational numbers. The sharp transitions are associated
with the loss and gain of these convective layers. In the states B to E the magnetic
shear is negative. For the levels A to D the ¢ profiles have been determined with
tangential TS (see Fig. 5.16).

6.4.2 Density profiles during ECCD

An extreme example of the opposite behaviour of the T, and n profiles has been
found in case of counter current drive with ECH (ECCD, [30, p. 109]) in low
density discharges. Analysis of the current drive indicates that the central current
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Figure 6.7: Measured central T, (triangles) versus deposition radius pdep.
These data are obtained with TS in a series of similar 80 kA dis-
charges of intermediate density in which pgep Was scanned along
the horizontal axis. The circles are obtained from simulations us-
ing the RTP thermal transport barrier model [27].

might be reversed in this particular case. The resulting steady state T; profile has
an extremely high gradient at the hot centre, see Fig. 6.9. The high T, gradient
corresponds to a reversed gradient of the n profile.

The central decrease of V,.n can in principle be caused by increased diffusion
or decreased convection. This experiment shows that the convection is decreased,
because increased diffusion cannot produce a positive V,.n. Apparently, the central
n profile is dominated by convection.

6.4.3 Changes of the density profile upon switch-on of ECH

In sections 6.4.1 and 6.4.2 steady state n profiles were discussed and presented
data was mainly obtained with TS. Now, we turn to the time-dependence of the
n profile. For this, mainly data obtained from Abel inversion of the multi-channel
interferometer is used (see Chapter 4).

We focus on the time dependence in a discharge (I, = 80kA, By = 2.14T,
Ga = 5.0) in which central ECH is switched-on in the steady state Ohmic phase.
Due to the ECH the temperature rises strongly to the profile labelled by A’ in Fig.
6.6. In Fig. 6.10 the n traces of the experimental data are given. The observations
show a sharp decrease at the centre. This density decrease does not involve the
full profile, but only the central 4 traces shown. The central part of the n profile
becomes flat according to the profile shown in Fig. 6.5. The profiles obtained from
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Figure 6.8: a) n profiles from TS averaged over the levels indicated in Fig. 6.6.
For clarity the n profiles are scaled to each other in the edge with a
constant factor. This is allowed because the original edge gradients
are almost equal to each other. The structure around z/a = 0.5 is
due to an error in the TS calibration. b) Corresponding density
line peaking factor {,, vs. ECH deposition radius pgep- The blocks
on the pgep-axis indicate the positions of the transitions in Fig.
6.6

the interferometer are usually not flat like that, and they lack the sharp change of
gradient observed around |z/a| = 0.4 in Fig. 6.5. This is due to the Abel inversion.

There is a density pulse from the edge to the centre as well. It looks as if there
was a gas-puff, but there was no puff from the valves around the ECH switch-on.
Apparently, the EC waves release gas from the wall, which acts like an externally
induced gas-puff.

The decreased peaking of the n profile in discharges with central ECH is ob-
served in several tokamaks and is generally referred to as ’pump-out’ [31-33]. The
presented material shows that this pump-out is the most pronounced effect of the
applied ECH on the n profile. The transitions from the Ohmic regime to the cen-
trally heated regime and back, and the transitions between regime A and B will
therefore obtain the highest attention.

6.4.4 Spontaneous transitions during ECH

The temporal behaviour of the T, profile and the n profile in the intermediate
density discharges of Figs. 6.6 and 6.8 is illustrated in Fig. 6.11. This discharge
jumps spontaneously from profile A’ to A” during ECH. The central density and
T.(0) crash at the transition on a MHD time scale. T (0) reaches its new value on
a short time scale. The whole n profile decreases with a time scale of 20-30 ms.
This is comparable with the current diffusion time scale scale (7,,) during ECH.
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Figure 6.9: T, and n profiles from TS obtained with Electron Cyclotron Cur-
rent Drive in counter current direction. I, = 120kA, By = 1.93T

Nevertheless, the final value of /,, = 1.7 is in agreement with Fig. 6.8.

In Fig. 6.12 similar behaviour is observed for a discharge which goes to sub-level
A” at switch-on of ECH and falls to level B in about 13ms. The central n trace
reacts as rapid as the T, traces on the transitions, but long time scale changes are
visible on the n traces as well. At t = 233 ms an off-axis sawtooth-like instability
sets in [34]. This instability is associated with negative central shear and a minimum
value of g just below 2.

6.4.5 Bifurcation after switch-off off-axis ECH

After the ECH is switched off in discharges which are heated around half radius, the
Ohmic state bifurcates into two distinct branches. One branch is the usual Ohmic
state (state 'T’), the second state features a much broader temperature profile while
n has a very pronounced gradient near half-radius (state 'II’). These profiles are
shown in Fig. 6.13a and b. This figure was taken from a paper by the De Baar et
al [35], in which the bifurcated Ohmic states were first published.

In Ref. 30 it was argued that the decisive incident, determining the final state of
the discharge is the occurrence of an m = 2 MHD event, shortly after ECH switch-
off. If this instability occurs, the steep V,n which already formed is destroyed and
the discharge evolves to the usual Ohmic state. If the instability is absent the state
IT discharge develops.

Neoclassical calculations have shown that the minimum ¢ value for the state II
discharges remains around 2, while the state I reaches ¢ < 1, which is the usual
value for Ohmic discharges. Tangential Thomson scattering measurements of ¢



6.4 RTP observations

121

n, [10°m™

Figure 6.10: Time traces of n (solid lines) around the switch-on of ECH at
t = 0. The dotted lines are negative exponents exp(—t/7), with
7 = 2.5 and 3 ms for the curves at » = 0 and 14 cm, respectively.
The central T, and n relaxation have similar time constants.

around a similar instability (see section 5.5.5) indicate that g profile is very flat up
to the deposition radius and crosses m=2 during the instability.

The opposite shapes of the T, and n profiles in the two states result in electron
pressure (pe) profiles, which are very similar to each other (see Fig. 6.13c).

6.4.6 Summary of the RTP Observations

In section 6.4 plasma states with several combinations of n, T, and ¢ profiles have
been presented. The most striking feature is the opposite behaviour of the T, and
n profiles: When T, peaks, n becomes flat, and vice versa. This is not only the case
for ECH heated plasmas; The bifurcated Ohmic states show the same behaviour.
It was found that the central area is convection dominated. The negative V,n
in the ECCD discharges indicates that the inward convection that is decimated
during on-axis ECH, can even change sign, as in the case of counter-current drive.
In the scan of pgep not only the T¢ profile but also the j profile is changed
significantly. The T, profile usually relaxes on a short, energy confinement time scale
only, whereas the j profile relaxation can take up to 30ms. The time dependent
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Figure 6.11: Time traces of central ECE (dots) and soft X-ray (a) and of
interferometer channels at zero (upper curve) and half radius (b)
of a discharge with ECH from 180 to 310ms at pqep ~ 0.28. At
t = 228 ms a spontaneous transition from level A’ to A” occurs.
There is no gas-puff in the indicated interval.

signals showed that the changes in n can occur on two time-scales: A short time
scale comparable to the energy confinement time, and a long time scale of the order
of the current diffusion time.

In section 6.5 the determination of the transport coefficients from the data like
presented in section 6.4 will be treated. The focus is put on the transport simulation
code ASTRA, that can analyse the time development during the transitions between
the different states and link the plasma parameter profiles. In section 6.6 the data
presented in this section are simulated with the ASTRA transport code.

6.4.7 Profile consistency

It is often observed that the p, and j profiles have similar shapes. This is confirmed
by several theories [36-39] and is called profile consistency. The profile consistency
as formulated by [40] states that the normalised gradients of the p. and j profiles

are equal:
9 (pe(r)) _ 0 J(_") . (6.21)
Or \ pe(0) ar \ j(0)
This means that the normalised p. and j profiles are equal apart from a constant
offset.
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Figure 6.12: Time traces of central ECE (dots) and soft X-ray (a) and of
interferometer channels at zero (upper curve) and half radius (b)
of a discharge with ECH from 180 to 310ms at pgep ~ 0.32. At
t = 193 ms a spontaneous transition from level A” to B occurs. At
t = 233 ms an off-axis sawtooth instability starts. The increase
of n between 280 and 310 ms is due to gas-puff.

The resistivity is a strong function of T, so the j profile is coupled to the T
profile. Consequently, the n profile is assumed to behave in such a way that the
profile consistency holds.

Profile consistency is no conventional transport theory, because it assumes the
fluxes in the plasma are driven in such a way that abovementioned relation remains
satisfied. The description of this transport with transport coefficients is not partic-
ularly useful. Therefore, we will not treat profile consistency with simulations like
the other transport models treated in section 6.2. Instead, we simply test whether
Eq. 6.21 holds for the data presented until now.

In Fig. 6.14 the p. and j profiles of several steady state plasmas discussed in
this chapter are compared:

a. Ohmic state

b. slightly off-axis ECH (pgep = 0.28, see Fig. 6.11)

c. far off-axis ECH, c.f. state '"E’ in Figs. 6.6, 6.7 and 6.8a.
d. bifurcated Ohmic state II (see Fig. 6.13)

The j profiles are obtained from neoclassical calculations, the p. profiles are ob-
tained from the T, profiles from ECE and the n profiles from Abel inversion of
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Figure 6.13: Profiles of T, n and p. measured with Thomson scattering at 75 ms
into the post-ECH phase for the bifurcated Ohmic states (symbols=state
I, line=state II, see text). In state II the n profile develops a localised
gradient near p = 0.38. The differences are very pronounced in the T
and n profiles but largely cancel in the p. profile, which nonetheless is
more peaked in state I than in state II. For the presented discharges, the
electron energy confinement times are 7, = 4.4 ms and 78, = 4.2 ms.

the interferometer data. The n profiles of the shown steady states are all peaked,
so the Abel inversion is reliable. The hollow p. profiles are entirely due to the
corresponding hollow T, profiles.

The correspondence of the p. and j profiles is excellent in the Ohmic state.
However, with off-axis ECH the profiles deviate from each other in the core. This
deviation is more extended for the far off-axis heated state. In the bifurcated Ohmic
state II the p. profile is similar to the p. profile in the Ohmic state I, but the j
profile is much lower and even slightly hollow.

In the off-axis EC heated discharges it seems that profiles deviate inside the
deposition radius: The difference is larger in the far off-axis heated case. Due
to the strong dependence of j on the T, profile, the j profiles are quite hollow for
these plasma states. The p. profile is only slightly hollow or even peaked, due to the
peakedness of the n profile we already discussed in section 6.4.1. The discrepancy
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Figure 6.14: pe (fullline) and j (dashed line) profiles during four steady states:
a) Ohmic state; b) slightly off-axis ECH; ¢) far off-axis ECH; d)
bifurcated Ohmic state II. The offset and scale of the j profiles
has been adapted to match the p, profiles. All four plasma states
have peaked n profiles (not shown).

may be smaller than shown, since the uncertainty on j in the hollow part of the
profiles is significant. Nevertheless, the hollow T, profile is unlikely not to cause a
hollow j profile.

