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Chapter 1

Thermonuclear Fusion

1.1 Introduction

In astrophysics, fusion reactions power the stars and prode all but the lightest elements.
Whereas the fusion of light elements in the stars releaseseegy, production of the heav-
iest elements absorbs energy, so that it can only take plage the extremely high-energy
conditions of supernova explosions. In military applicatins, fusion of light elements pro-
vides the energy of thermonuclear explosions. If all goeslwave will manage to harness
that fusion energy as a source of energy for mankind [1].

It takes considerable energy to force nuclei to fuse, evenotde of the lightest element,
hydrogen. But the fusion of lighter nuclei, which creates adavier nucleus and a free neu-
tron, will generally release more energy than it took to foeethem together - an exothermic
process that can produce self-sustaining reactions.

The energy released in most nuclear reactions is much largban that for chemical re-
actions, because the binding energy that holds a nucleus #iger is far greater than the
energy that holds electrons to a nucleus. For example, theniaation energy gained by
adding an electron to a hydrogen nucleus is 13.6 eV - less thane-millionth of the 17
MeV released in the D-T (deuterium-tritium) reaction.

Any energy production from nuclear reactions is based on dirences in the nuclear bind-
ing energy. FigurdLIl shows the nuclear binding energy parateon (proton or neutron).
It has been derived from measurements of the masses of thelayovhen it was observed
that the masses of nuclei are always smaller than the sum ofetlproton and neutron
masses which constitute the nucleus. This mass di erencermesponds to the nuclear
binding energy according to Einstein's energy-mass relati E = mc?.

From Figure[I it is clear that there are two ways of gaininguclear energy:
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Figure 1.1: Nuclear binding energy per nucleon as a function of the nuasfenumber A.

1. By transforming heavy nuclei