In the bifurcated Ohmic state II the peaking of the p. profile is mainly due to
the strong peaking of the n profile. The T, profile is more or less flat (see Fig. 6.13),
and so is the corresponding j profile.

Concluding, although the agreement is remarkably good in the Ohmic case, it is
not satisfactory in the other test cases. Apparently, strong off-axis heating causes
breaking of profile consistency.
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6.5 Determination of Particle Transport Coefficients; the
ASTRA transport code

In section 6.4 several combinations of n, T, and ¢ profiles have been presented,
and transitions between them. In section 6.6 the transitions are simulated with
ASTRA [8]. This section serves as introduction to ASTRA. It contains also the
basic simulations that validate the approach.

First, the previous particle transport analyses performed at RTP are reviewed
(section 6.5.1). In section 6.5.2 the main tool for our transport study is introduced,
the transport code ASTRA. In section 6.5.3 ASTRA is used to determine the trans-
port in steady state conditions. The results are compared with the previous results
in section 6.5.1.

In general, the diffusion and convection coefficients determined in experiments
with perturbations of the stationary plasma are the incremental transport coeffi-
cients D™ and V™€, respectively [3,41]:

; or
DW= ——— .22
a (vrn) ’ (6 )
inc — 6_F
Ve = o (6.23)

6.5.1 Previous RTP particle transport analysis

In previous studies two analyses of the density modulation in the sawtooth instabil-
ity have been performed. This has the obvious advantage that the central transport
coefficients are obtained. Further, several similar sawteeth can be averaged to de-
crease the measurement error.

In the sawtooth collapse the density profile becomes flat within the mixing
radius. J. A. Konings realised that the diffusion driven flux is zero in this flat part
and the relaxation directly after the collapse is dominated by the particle pinch
alone [42, p. 63]. He calculated a pinch velocity VS%* = 1.2 + 0.2m/s within
r/a = 0.2 with n= 2.5 - 10 m=3. The superscript ’stat’ is used because this
coefficient is not determined from a perturbed, but from a stationary situation.
Once the pinch velocity is known, the diffusion coefficient can be obtained from the
steady state profile, in this case D%t = 0.25m?/s.

The sawtooth collapse also causes a density pulse outwards. The propagation
of this pulse was studied by A.C.A.P. van Lammeren [43, p. 101] by use of the
ACCEPT-code [44]. This code simulates a set of coupled diffusion equations for the
particle and heat transport. From the low-field side measurements a diffusion coeffi-
cient D" = 1.0+0.3m? /s was found in a high density plasma (n(0) = 9-10° m~3).
This D™ holds for just outside the mixing radius, which is ~ 4 cm. Unfortunately,
no information on the pinch velocity or the thermo-diffusion coeflicients was pro-
vided by [43].
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An alternative approach is the numerical solution of the equation for conserva-
tion of particles, Eq. 6.3. This is done in one dimension by J. de Kloe [45, Ch. 5].
He estimates the D' profile and deduces the V" profile from it using the steady
state n profile. He neglects the particle sources. With the obtained coefficients the
time evolution of the n profile was simulated and compared to the measurements.
The optimum value for the transport coefficients is obtained for the best fit of both
the phase and amplitude of the n variation to the data. For the boundary condition
at r = 0 the condition of zero flux was taken. For large r the outermost measured
density was taken as boundary condition. In this way, any uncertainties in the area
between this channel and the edge were avoided.

For a quiet Ohmic discharge with gas-puff pulses J. de Kloe found a value for
the average of D®¢ = 2.0+ 1.0m2/s. In the case of pellet ablation a parabolic D¢
profile was obtained with D¢(r = 0) = 1m?/s and D™(r = a) = 5m? /s, which is
in agreement with the average D™ = 2m? /s result.

The results of Van Lammeren and De Kloe are in agreement with each other, the
values obtained by Konings are substantially lower. It should be noted that Konings
analysed n during the sawtooth instability. It is possible that his assumption that
the n build-up in between the crashes is determined by transport is not valid.

In section 6.5.2 the transport simulation code ASTRA is introduced. With
ASTRA simulations, the transport coefficients can be estimated as well.

6.5.2 Introduction to ASTRA

ASTRA (Automatic System of TRansport Analysis) is a flexible and effective tool
for the study of transport mechanisms in tokamaks [8]. Flexibility is provided
within the ASTRA system by a wide choice of standard relations, functions and
subroutines representing various transport coefficients, heating methods and other
physical processes, as well as the possibility to set the variables in the transport
equations beforehand and to set variables for data output in a simple form.

ASTRA uses the system of one-dimensional transport equations obtained by
averaging over the toroidal magnetic surfaces. The set of equations describes the
transport of particles, heat and current through the conservation of mass, charge
and energy. In this study the equation for the density is most important:

0 0
_(’\7’”) + —

=V'xSs. 6.24
ot dp ( )

v <<<Vp>2>r - %ﬁ—jpn>

In this equation all quantities depend on two arguments: time ¢ and the radial
variable p. B¢0 is the time derivative of the vacuum toroidal magnetic field on axis
Byo, V' is the radial derivative of the volume, 9V/0dp, £.S is the sum of all particle
sources and sinks, as introduced in Eq. 6.3. With the essential input parameters,
the set of equations and the Grad-Shafranov equation for the magnetic equilibrium
are solved.

The strength of ASTRA is its flexibility. It can handle arbitrary input: Not only
can various experimental data be introduced, but the transport model describing
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the various coefficients can be chosen from an extensive library or can be given by
user-supplied codes. Furthermore, ASTRA allows the reduction of the number of
parameters in the transport problem. The user can chose to assign values to one
or more of the parameters n, T, T; and j. The assigned values can be in the form
of an explicit, analytical expression or can be taken from experimental data.

We used ASTRA to simulate the j and n profile. The T, data are assigned from
the experimental ECE and TS data. The ion temperature is calculated from the
thermal coupling with the electrons. The transport coefficients for the parallel j
transport are taken from neoclassical theory according to [46].

The boundary condition for n is taken from the Abel inverted interferometer
measurements. In this data the effect of the gas-puff is incorporated in a natural
way: From the experimental n profiles we know that the gradient length in the edge
does not change much during a gas-puff nor after ECH switch-on. This indicates
that a change of the edge density leads to an inward density pulse. The simulations
show that this boundary condition is well suitable.

It should be noted that the edge n is not measured directly, but is deduced
from the outermost interferometer channel, at 14cm or p = 0.85. Before Abel
inversion a point outside this channel is added to the measured phase profile where
the measured phase is supposed to be zero. The phase is linearly interpolated
between the outermost measurement and this zero point. The position of the zero
point is optimised by comparing the inverted n profile to the n profile obtained with
Thomson scattering. This profile extends to r = a. The zero point lies typically
1-2 cm outside the plasma.

It is preferable to apply the outermost measurement as a boundary condition.
Unfortunately, this is not possible in ASTRA without neglect of the area outside
this measurement chord. The limitation of the plasma in this way is however not
attractive, because it will compromise the simulation of j. Therefore, the value
of n at the edge is used, following from the interpolation. Concerning the time
behaviour this is acceptable, realising that the transport coefficients are commonly
observed to increase strongly towards the edge. This makes it acceptable to take
n(a) as a boundary condition.

The simulated n is compared to the n from the Abel inverted measurements.
The alternative is to calculate the line integrated density from the simulated n and
compare this to the measurements directly. The fact that a code to perform the
Abel inversion with refraction correction is routinely available at RTP favours the
first possibility. Moreover, the n boundary condition is obtained after inversion
only. For a discussion of the inversion routine, see section 4.4.2.

ASTRA has the minor flux surface radius r as the working coordinate. To
calculate the measurement positions as a function of this coordinate, the Shafranov
shift (§) must be known. Symmetry considerations applied to the experimental
ECE and interferometer profiles are used to estimate §. The obtained values of
the shift are in agreement with the values calculated by ASTRA in the simulation
(6=1-2cm)

In section 6.5.3 ASTRA is used to estimate the transport coefficients D" and
Vine from the simulation of gas-puff in Ohmic and EC Heated discharges. The
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obtained coefficients are compared to the previous results, reviewed in section 6.5.1.
They serve as a starting point for the simulations in section 6.6.

6.5.3 Simulation of steady state Ohmic and EC Heated discharges

The D¢ and V" profiles must be set in the simulation of the particle diffusion. If
one of these profiles is estimated, the other follows from the steady state n profile.
Alternatively, both profiles can be parametrised. As will be shown, this approach
gives good results.

We use the expression for n,, obtained in section 6.3 for a source function. This
function dominates the transport in the edge. This study is focused on the particle
transport in the central area, so the used function does not need to be very accurate.

An important boundary condition is the condition of zero particle flux at r = 0.
This is satisfied with Vi"¢(0) = 0: Zero convection at r = 0 makes the n gradient
disappear and as a consequence there is no flux. Note that some of the theory
based expressions for V"¢ in section 6.2 do not fulfill this requirement. We will
come back to this when these expressions are simulated.

The expressions for V"¢, D¢ and the source S as used in ASTRA are:

D™ = Do + (Da — Do)p*
Vinc =V p
S=Sy-pn
kE>1, 1=2+n(0)[10"m 3],

(6.25)

with k£ and [ integers. The expression for [ is taken from Eq. 6.20. Dy is the central
value of D¢, D, the edge value. We take k = 2, unless stated otherwise. V" and
S both increase towards the edge.

Since from steady state only the ratio Vinc / D™ can be determined, a time-
varying n is used to determine the values of the coefficients in Eq. 6.25. Here,
three discharges with gas-puff are simulated: a) An Ohmic discharge with a single
block/step function-like gas-puff; b) An Ohmic discharge with several block function
like gas-puffs; c) A discharge with central ECH with a block function like gas-
puff during steady state ECH, 30 ms after the switch-on of ECH. For the plasma
parameters, see Table 6.1. All three discharges were selected for the absence of
the sawtooth instability. To limit the degrees of freedom, D, = 10Dy is taken.
In Fig. 6.15 the time evolution and corresponding profiles for the second case are
shown. The coefficients are Dy = 1m/s?, D, = 10m/s?, V5 = 6 - 10! m/s and
So =1-10%"1. With these coefficients, the time evolution of the other two cases
can be simulated as well, provided Vj is decreased to Vo = 5- 10! m/s in the ECH
case.

It is remarkable that the ECH and Ohmic discharges have the same diffusion
coefficient. It should however be realised that the error bar on the determined
coefficients is 30-40 % in the centre. This is due to the nature of the gas-puff: It is
an edge perturbation, which is smeared out on its way to the centre.
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Figure 6.15: Time traces of n at r = 0, 2, 4, 6 and 14cm and n profiles at
t =0, 10 and 20 ms for a discharge with gas-puff between 0 and
12ms. The full lines are from the ASTRA simulation, the dashed
lines are the experimental data. Time is taken with respect to
the start of the gas-puff.

Table 6.1: Plasma parameters of the discharges with gas-puff used to simulate
the density-pulse propagation.

Plasma Parameters Simulation Parameters
Discharge I qa n(0) Pgcu | Do Dg Vo So
(kA) (10"m=3%) (kW) | (m?/s) (m/s) (s71)
a rl19980511.013 62 6.6 2.8 - 1 10 610! 8103
b r19980320.049 79 4.5 4.3 - 1 10 610° 10%
c rl9971126.044 92 4.6 4.0 300 1 10 510! 10%

The obtained value for Dg is in agreement with the previous results on RTP
obtained by Van Lammeren en De Kloe (see section 6.4), and is much higher than
the values obtained by Konings.

Summarising, we have introduced the tool ASTRA and made an estimation of
the coefficients determining the particle transport, summarised in Table 6.1 This
estimation is appropriate to simulate gas-puff discharges with and without central
ECH. The results are in agreement with previous results on RTP. In section 6.6 we
use the results obtained in section 6.5 to test several particle transport against the
experimental data.
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Figure 6.16: Time traces of n at 7 = 0, 2, 4, 6 and 14cm and n profiles at
t = 10, 32 and 58 ms for a discharge with central ECH from ¢t = 0
on and with gas-puffs between 2 and 22ms and between 57 and
72 ms. The full lines are from the ASTRA simulation, the dashed
lines are the experimental data.

6.6 Test of Transport Models

In the following the various expressions of section 6.2 concerning the anomalous
pinch are used to simulate n and the results are compared to the observed n be-
haviour. Apart from these physics-based expressions, two additional simulations
are performed for reference. In one simulation, fixed coefficients for D¢ and Vinc
are taken. The coeflicients are as obtained in section 6.5 for the Ohmic case. In
the other simulation, the value of 1} is changed at the transition. So in the Ohmic
phase, the coefficients for Ohmic discharges are taken and in the ECH phase the
coefficients for EC heated discharges are taken as obtained in section 6.5 and listed
in Table 6.1, i.e. Vp changes at switch-on from 50 to 60m/s.

The results of the simulations are compared with the data using three criteria,
in the following order: First, the time scales of the simulated and observed changes
are compared with each other. Secondly, the signs of the relaxations given by
simulation and data are compared. The third criterion is how the change of the
profile shape compares to the observed profile shape change. To keep these tests
as clear as possible the main focus is put on the time scale and sign criteria. For
optimal comparison of the simulations the coefficients of the expressions are kept
fixed for all transitions, unless stated otherwise.

As we are only interested in the trends predicted by the transport expressions,
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we will allow a multiplication factor in the model expressions for V"¢, These
multiplication factors are chosen such that the initial Ohmic n profile is reproduced
as good as possible. The multiplication factors are kept fixed for all simulations
which start from the Ohmic state (section 6.6.1-6.6.3).

In case the model expression for convection is not zero at the axis, we will apply
an extra modification. In this case, the expression is multiplied with the function

feut = (1 — exp(=7/rcut)) (6.26)

to fulfill this condition, with r¢y ~ 1 cm.

Note that the modifications are independent of the plasma parameters. They
are kept constant at the transitions, e.g. between the Ohmic and ECH phases.
At a transition the model expressions change only according to their functional
dependences.

The following transitions are studied:

1. transition between the Ohmic state and the state with central ECH — Section
6.6.1;

2. transition between the Ohmic state and a slightly off-axis ECH state (paep
= 0.3), as shown in Fig. 6.11 — Section 6.6.2;

3. transition from the Ohmic to the far off-axis EC Heated state (pgep = 0.5) —
Section 6.6.3;

4. relaxation after switch-off of off-axis ECH towards the bifurcated Ohmic state
IT (see Fig. 6.13) — Section 6.6.4.

6.6.1 Transition from Ohmic to Centrally EC Heated State

In this section one particular discharge with central ECH is analysed. This discharge
was selected for its lack of the sawtooth instability, to keep the input signals as
smooth as possible. The sawteeth are suppressed by depositing the ECH at the
edge of the high T region, in this case pgep = 0.16 [30]. In general, discharges with
central ECH are not sawteeth-free. The results for discharges with sawteeth are
similar to the results presented.

The experimental density development has been treated in section 6.4.3 and
Fig. 6.10. In Fig. 6.17 the time traces of the experimental data are shown, as well
as various simulated traces. The presented radii are 2, 6, 10 and 14 c¢m, respec-
tively. Fig. 6.18 contains the profiles just before and 30 ms after ECH switch-on for
the nine simulations. In the following, the various simulations are discussed. For
each simulation, the implementation of the expression as well as the results of the
simulation are presented in a subsection.
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1. No change of D'"¢ and V"¢

In the first simulation the D¢ and V"¢ profiles as found for Ohmic discharges are
kept fixed during ECH. This case is indicated with 'No change’ in Fig. 6.17. The
profile shapes of initial and final state are equal because of this condition and the
simulation gives us the density development as a consequence of the ECH induced
gas-puff only. Indeed the observed behaviour resembles the gas-puff analysis data in
the Ohmic plasma of Fig. 6.15 rather well. The central density increases modestly
with a time constant and delay like we observed before.

This simulation serves as a reference simulation to determine the influence of
the edge density on the n profile. It is not expected to reproduce the observed
behaviour. Indeed, the time constant is wrong and the sign of the change is opposite
to the experimental data. The profile shape remains like in the Ohmic state.

2. Instantaneous change of

The second simulation has the determined Ohmic V; in the Ohmic phase (6-10' m/s)
and the ECH V4 during ECH (5 - 10' m/s), as given in Table 6.1 in row a and c,
respectively. The transition between the two values is instantaneous, ¢.e. with the
time step of the simulation, which was 100 us in this case. D™ is unchanged with
respect to section 6.5. This simulation is labelled "Vj change’. This simulation gives
the response of the system to a step function, so it has the shortest possible time
scale.

Indeed we see that this simulation has a faster decrease of the central n than
the data. After this fast n decrease, the whole profile rises, again as a consequence
of the increased edge density. Since the applied change gives a decrease only, the
effect of the 'V, change’ is almost over as soon as the gas-puff pulse takes over. At
r = 2cm, that is already after about 3 ms.

This simulation serves as a lower estimate of the time scale of the change with
the parameters obtained from the gas-puff simulations (section 6.5).

Transport matrix formalism

In the transport matrix formalism the convection is the sum of thermo-diffusion
caused by the T, and 7; gradients, and a term proportional to the parallel electric
field. Here, Eq. 6.5 is taken to take account of the anomalous transport. As noted
before, the T} gradient driven term will not be considered here. The simplest case
is considered here, in which the off-diagonal elements of the transport matrix are
constants. For D¢, Eq. 6.25 is used.

3. Thermo-diffusion

First, we consider the effect of the thermo-diffusion only, setting Vi = 0 in Eq. 6.5.
In Fig. 6.17 this effect is indicated with "Thermo-diffusion’. This simulation shows
a strong increase at ECH switch-on. The central trace resembles the behaviour of
the central T,. This causes the peak at ¢t ~ 7ms as well.

Since the T, profile during ECH is flat in the core, the pinch is to decrease in
the core. However, just outside pgep, Vr71e is enhanced with respect to the Ohmic
state. Apparently, since n increases in the core, this effect dominates the result.
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The sign of the change of n(0) is wrong and the final n profile does not resemble
the observations.

4. E-driven pinch

The simulation with a single constant term proportional to Ej, i.e. D7 = 0 in Eq.
6.5, is labelled with ’E)-driven pinch’ in Fig. 6.17. During ECH, it gives a strong
overall decrease of the inward convection and corresponding decrease of n. The
time scale of the relaxation of the F) profile is comparable to the 7. relaxation.
The T, change is relatively large, and so is the change of F). The effect on the n
profile is stronger than observed.

The simulated j profiles in the Ohmic and ECH states are similar. This is the
reason that the Fj profile relaxation is as fast the 7, relaxation. The final profile
shape is much flatter than the observed profile. This is due to the fact that the E)
profile is very low in steady state. The final pinch profile is constant like the steady
state ) profile, so the E-driven pinch gives no local structures.

5. Full transport matrix

In the more general case, the F|| and V,T.-driven pinches are taken non-zero, c.f.
Eq. 6.5. Since they have opposite effects on n at the ECH switch-on, their ratio
can be used as an additional free parameter. Both off-diagonal terms change on
the same fast time scale. The result is shown in the trace labelled with 'Constant
matrix’. The result has more or less the right quantitative effect on the profile.
However, the profile shape is not reproduced very well, because the effect of ECH
switch-on on the FE profile is a global decrease, whereas the effect on the thermo-
diffusion term is a local increase around r = 0.03 m. There is no trace of such a
local increase of n in the measurements.

6. Varma pinch

The Varma pinch consists of four factors, as discussed in section 6.2, Eq. 6.11. The
local dependence on € at the axis of the respective factors is as follows: fy ~ e~ /2,
fe ~ €72 f, ~ € and E)/By ~ e 1. Hence, the pinch goes as e ! approaching
the axis. To compensate this divergence and let the pinch be zero at e = 0, it is
multiplied with f.u in Eq. 6.26.

The field £ decreases strongly during the transition, while f, increases due to
the decreasing collisionality. The factor fy is a geometrical factor and By changes
only slightly with central ECH.

From the figures it appears that the changes balance each other and the net
effect on the pinch velocity is very small. The sign of the effect is wrong. Moreover,
the profile shapes with the Varma pinch strongly deviate from the observed profile
shapes. This is due to the increase of the pinch towards the axis, which causes the
profiles to become strongly peaked. The peakedness is strongest in the ECH phase.

7. Electrostatic turbulence

From electrostatic turbulence theory the ¢—! pinch is obtained. This pinch diverges
neither at » = 0 nor at r = a so Eq. 6.13 can be applied directly, V*¢/D™°
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Figure 6.17: Time traces of n at r = 2cm (upper left), » = 6cm (upper right),
r =10cm (lower left) and » = 14 cm (lower right) of the experimental data (thick,
solid curve) and of simulations with various transport coefficient expressions (see
index). For each radius, the plot is split into two parts for clarity.
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Figure 6.18: ne profiles of all simulations of Fig. 6.17 and discussed in section
6.6.1. The thin curves are the profiles just before central ECH
is switched on, the thick curves are the profiles 30 ms after ECH
switch-on. The dotted curves represent the experimental data at
the same time points. They are identical for all nine plots.

—V.(Ing). The resultant central trace rises quite strongly, in contrast with the
observed decrease of n(0).

The simulation of the g profile development indicates that the magnetic shear
s decreases close to the axis, and s increases further away from the centre. This
causes the n profile to increase stronger than the 'No change’ simulation. The time
scale is much longer than the observed time scale and longer than in the case of
the F)-driven pinch.
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8. Miskane thermo-diffusion

Miskane predicts a rigorous coupling between the outward diffusion and the inward
electron thermo-diffusion (see Eq. 6.12). The flux driven by thermo-diffusion is
zero at the axis because V., T, is zero, thus satisfying the boundary condition. It
turns out that the coupled thermo-diffusion term alone is too small to establish the
observed Ohmic n profile, and therefore a constant thermo-diffusion coefficient is
added, like in Eq. 6.12, Dy < 0. This is a generalisation of the equations in [13]
where DT,() > 0.

If we compare the steady state T, profile in the ECH phase with that of the
Ohmic phase, the central gradient in the ECH phase is zero and the gradient just
outside this region is strong. The first effect leads to a reduction of the central
Vine the second effect leads to an increase of V*¢ around r = 0.03m. From Fig.
6.17 it becomes clear that the increase of the gradient at r &~ 0.03 m dominates the
zero gradient effect, because n(0) increases.

The time scale of the increase is similar to the time scale of the T, change.
This can also be seen from the structure in the time trace, especially the peak at
t =~ 7ms, which correlates with the 7; relaxation.

The Miskane thermo-diffusion performs better than the off-diagonal thermo-
diffusion in the transport matrix formalism. The differences between the two ex-
pressions are the that Miskane uses the shape of the (parabolic) D¢ profile and
adds a constant, whereas in the transport matrix formalism a single constant coef-
ficient is used.

Although the time scales of the n development from the observations and from
the simulation of the Miskane scheme are comparable, the n change simulated with
this expression is of the wrong sign. Further, if the expression is interpreted strictly,
i.e. Dy > 0, the steady state n profiles cannot be reproduced. This makes the
expression less suitable to explain the observed n profile development.

9. Becker scaling

We recall that according to Becker the Vin¢/Din¢ profile scales with the neutral
density profile, neglecting the sources up to the very edge (see section 6.2.4). As
a consequence, Sy in Eq. 6.25 is taken zero in the simulation. The parabolic D¢
profile from the Ohmic phase is maintained and V¢ = Di"°n, is taken. We have
no measurements of the development of n,, so we deduce it from other observations.

The ECH increases Ti, which in turn affects the n, profile in two ways. The
effect of the higher T, on the cross-section is incorporated in the ASTRA simulation.
Another consequence of the higher T, is that the velocity of the charge-exchanged
neutrals is higher. This makes a difference if the neutral penetration is a diffusive
process. However, the slab calculation in section 6.3 indicated that the hot neutral
concentration is rather insensitive to 7.

The second effect of ECH is that the n, in the edge is increased. This increase is
estimated to be proportional to the observed increase in n(a). Note that according
to Eq. 6.14 the an increase of n, in the edge leads to increase of the y/inc / Dirc, This
is not supported by the measurements, because Vi2¢/D%¢ is equal in the Ohmic
and ECH phases, c.f. Fig. 6.5.
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Table 6.2: Performance of the applied expressions in the simulation of the
development of the n profile around switch-on of ECH, as presented
in section 6.6.1. The order corresponds to the order in Fig. 6.17.
The qualifications are as follows: +=good, O=neither good, nor
bad, —=bad, ——=very bad.

expression time constant sign of change profile shape

— g
+ g

. no change

. Vo change

. Thermo-diffusion
. E) driven pinch
. Constant matrix
. Varma pinch

. ¢! pinch — - —
. Miskane expression
. Becker expression — — —_

|+ 4O
|
|

+
|
|

O 00| | O U x| W DN =

The traces labeled 'Becker’ mark the simulation of this expression. The effect
of the expression has the wrong sign and is smaller than observed, and it is delayed
with respect to the observed n reaction. It closely resembles the curve in which no
change was applied to the transport parameters: The density pulse originating in
the edge is much larger than any effect of T, on n,.

Note that this expression does not reproduce the observed profile shape. The
reason for this is that the n, profile decreases strongly with the distance to the
edge. To obtain a pinch in the core similar to observed, a hot neutral density
similar to the cold neutral density must be assumed. The shown result is obtained
with ny y/nn,c = 10 %, which is much larger than the ratio obtained in section 6.3
(P, /Nne ~ 2%).

Summarising, this expression fails on all our criteria to resemble the data.

Summary

In Table 6.2 the performances of all expressions applied to simulate n around the
switch-on of ECH are summarised. The performance is judged using the three cri-
teria introduced at the beginning of section 6.6: time constant, sign of change and
profile shape. The applied qualification is explained in the caption. The time con-
stant is qualified ’—’ if the time scale is comparable to the density pulse stemming
from the edge. The qualification '[I’ indicates that the sign of the change cannot be
determined for sure. The profile shape is '+’ when the flat n area is obtained and
the gradient outside the flat part is not enhanced. It is [0’ in case local subtleties,
like the strong V,.Te, modify the simulated profile in a way not observed on the
measured profile. The profile shape is =’ when there is a peak instead of a flat
area in the core. The qualification '——"’ is reserved for the simulated profiles that

do not look like either the Ohmic or the ECH profiles at all.
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Figure 6.19: Time traces of n around the switch-on of ECH at ¢ = 0 and during
the relaxation to the new steady state for a discharge with off-axis ECH
(paep = 0.32, raep = 4.5cm). The dotted lines serve as guide to the eyes.
They are negative exponents exp(—t/7), with 7 = 2.5 and 3ms for the
curves at r = 0 and 14 cm, respectively.

6.6.2 Transition from Ohmic to Off-axis EC Heated state - case 1

In this section we study the discharge in Fig. 6.11, in which off-axis ECH is applied
with pgep = 0.28, rgep = 4.5 cm. At switch-on of ECH, the discharge first develops
to a state A’ (c.f. Fig. 6.6). After 48 ms it experiences a spontaneous transition to
state A”. In this section the density around ECH switch-on, as illustrated in Fig.
6.19, is simulated. The spontaneous transition is accompanied by an MHD event
and is therefore less suitable for simulation.

In Fig. 6.20 the n traces of the experimental data and the simulations are shown
at the radii 2, 6, 10 and 14 cm. Fig. 6.21 contains the profiles just before and 45 ms
after ECH switch-on for the nine simulations. At ECH switch-on, the n profile
experiences a relaxation similar to reported in section 6.6.1: First there is a fast
central density decrease, which is taken over by a density pulse from the edge on a
longer time scale. Apparently, there is a pump-out effect with off-axis ECH as well.

In the following the results of the simulations are discussed. The parameters of
all expressions are kept constant with respect to section 6.6.1. In this way, the tests
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are kept as pure as possible and the simulations resemble the Ohmic start profile
in an optimal way.

1. No change of D and V

As argued in section 6.6.1 this simulation gives us the n profile development due to
the change of the edge conditions only. Indeed we recognise in these traces, labelled
with 'No change’, the behaviour of the edge density. This simulation confirms that
the change of the n profile at the transition is not related to the changes in the
edge.

2. Instantaneous change of

Like in section 6.6.1 the value of V; is changed instantaneously at ECH switch-on
between the values for the Ohmic and ECH phase in Table 6.1.

For the transition at ECH switch-on the imposed change is too large. The
resulting profile is significantly lower than the experimental profile. The time scales
of observation and simulation are similar, whereas we found that the instantaneous
change was faster than the observations in the case with central ECH.

Transport matrix formalism

In the following three related simulations are discussed: The first two, labelled
"Thermo-diffusion’ and ’Ej-driven pinch’ are combined in the 'Constant matrix’
simulation. The coefficients of all three simulations are kept constant with respect
to section 6.6.1. The simulations are discussed in the mentioned order.

3. Thermo-diffusion

Because of the off-axis deposition, the T, profile becomes flatter within pgep after
ECH switch-on. The same trend is seen on the simulated n profile. The final n
profile at ¢ = 45 ms is slightly hollow in the centre. The time scale of the reaction
is similar to the observed time constant.

The hollow n profile indicates that the convective flux due to the thermo-
diffusion has changed sign in the centre and is directed outwards. This is in contra-
diction with the measured profile, which remains peaked. It should be noted that
the hollow n profile obtained with counter ECCD (see section 6.4.2) is obtained
with central ECH.

The time scales of simulation and observation do agree for this model. However,
the profile from the thermo-diffusion simulation does not resemble the observed
profile.

4. E-driven pinch

The E-driven pinch decreases strongly at ECH switch-on over almost the full profile.
The final value of £ is nearly as low as with central ECH. The decrease takes longer
than the observed relaxation.

The longer duration of the change is due to the current diffusion. In contrast
to the switch-on of central ECH in section 6.6.1, the j profile changes significantly
in this case.
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Figure 6.20: Time traces of n of the discharge discussed in section 6.6.2 with pqep
= 0.28,74ep = 4.5cm, around the switch-on of ECH at » = 2cm (upper left),
r = 6cm (upper right), 7 = 10cm (lower left) and r = 14cm (lower right) of the
experimental data (thick, solid curve) and of simulations with various transport
coefficient expressions (see index). For each radius, the plot is split into two parts
for clarity.
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Figure 6.21: ne profiles of all simulations of Fig. 6.20 and discussed in section
6.6.2. The thin curves are the profiles just before central ECH is
switched on, the thick curves are the profiles 125 ms after ECH
switch-on. The dotted curves represent the experimental data.
They are identical for all nine plots.

As with central ECH (section 6.6.1) the reduction of the E-driven pinch is
too strong due to the strong decrease of Ej. As the observed change of the n
profile is smaller in the off-axis heated case, the mismatch between observation and

simulation is even larger.

5. Full transport matrix

In the constant matrix simulation both terms are combined with a fixed ratio, the
ratio of section 6.6.1. At ECH switch-on the whole n profile decreases stronger
than observed. The time scale of the decrease is between the time scales of the

constituent terms, and is longer than observed.
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In the previous case we could use the ratio between the two effects to optimise
the final result. Unfortunately, the thus obtained transport matrix does not perform
satisfactory in the test case presented here. This calls into question the validity of
the obtained transport matrix coefficients.

6. Varma pinch

The simulated time behaviour nor the initial profile resemble the data well, so this
expression seems not to contain the right physical mechanism.

7. Electrostatic turbulence

Shortly after ECH switch-on the profile from the simulation with the ’¢~! pinch’
becomes flatter in the centre. The increase has a time constant comparable to the
edge gas-puff effect. The final simulated profile is flat in a substantial central area
and lower than the observed profile.

In section 6.6.1 we found that the n profile peaks up after switch-on of ECH as a
consequence of the ¢! pinch’. Here, we find the opposite effect in the simulation,
while the observed effect is similar to before. The g profile increases inside pgep and
hence the pinch is decreased.

8. Miskane thermo-diffusion

The simulation of the Miskane thermo-diffusion expression can best be compared
to the thermo-diffusion simulation in the constant matrix subsection. Both involve
Te gradient thermo-diffusion, only the coefficients are different.

The initial n profile with the Miskane expression is better than with thermo-
diffusion. However, the time behaviour of both simulations is similar. As a con-
sequence, the conclusion for this simulation is similar to that for thermo-diffusion:
The simulation changes with the right time scale, but the development towards a
hollow profile in the centre is incorrect.

9. Becker scaling

The initial nor the final n profiles resemble the observed profiles. The simulation
with the Becker expression gives an enhanced edge effect throughout the whole
profile, since the edge is dominant for the profile in this expression. Note that the
edge traces of the Becker expression do not fit into the figure (r = 10 and 14 cm),
due to the particular shape of the profiles simulated with this expression.

Summary

In Table 6.3 the performance of the applied expressions at the switch-on of off-axis
ECH with pgep = 0.28 is summarised. The performance is judged using the three
criteria time constant, sign of change and profile shape. The criteria were already
discussed in section 6.6.1. The results are summarised further in section 6.7.
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Table 6.3: Performance of the applied expressions in the simulation of the n
profile around switch-on of off-axis ECH presented in section 6.6.2.
The qualifications are as follows: +=good, CJ=reasonable, —=bad,
——=very bad.

expression time constant sign of change profile shape

no change —
Vb change

Thermo-diffusion
E) driven pinch —
Constant matrix ]
Varma pinch -
g~ ! pinch -
Miskane expression +
Becker expression -
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6.6.3 Transition from Ohmic to Off-axis EC Heated state - case 11

In this section a discharge with far off-axis ECH is discussed (pgep = 0.48, Tqep =
8cm). The plasma reaches a new steady state characterised by the T, profile 'E’
in Fig. 6.6 in ~ 75ms. The reason why the relaxation takes so long is probably
because of the interaction of the T, and j profiles. In this section not only the n
profile around switch-on of ECH is studied, but also during this long relaxation to
steady state.

In Fig. 6.22 the time development of the density is shown for the first 75 ms after
switch-on of ECH. Like in the other EC Heated cases there is a pump-out effect,
decreasing n in the centre, and a gas-puff like density pulse induced by ECH. These
effects are illustrated with negative exponent curves, like in Fig. 6.10. Apart from
these switch-on effects, the n profile flattens on a long time scale. The profile does
not become flat like in the case with central ECH, but the peaking is significantly
reduced with respect to the Ohmic phase at the time the n traces reach a minimum
at t ~ 30ms. After that n increases again in the centre on a similar time scale as
the decrease. The n traces usually reach a maximum shortly before the T, profile
reaches steady state. The simulations indicate that the j profile reaches steady
state at the same moment. The development of n after this moment is not further
discussed here.

There are a couple of local effects on the core of the n profile visible, e.g. at
t ~ 33, 52 and 62ms. Though these effects are characteristic for the n relaxation
with off-axis ECH, they are not considered any further.

In Fig. 6.23 the experimental data and the simulations are shown for this dis-
charge. In Fig. 6.24 the n profiles obtained from the simulations just before as well
as 85 ms after switch-on can be found. In the same figure the experimental profiles
are given for reference.
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Figure 6.22: Time traces of T,(0) (a) and n at several radii (b), around the
switch-on of ECH at ¢t = 0 and during the relaxation to the new
steady state for a discharge with far off-axis ECH (pgep = 0.48,
Tdep = 8cm). Note the time scale on which T, reaches a new
steady state is much longer than the energy confinement time
(1-3ms) and the current diffusion time (10-15ms). The dotted
lines in b serve as guide to the eyes. They are negative exponents
exp(—t/7), with 7 = 2.5 and 3ms for the curves at » = 0 and
14 cm, respectively. Note the time axis is extended with respect
to Fig. 6.10.

This special discharge can be used as yet another test of the expressions for
particle transport. In the following the results of the various simulations on this
test case are discussed. The simulations as well as their coefficients are kept constant
with respect to section 6.6.1.

In the previous sections, 6.6.1 and 6.6.2, the behaviour of the simulations of n at
switch-on of ECH has been discussed extensively. Therefore, we will only consider
the switch-on effects sideways and focus mainly on the long term behaviour, despite
the significant change of the input pgep.
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Figure 6.23: Time traces of n at r = 2, 6 and 10 cm of the experimental data
(thick, solid curve) and of simulations with various transport
coefficient expressions (see index). For each radius, the plot is
split into two parts for clarity. Note that the time axis is extended
with respect to Fig. 6.23.

1. No change of D'™° and V™¢

As discussed before, this simulation gives the result of the edge effects only. Ap-
parently, the edge is only influenced at switch-on of ECH and after ~ 65 ms. Note
that this last decrease of the edge density coincides with the peaking of n in the
centre just before steady state is reached.

Although the edge density is decreased at the end of the simulation, it is not as
low as in the Ohmic state. The observed particle confinement remains lower then
that in the Ohmic confinement case.

2. Instantaneous change of

In this simulation the pump-out is approximated by an instantaneous change of the
parameter V. We used the same change as with central ECH, i.e. —14m/s. The
effect of this change is significantly larger than the observed pump-out effect. After
~ 20 ms the two traces do cross each other in the centre. The time constant of the
instantaneous change simulation is shorter than of the measured data.
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Figure 6.24: ne profiles of all simulations of Fig. 6.23 and discussed in section
6.6.2. The thin curves are the profiles just before far off-axis ECH
is switched on, the thick curves are the profiles 75 ms after ECH
switch-on. The dotted curves represent the experimental data.
They are identical for all nine plots.

Transport matrix formalism

3. Thermo-diffusion

After the initial decrease due to the decrease of T, and its gradient in the centre
like we observed in section 6.6.2, the simulated n at r = 2 cm decreases on a time
scale comparable to the observed time scale. The r = 6 cm trace does not change
anymore after ¢ = 30 ms, when the observed n reaches its minimum. However, the
r = 2cm trace decreases further until ¢ ~ 65 ms. The simulation decreases more
strongly than the observation.
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4. E-driven pinch

This simulation with a constant coefficient for the pinch proportional to E, de-
creases strongly immediately after switch-on of ECH, like in the test cases described
in sections 6.6.1 and 6.6.2. The time scale of this decrease is similar to but longer
than the observed time scale. After this decrease the simulated n starts to increase
on a long time scale. It reaches a stationary value at ¢ ~ 40 ms and follows the edge
effects from then on. The profile shape seems to be fixed as well.

Like the previous simulation this effect does not explain the peaking of the n
profile after the initial flattening. There is no indication that it reverses sign.

5. Full transport matrix

This simulation, lying in between the two previous ones, is not in agreement with
the observations. With a change of the ratio of the two terms, which is kept
fixed with respect to section 6.6.1, the behaviour would probably not resemble the
observations better, because the E-driven pinch simulation saturates for ¢ > 40 ms.
It can be argued though, that the final profile shape could be improved.

6. Varma pinch

Centrally, the Varma pinch causes a very fast increase of n. Further out, n increases
as well, but on a somewhat longer time scale. These traces become constant after
this initial increase, the central trace starts to decrease with a very long time scale
until the end of the simulation. The final profile is more or less comparable to
the observed profile, due to a substantial reduction of the central convection with
respect to the initial profile. However, the initial profile does not resemble the
initial observed profile.

The balance between the factors constituting this pinch, is subject to fast
changes at the ECH switch-on. This causes the early peak in the centre. With
the gradual decrease of the central j, By decreases in the core and the Varma pinch
is reduced here. Contrary to the E-driven pinch simulation, the By-profile remains
sensitive to small changes in the central j. That is why the relaxation of the central
n takes much longer in this case.

7. Electrostatic turbulence

The central trace of this simulation is unchanged for a couple of ms after which it
starts to decrease. The other two channels first increase to reach a maximum at
t ~ 7Tms, after which they also decrease. This decrease takes as long as the decrease
seen on the Varma pinch, except for the channel at » = 10 cm, which is outside pgep.-
This channel follows saturates after ¢ ~ 50 ms. The final profile is slightly hollow
within pgep, Which indicates that the change is strongest in the centre.

8. Miskane thermo-diffusion

Although the Miskane expression prescribes a more comprehensive expression for
the thermo-diffusion than the constant, which is taken in the thermo-diffusion sim-
ulation, the results of the Miskane simulation can hardly be distinguished from this
previous simulation. The initial and final profiles are slightly better, though the
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Table 6.4: Performance of the applied expressions in the simulation of the n
profile after switch-on of far off-axis ECH presented in section 6.6.3.
The qualifications are as follows: +=good, CJ=reasonable, —=bad,
——=very bad.

expression relaxation sign of change profile shape

. no change

. Vb change

. Thermo-diffusion

- E) driven pinch

. Constant matrix

. Varma pinch

. ¢! pinch

. Miskane expression
. Becker expression -
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reaction to the application of ECH is very similar. A similar decrease of n in the
centre is observed, leading to the final hollow n profile.

This simulation has no added value with respect to the simpler thermo-diffusion
simulation.

9. Becker scaling

As stated before the reaction of the simulation with Becker scaling reacts pre-
dominantly on the edge effects. None of the observed more central effects can be
recognised in this simulation. The trace at » = 10 cm is beyond the plotting region,
due to the peculiar shape of the predicted n profile (see Fig. 6.24). The shapes of
the profiles do not resemble the observed profile.

This simulation is not useful to see central changes, nor does it outperform the
other simulations in the edge.

Summary

The performance of the simulations of this section is summarised in Table 6.4. The
performance of the simulation on the observed long term change of the n profile is
evaluated with neglect of the initial changes. Since the time constant is difficult to
define for this n development, the ability of the simulation to follow the observed
pattern is evaluated. The sign of change is taken between 10 and 30 ms.

In this section the long term behaviour of n was considered, neglecting local
characteristic events. None of the simulations predicts the observed n behaviour
with any detail. The significant changes to the j, ¢ and 7T, profile modify the
expressions significantly, whereas the observed n profile is hardly changed. On the
other hand, n shows very pronounced behaviour in intervals where the other plasma
parameters are subject to little change.

The results are summarised further in section 6.7.
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6.6.4 Relaxation to Bifurcated Ohmic State

The data on bifurcated Ohmic states presented in Fig. 6.13 show the two states that
originate from the same far off-axis EC Heated state. As soon as ECH is switched
off, the n profile starts to develop towards a state with more peaked n profile and
flatter T, profile. If and only if a particular, characteristic MHD crash occurs, the
development towards this state II is interrupted and the discharge relaxes to the
pre-ECH Ohmic state, state I [35].

The occurrence of the MHD crash makes the relaxation to state I unsuitable
for transport simulation. However, the relaxation to the interesting state II can be
simulated.

In Fig. 6.25 the development of T, (0) and n at several radial positions is shown.
The density increases strongly in the centre and is more or less constant between
r =6 and 12cm. Note that the edge density decreases, because the ECH induced
gas release from the wall is stopped. This decrease, however, is much slower than
the increase at ECH switch-on. The density reaches a maximum at ¢ ~ 52 ms after
which it decreases to its new steady state. The profiles plotted in Fig. 6.13 are
taken in the new steady state at ¢ = 75 ms.

It should be noted that the change of n in this case is much slower than after
switch-on of ECH which indicates that a different physical mechanism is dominant
in the observed density grow than we observed at switch-on of ECH.

The increase of the central n is not monotonic. At ¢t ~ 12ms the peaking is
temporarily interrupted. At ¢ ~ 31ms a minor MHD crash with a post-cursor
occurs, which is smoothed in the data analysis. This crash is much smaller than
the crash with which the two Ohmic states bifurcate. Therefore, the evolution of
simulation and experiment is only compared up to this crash.

In Fig. 6.26 the observations and the various simulations of n are shown at the
radii r = 2, 6, 10 and 14cm. Fig. 6.27 shows the profiles of the simulations just
before and 50ms after switch-off of ECH, as well as the experimental profiles at
these points in time. In the following the results of the simulations are discussed
in detail.

The start situation for the simulations is different from the previously described
test transitions, because the simulation starts during the far off-axis ECH. There-
fore, the model expressions for V" can be re-optimised for this particular plasma
state, i.e. instead of the Ohmic n profile the initial profiles can now be optimised
for the steady state far off-axis EC Heated discharges. The coefficients of the con-
vection in the Varma pinch and Becker scaling expressions are increased by 25 %, in
the E-driven pinch it is increased by 28 %. The start parameters of the no-change
and instantaneous change models are taken according to the ECH case in Table 6.1,
i.e. Vp is 50 instead of 60m/s. For the expressions which depend on a parameter
with a hollow start profile (i.e. the thermo-diffusion, full transport matrix, Miskane
and ¢! pinch expressions), adaptation does not improve the agreement with the
measured profile.
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Figure 6.25: Time traces of T¢(0) (a) and n at several radii (b) around the
switch-off of far off-axis ECH at ¢t = 0 for a discharge developing
to the state II in Fig. 6.13 (pgep = 0.48, 7qep = 8cm). Note the
y-axis of (a) is reduced with respect to Fig. 6.22.

1. No change of D'"® and V"¢

The no change simulation profile is slowly decreasing like the edge density does.
The small interrupt of the edge density decrease around ¢ = 12 ms is hardly visible
on the central simulation trace.

2. Instantaneous change of

For the Ohmic phase here Vy = 70m/s is taken, higher than the normal Ohmic
value (60m/s, c.f. Table 6.1) to reflect that the measured profile is more peaked.
The instantaneous change leads to a much faster increase of n than observed.
Also, n increases on all channels shown, whereas only on the two inner channels an
increase of n is measured. After this initial, fast decrease, this simulation follows
the edge effect. The final profile shape resembles the observed final profile shape



6.6 Test of Transport Models

153

n, [10°m™]

n, [10"°m™¥|

n, [10®°m™|

n, [10"°m™)

= o
C)E G?E
=) =)
= =
< =4
2 v - ‘ r=2cm- | ‘ ‘ ‘
0 10 20 30 0 10 20 30
time[mg] time [mg]
‘ r=10cm ‘ r=14cm

n,[10"°m™]

n, [10"°m™9

0 10 20
time [msg]
O = No change
/\ =V, change
[] = Varma pinch
| =gt pinch
¢ = Miskane

0 10
time [ms]
® = Becker
w = Thermo-diffusion
W = E—driven pinch
X = Constant matrix

20

Figure 6.26: Time traces of n of the discharge discussed in section 6.6.2 with pqep
= 0.48,74ep = 8cm, around the switch-on of ECH at r = 2cm (upper left), r =
6cm (upper right), » = 10cm (lower left) and » = 14cm (lower right) of the
experimental data (thick, solid curve) and of simulations with various transport
coefficient expressions (see index). For each radius, the plot is split into two parts
for clarity. Note that the axis is extended with respect to Fig. 6.17.
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well.

Transport matrix formalism
3. Thermo-diffusion

At switch-off of ECH this simulation increases on a faster time scale than the data.
After the initial rise, a longer time scale increase follows, which is nicely parallel
to the observed data on the inner channels. The final profile is less peaked than
the measured profile, in contrast with the simulations up to now, in which the
thermo-diffusion profiles were more peaked than the data.

The fast increase at switch-off is due to the fast increase of T, in the centre. Its
time constant is comparable though larger than the 'V change’ simulation. The
long time scale is due to the interaction of 7, and j in the relaxation, which was also
observed in section 6.6.3. The final profile shape of the simulation is less peaked
than in the Ohmic state I, because the T, profile is flatter. This does not agree
with the observed profile, which is more peaked in Ohmic state II.

4. E-driven pinch

The change of this pinch at switch-off is much too fast and much too large. On
all traces shown, the simulation exceeds the plotting scale, which has been taken
rather large. Only at the end of the plotted interval the simulated curves at r = 2
and 6 cm re-enter the plot. The final profile shape is in reasonable agreement with
the observed profile, though elevated relatively too much close to the edge.

5. Full transport matrix

This simulation performs worse than the thermo-diffusion solely. The final profile
is reasonable, but not as peaked as the observed profile.

6. Varma pinch

The time scale of this simulation is similar to the one observed. However, the final
profile is not very good.

7. Electrostatic turbulence

At switch-off of ECH, n increases in two phases: The first phase is a strong increase,
larger than on the data, up to ¢t ~ 15 ms, in the second phase the rise is slower than
the data. The final profile is too low and too flat. The simulation indicates that
the final minimum value of ¢ is just below 1.5 and lies on-axis.

Since T, is low with respect to the usual Ohmic state I, ¢ remains relatively
high, as the simulation indicates. This explains why the final n profile is relatively
low and flat.

8. Miskane thermo-diffusion

Though a small difference is visible on the time traces, the conclusions drawn for
the thermo-diffusion simulation hold for the Miskane simulation as well.
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Figure 6.27: n, profiles of all simulations of Fig. 6.26 and discussed in section
6.6.4. The thin curves are the profiles just before the far off-axis
ECH is switched off, the thick curves are the profiles 50 ms after
ECH switch-off. The dotted curves represent the experimental
data. They are identical for all nine plots.

9. Becker scaling

This simulation again indicates that the edge effects are dominant for this ex-
pression. There is no indication that this simulation resembles the measured n
behaviour.

Summary

The performance of the simulated expressions on the switch-off of far off-axis ECH
and the subsequent relaxation towards the peaked-n, flat-T, Ohmic state II is evalu-
ated in Table 6.5 with symbols. This table has the same principle as Tables 6.2-6.4,
but the time constant and sign of change columns are divided into two parts. The
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Table 6.5: Performance of the applied expressions in the simulation of the
n profile after switch-off of ECH deposited far off-axis, presented
in section 6.6.4. The time constant and sign of change columns
are divided into parts for ¢ = 0 — 10ms and ¢ = 13 — 30ms (A
and B, respectively. The qualifications are as follows: +=good,

[l=reasonable, —=bad, ——=very bad.
expression time constant sign of change profile shape
A B A B

1. no change + + - — —
2. Vy change — + + — +
3. Thermo-diffusion — + + + |
4. Ej driven pinch — + | - |
5. Constant matrix — + + O O
6. Varma pinch + + O O —
7. ¢! pinch + + O + —
8. Miskane expression — + + + (Il
9. Becker expression + + — — -

first part is for the phase between switch-off and the interruption of the density
build-up at ¢ ~ 12ms, i.e. 0 — 10ms, and is labelled ’A’. The second part is for the
phase between this interruption and the MHD event, discussed at the beginning
of this section, i.e. 13 — 30ms, labelled 'B’. This division is made, because several
simulations show a double time scale relaxation, separated by the interruption at
t ~ 12ms. The interruption at ¢ ~ 12ms can be seen on shots on both bifurcation
branches and is therefore characteristic for the density increase after switch-off of
far off-axis ECH.

The time scale in phase 'B’ is correct for all simulations. It should be noted that
the change of n happens gradually, so the exact time constant is hard to determine
exactly. Further, the 'No change’ and Becker simulations follow the edge effect only.
Nevertheless, the other simulations relax on a time scale comparable to the length
of phase 'B’.

The relaxation of the n profile discussed has basically three characteristics: 1)
Strong density increase on a very long time scale; 2) Enhanced peaking of the final
n profile in the centre; 3) Interruption of the density build-up. The simulations do
reasonably well on the first point.

Concerning the second point it should be noted that none of the simulated
profiles is as peaked as the corresponding profiles in the conventional Ohmic state.
Further, no simulation shows localisation of the relaxation in the centre. The
localised character of the observed change suggests that the diffusion or convection
is strongly varying with radius.

The interruption of the density build-up in the observed data around ¢ = 12ms
is not reproduced at all in the simulations. It suggests that the transport coefficients
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are temporarily varying. It is not caused by MHD, since both the n and 7, data
lack any crash (see Fig. 6.25).

6.7 Summary

In this chapter the particle transport on RTP has been studied. The particle balance
consists of sources and sinks of charged particles and particle fluxes. Both parts
have been studied.

To know the particle sources in the plasma, the neutral density (n,) must be
estimated. The neutral transport in RTP is not diffusive, and the n, profile has
been obtained from an equilibrium calculation of the neutral convection in slab
geometry. This has been bench-marked against Monte Carlo simulations with the
EIRENE code. The calculations showed that the central charged particle source
associated with the calculated n, profiles is negligible.

The calculated n, profile falls off fast with the distance from the edge. A
simple expression is fitted to the obtained n, profile: n, = n,(r = a) - (r/a)!, with
I1=2+1-n(0)/ng (no =10 m=3).

In the part of the plasma where the particle source is negligible, the transport
has been described with diffusion (D) and convection (V) profiles. All observed
profiles have zero or negative density gradient in the core, except for those with
central counter ECCD, which show a marked ’hole’ in the centre.

The T, and n profile behave oppositely with ECH. In centrally EC heated dis-
charges, the T, profile becomes very peaked, while the n profile becomes flat. In a
scan of the deposition radius (pgep) of ECH, the T, profile becomes less peaked with
increasing pgep, While the n profile peaking increases with pgep. Without ECH, the
same antagonism of 7, and n is observed in the bifurcated Ohmic states.

This behaviour cannot be explained by profile consistency, as proposed in e.g.
[36—38,47], which states that the profile shapes of the current density (j) gradient
and the electron pressure (p.) gradient are identical. In the discharges with off-axis
ECH, the j profile becomes more hollow than the p. profile. Comparison of the pe
and j profiles obtained in the simulations shows, that the time scale of the j profile
change is at least that of the p. profile change, but usually longer.

From previous work on the electron thermal transport we know that this is
dominated by thermal barriers [48]. The particle transport does not seem to be
governed by similar transport barriers. The only clear indication for the existence
of barriers in the particle transport is obtained in the ’state II’ of the bifurcated
Ohmic states. The n profile has a pronounced gradient in this case and the T,
gradient is very low inside the radius of the strong n gradient.

The analysis of the particle transport observations in RTP was performed with
the ASTRA code. In the presented simulations experimental data of T, was in-
put to a model calculating the n and j profiles. The j profile was calculated from
neoclassical theory, the n profile was calculated from model expressions for the
transport coefficients. To obtain an estimate of the transport coefficients the tem-
poral reaction of n to gas-puffs was studied. The central value of D is 1.0£0.4m/ s
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and V = 6-101 - p m/s, where p is the normalised minor radius. These values are in
agreement with previous observations of D and V' on RTP. Remarkably, simulation
of gas-puffs in discharges with central ECH results in the same value of D, while V'
is somewhat smaller at V =5-10!- pm/s.

Four transitions between plasma states have been simulated with the ASTRA
code:

1. Transition from Ohmic to centrally heated plasma states (section 6.6.1);
2. Transition from Ohmic to mildly off-axis heated states (section 6.6.2);
3. Transition from Ohmic to far off-axis heated states (section 6.6.3);

4. Transition from the far off-axis heated state to the bifurcated Ohmic state II
(section 6.6.4).

The time evolution of these discharges has been simulated in detail during and
after the switch of ECH, using expressions for the particle transport coefficients
obtained from nine models. These are: 1) model with fixed transport coefficients;
2) model with fixed transport coefficients except for fixed, instantaneous change
of parameter V; (see Eq. 6.25); 3) thermo-diffusion with fixed coefficient; 4) pinch
driven by E|j; 5) transport matrix with fixed coefficients; 6) anomalous Ware pinch,
enhanced according to Varma [9]; 7) convection proportional to V.,.(In q); 8) Miskane
thermo-diffusion; and 9) scaling of V/D with n, as proposed by Becker [17].

In the first period after switch-on of ECH, the central density always decreases.
This 'pump-out’ effect is more or less independent of the deposition radius of ECH,
though it seems to decrease slightly with increasing pgep. The pump-out occurs on
a time scale of ~ 2.5ms. This is equal to the characteristic time associated with
thermal transport. For centrally heated plasmas the pump-out is the only effect
on n, in the other cases other relaxation processes occur as well. After switch-off
of ECH in centrally heated discharges the pump-out effect disappears on the same
time scale as it comes into existence. In off-axis heated discharges this 'reversed
pump-out’ is not observed, so the pump-out seems to be reduced already during
ECH in these discharges.

None of the applied model expressions performs well on all four transitions. The
positive results are highlighted here.

The fast time-scale of the pump-out effect observed in all three transitions at
ECH switch-on is reproduced well by the plain thermo-diffusion coefficient simula-
tion as well as by Miskane’s thermo-diffusion expression, and reproduced reasonably
well by the simulation with a transport matrix with fixed coefficients. The longer
time scales observed with off-axis ECH and in the relaxation to the bifurcated
Ohmic state are slightly better predicted by the simulation with the enhanced neo-
classical Varma pinch and the pinch proportional to V. (Ing).

The simulation with the transport matrix with fixed coefficients gives the best
prediction of the sign of the n changes at the transitions, followed by the two thermo-
diffusion expressions, after which come the simulation with the pinch driven by the
parallel electric field (E)) and the V,(In¢) pinch simulation.
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Although we applied several expressions with various physical parameters in the
particle transport coefficients, the two empirical models resemble the final profile
of the simulations best: the simulation in which the transport coefficients are fixed
and the simulation in which the pre-factor of the convection coefficient was changed
instantaneously by a factor, taken equal for all ECH switch-on transitions, and
taken similar in the bifurcated Ohmic state. The changes to the plasma parameters
used in the physics-based expressions are generally so strong that the predicted n
change exceeds the observations.

The performances of the thermo-diffusion proportional to D as proposed by
Miskane and the plain thermo-diffusion cannot be distinguished in the presented
simulations, since their mutual difference during the various simulations is smaller
than the difference of both of them with the observations.

With the scaling of V/D with the neutral density as proposed by Becker neither
the Ohmic n profile nor the final n profiles are obtained with any similarity to the
observed profiles. The transient profiles from the simulation with this model only
reflect the behaviour of the edge density and are useless for the understanding of
the behaviour of the central n.

6.8 Discussion and Conclusion

The observations of the n profile show that n is remarkably indifferent to the sub-
stantial changes of the profiles of T, and j.The expressions derived from theoretical
transport models predict a much stronger sensitivity. Apparently, the dominant
parametrical dependence is not contained in the applied expressions.

The insensitivity of n to the variations applied in this study is in contradiction
with results on TFTR [6] where D oc T2 was found. It should be noted that in the
literature no other T.-dependences of D have been reported [4].

The ’stiffness’ of the n profile suggests it is dominated by some kind of profile
consistency. This cannot be the profile consistency as proposed in [36-40], in which
the p. profile shape follows the j profile shape, because this holds only in normal
Ohmic discharges and fails in off-axis ECH and bifurcated Ohmic state discharges.

In this study, the ion temperature (7}) has been neglected, because no mea-
surements on the 7; were available. It could be argued that the poor performance
of the electron channel models indicates that the particle transport is dominated
by 7. We do expect (on the basis of neoclassical calculations) that the 7; profile
variation is much less than that of T.. This can be understood from the fact that
the electron-ion exchange decreases with increasing T,. Therefore, we expect that
T; does not play an important role in the described experiments. Since the RTP
plasmas are characterised by relatively strong n gradients and mild 7; gradients,
we expect that they are stable to so-called ’ion temperature gradient’ modes.

From the fact that the pump-out effect at switch-on of ECH is independent of the
deposition radius it must be concluded that this effect cannot be described by the
expressions used in this chapter, since the corresponding effects do vary significantly
and even change sign in the scan of pgep. Another hypothesis is that somehow the
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ECH changes the transport coefficients directly [49]. The time scale corresponding
to the pump-out is clearly the energy confinement time, so the pump-out effect
seems indirectly temperature-related.

Note that the lack of dependence of the pump-out on pgep is a direct violation
of profile consistency as proposed in [36—40], for the j profile is constant on a short
time scale after switch-on, the central n is decreased by the pump-out in all cases
while the sign of the reaction of Tt in the core does depend on pgep-

The pump-out effect with on-axis ECH has been observed in other tokamaks
[31,32]. For off-axis ECH it can be verified, since on most nowadays tokamaks ECH
systems are routinely available. In many tokamaks the j profile can be varied inde-
pendently of the T, profile by non-inductive current drive, offering the possibility
to perform similar tests of the particle transport theories.

Apart from the pump-out effect, other, longer time scale n changes have been
observed. The disagreement of the predicted n profile shape on the long term with
the observations is the most serious failure of the expressions considered in this
paper. We cannot exclude that the theoretical models contain the relevant physics,
but the expressions derived from these theories do not work.

While the common observation is that the measured n profile does not change
when the expressions predict a large change, also the reverse happens. Character-
istic minor variations have been observed on the temporal behaviour of n, e.g. the
interruption of the density increase observed after ECH switch-off in section 6.6.4.
In section 6.6.3 we found that the change of n reverses sign during the relaxation of
the j and T, profile. These observations suggest that the particle transport coeffi-
cients have local variations, and they might be inhomogeneous in space or in one of
the plasma parameters. The expressions do not predict these local inhomogeneities.

The observations presented in this chapter clearly pose a challenge for the mod-
eller. Perhaps, we should conclude that the simplification to treat particle transport
as a one-dimensional phenomenon, which is generally made in tokamak physics, is
not justified. We appear to miss essential physics. If the transport is enhanced
by local phenomena, e.g. convective cells, these may not necessarily be described
correctly by transport coefficients. In a truly two-dimensional system, e.g. intermit-
tency could play an important role, leading to essentially non-diffusive transport

Appendix

In this appendix we give an analytical solution of the stationary, one-dimensional
diffusion equation for the neutrals in the special case that the plasma density n in-
creases linearly with the distance from the edge. Though the result is not applicable
to RTP, as argued in section 6.3.1, it can be valid for other, larger tokamaks.

If we limit our consideration to the plasma close to the edge, we can consider
the plasma as a one-dimensional slab for > 0. The plasma is in contact with
a wall at x=0 at which charged particles recombine into neutrals, which are then
re-injected back into the plasma. All dependences perpendicular to x are neglected,
and a one-dimensional diffusion equation for the neutral density n, can be written:
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In this equation D, is the neutral particle diffusion coefficient and z is the distance
from the wall. The second term on the right represents the loss of neutrals caused
by ionization. If we assume that n, decreases strongly with x compared to the
minor radius a, x can be taken unlimited.

Consider the stationary situation (9n,/0t = 0) and assume that n is a linearly
increasing function of x with a constant coefficient 5:

n=pz, Bx)=4p (6.28)

The distribution of neutrals is only a diffusive process if a random scattering
of the neutrals occurs. Suppose the charge exchange process is this process: The
number of neutrals is constant in this reaction and the resulting velocity has little
correlation with the incident velocity. The neutral diffusion coefficient D, can
be estimated from a random walk argument with the mean free path for charge
exchange Acx as the step size, and n(ocv;) as the frequency:

v
Aex ~ ——— 6.29
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where the neutral velocity v, is replaced by the ion thermal velocity v ;, assuming
thermal equilibrium between the charged exchanged neutrals and the ions. From
Eq. 6.30 we only take into account the n dependence of D,,, D, = a/n and neglect
spatial dependences other than that of n, a(z) = . In particular, this means that
T; and (ocxvi) are treated as essentially constant in the edge region. This gives for
Eq. 6.27:
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This equation is of the form F(z,y,y’,34”) = 0 and has the special property
F(z,ty, ty', ty") = tF(z,y,y',y"), i.e. it is homogeneous in y and its
derivatives. Its solution can be written in the form:
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The diffusion equation (6.33) reduces to:

1
u = ~*z? + Ju u?, (6.35)

where 72 = %(Uioan is defined for convenience. This is a so-called Ricatti equa-

tion which can be solved with the help of the special solution uq(z) = yx. The
general solution has the form u = uy + 1/z(x). Using this in Eq. 6.35 gives:
Z(z)+U(x)z—1=0 (6.36)
1
U(z) = —2vyz + - (6.37)

This can be solved to yield a solution for wu:

(u — 72) [cl + / X(:v)dx] — X(2) (6.38)
where
X(z) = eXp/U(a:)dw =exp [y’ + Inz] = ze "’ (6.39)
= / X(z)dz = —%e—vf (6.40)
giving for Eq. 6.38:
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Now ny, follows from this with a little algebra:
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where Cy is an integration constant. The first boundary condition is that the
neutral density goes to zero for x — oo. As a consequence, C; = 0. For the other
boundary condition, so-called "perfect recycling’ can be imposed, meaning that the
outward ion diffusion at the edge is compensated for by inward flux of neutrals:

on on,
Da—m + D“a_m =0 (6.45)

where D is the particle diffusion coefficient. This gives for the neutral density at

the edge, 7n,0:
eC2 B2
n0 = — =Dy — ionUVe 4
o = =5 = DY 2 o) (6.46)

The assumed value of n is zero for x = 0 and as a consequence D, diverges
at z = 0. It is better to introduce a non-zero edge density ng: n(z) = Bz + nj.
This can be treated as a linear coordinate transformation of the initial coordinate
x — = + ng/B. Hence, the solution of the differential equation is like presented
above. Only the boundary condition at £ = 0 is changed. This gives an additional
factor exp 1v(no/B)? in Eq. 6.44 for n,. For ng = 1-10' m~* this factor is 1.04,
for a typical RTP value of ng = 2- 10 m~3 it is only 1.002.

For a typical RTP discharge with n = 5 - 10 m~3 in the centre (z = a),
a=0.164m,

B=3-10"°m3 (6.47)
(Gionve) = 1.5-107 ' m3 /s (6.48)
(Oexvi) =2.0-107 " m? /s (6.49)
a =07 /{exti) = 2T /mi(oexvi) = 10T} (in V) (6.50)
2
V= %(monve) =1.35-10°/T; (6.51)
N0 = 2.5 - 1006 2 - (6.52)
v VT

Since « is assumed to be constant, an average value for 7; should be used. For
a realistic edge ion temperature Ti(z = 0) ~ 10eV and a typical anomalous D ~
1m?/s, the neutral density is about 0.1% of the central n. The 1/e-width of ny, is
0.13 m for this case.
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EVALUATION AND
DISCUSSION

In this thesis the particle transport in the RTP tokamak has been studied. This has
been done by exploring the relation between the density profile and the different
thermodynamic forces. For such a study good diagnosis of the electron temper-
ature (T.), the electron density (n.) and the current density (j) is essential. No
routine measurement of j was available and a substantial effort has been put in the
tests and error analyses of two experimental techniques to determine j. Chapter
4 contains the description and analysis of the polarimeter/interferometer and the
j measurements performed with this diagnostic. Chapter 5 contains the descrip-
tion of the tangential Thomson scattering set-up and all data measured with it. In
Chapter 6 the study of the particle transport in RTP using the transport simulation
code ASTRA is reported. In this study, four transitions from Ohmic to EC heated
plasmas, or vice versa, were considered. In these transitions, the profiles of T, and
j are decoupled, and g profiles are produced that differ strongly from that in an
Ohmic or centrally heated discharge.

In this evaluation chapter, first the performances of the diagnostics are reviewed
(section 7.1). In section 7.2 the findings of the particle transport study are sum-
marised and the research goal as formulated in Chapter 1 is discussed. The last
section, section 7.3, of this chapter is devoted to prospects for future research.

7.1 Current Density Diagnosis

7.1.1 Review of polarimetry

A triple-laser 19-channel double heterodyne polarimeter/interferometer had just
become available at RTP at the start of this thesis research project. The aim of
this diagnostic was to measure j over almost the full plasma diameter with sufficient
spatial and temporal resolution to resolve local modifications to the j profile.
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The main aspects of the performance of this set-up are the following:

e Up to 19-point profiles of line-integrated measurements of the product of the
poloidal magnetic field (By) and the electron density n. are performed, while
simultaneously the line-integrated n. is measured.

e The spatial resolution of the system is comparable to the detector width of
14 mm. The detectors can be shifted along the major radius over almost the
full diameter of the plasma.

e The time resolution is limited by the signal-to-noise ratio. If the statistical
noise is averaged to an acceptable level of 0.1°, a temporal resolution of 0.5 ms
is obtained.

e The digital recording of the electric field component of the mixing frequencies
gives the flexibility of numerical data analysis.

e A data interpretation routine insensitive to local structures on the measured
profiles was developed. In this routine known physical constraints on the j
profile are imposed on the measurements.

With this diagnostic j measurements have been obtained in discharges with current
ramps, pellet injection and on- and off-axis Electron Cyclotron Heating (ECH). The
results corroborate the current diffusion predicted by neoclassical theory.

However, after extensive testing it was found that the measurement suffers from

a systematic error of approximately 0.3°, which could not be eliminated completely.
Two possible causes were identified, which probably add up in the measurement:
1) Interference loops caused by the interaction of reflected power with the probing
beam phase;
2) Diffractive distortion of the phase front by inhomogeneities in the vessel windows.
Due to the systematic errors a lot of data is lost and the spatial resolution of
the remaining data must be strongly reduced in the data analysis. The observed
variation of the systematic error with the plasma parameters further compromises
the reliability.

Despite the effort put in the development and test of the diagnostic, it is not
suitable for the local time and space resolved measurements required in this thesis.
To improve the system such that is satisfies these requirements would have required
investments of time and money which were incompatible with the budgets of either.
Therefore, it was decided to stop the efforts at this point.

As an alternative for time-resolved j measurements, the time development of
7 can be calculated from neoclassical theory. To test this theory, a tangential
Thomson scattering set-up was developed that can measure a snapshot of the j
profile. With the TTS measurements the validity of neoclassical resistivity could
be confirmed in several EC heated plasma states.
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7.1.2 Review of Tangential Thomson Scattering

A high resolution double recording multi-position tangential Thomson scattering
(TTS) set-up was available at RTP. The extensive calibration and detailed data cor-
rection processes necessary to obtain valuable measurements have been described.
The main aspects of the performance of this diagnostic are the following:

e 10-point j profiles with errors of ~ 10 % extending over 50 % of the plasma
diameter were obtained in Ohmic plasmas and plasmas with dominant ECH.
For the reduction of the statistical error to this number, 8 to 30 discharges
and 16 vertical positions were averaged to yield a single data point.

e Simultaneously, vertical profiles of 7, and n. are measured with spatial res-
olution of 1.5 % of the RTP minor radius and relative statistical errors for a
single measurement of 5-7 % and 4-5 %, respectively.

o Careful correction for systematic errors was possible and proved to be crucial
to the obtained results on j. The correction involves:

1. CCD offset correction at full spatial and spectral resolution
2. Plasma light correction at full spatial and spectral resolution

3. CCD offset correction of the plasma light measurements at full spatial
and spectral resolution

4. Comparison of measurements in negative and positive current discharges

e Analysis of the fluctuations on the measured profiles indicates that the level
is enhanced for structures with a size between 7 and 20 mm.

With the TTS system j profiles have been measured in Ohmic discharges, in dis-
charges with on- and off-axis ECH and during the relaxation after ECH switch-off.
The measured steady state profiles are in agreement with neo-classical predictions.

Summary of Current Density Diagnosis

Summarising, it has not been possible to measure the j profile resolved in time.
However, all the (steady state and time-resolved) experimental evidence on j ob-
tained from the polarimeter and from TTS indicates that the j profile evolution
is well described by neoclassical theory. The time scales of the relaxations are in
agreement with this theory. Hence, the calculation of j from neoclassical theory is
demonstrated to be a reliable alternative to the measurement of j.

7.2 Particle Transport in RTP

The aim of this thesis is to understand the behaviour of the n. profile under dif-
ferent transitions of the plasma, and to use this experimental information to test
expressions for the particle convection derived from theoretical models. Emphasis
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was placed on the question if the particle transport can be described with a trans-
port matrix in which off-diagonal elements play a significant role. Observations and
simulations yielded the following results:

e Both particle conduction and convection have anomalous coefficients.
e The n, profile peaks when the T, profile flattens and vice versa.

e In discharges with central ECH, the fast, central n. decrease is due to the
change of the inward convection in the core which decreases and with counter
EC current drive even changes direction.

e The density pump-out in the core at switch-on of ECH is not dependent on the
ECH deposition radius. On a longer time scale the effect disappears, except
for discharges with central ECH, in which effect is visible in the steady state
n profile as well.

e In discharges with off-axis ECH, apart from the fast pump-out, a profile
adaptation occurs on a much larger time scale (which is similar to the current
diffusion time).

Results from the simulations of the transitions are summarised in Tables 6.2-6.5.
The strategy was to keep the coefficients of the model expressions unchanged at
the transition. The conclusions from the simulations are:

e The density pump-out in the core at switch-on of ECH is not described by
any of the applied expressions.

e The density profile is relatively insensitive to the changes of the plasma pa-
rameters in the investigated transitions. It varies less than predicted by the
expressions derived from theoretical models.

e During transition periods, we have observed ’events’ in the density profile that
are very well defined in space and time. These events are very reproducible
and are not associated with MHD activity. They are not predicted by any of
the expressions considered.

The density profile is remarkably stiff. The variation of the n profile is modest,
even when the expressions for the convection derived from theoretical models pre-
dict strong changes. The density profile also varies less than is necessary for profile
consistency to hold. The final density profile shape is best described by the simula-
tion with an empirical, fixed change of the convection coefficient at the transitions.
But, even simulations in which all transport coefficients are kept fixed at their
’Ohmic’ values, do relatively well.

The relatively good performance of these models suggests that the description
of the particle transport with a transport matrix is a proper description. The
empirical models for the convection are remarkably simple. Though part of their
success is due to the stiffness of the n profile, this observation proves that the
transport matrix can be successful.
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The bad news was that the expressions for particle transport derived from the-
oretical models, generally performed poorly. The best results were obtained with
thermo-diffusion models, i.e. models in which the 7T, gradient drives a convective
particle flux. We should remark here that we have tested expressions which are
derived from more complex physical mechanisms. It is well possible that they are
a too much simplified representation of the physics. Therefore, although we have
found that the expressions perform badly, we cannot reject the physical bases of
these expressions. But, certainly, the predictive power of the expressions as they
are published, is very limited.

It can be argued that the combined observation of the m profile stiffness and
the reproducible, local variations of the n profile calls into question the validity
of the transport matrix formalism. It is possible that a transport matrix with
strongly varying coefficients gives the convection observed in this thesis. On the
other hand it might be more favourable to formulate such an inhomogeneity differ-
ently. We must consider the possibility that transport is dominated by essentially
two-dimensional structures such as convective cells and filaments. Such a system
could show intermittency, and a description of transport as one-dimensional diffu-
sion and convection may be inadequate.

7.3 Future Research

A varied set of observations on the particle transport has been presented and not
all the observations have been studied in detail. The results have not been unified
in a grand model for the particle transport. It is important that the RTP results
are included in the global picture of particle transport because of the unique exper-
imental conditions under which they were performed: Weak electron-ion thermal
coupling, dominant ECH and high resolution T, and n. diagnostics. The experi-
ments described in Chapter 6 of this thesis are unique in their extreme variation of
the T, and q profiles.

From Chapter 6 it is apparent that the particle transport is subject to several
effects, with several time constants. Therefore future transport experiments should
aim at the decoupling of the plasma parameters like T¢, ne, j and pe, to clarify
the mutual dependencies. The occurrence of density pump-out with off-axis ECH
should be verified on other tokamaks.

There is a clear need for theoretical considerations leading to realistic predic-
tions of the complex multiple relations of the particle transport and the plasma
parameters as well as the opposite behaviour of density and temperature profiles.
It may be necessary that the physical processes are treated fully numerically, since
the simplified, one-dimensional transport expressions tested in this thesis appeared
to be inadequate.
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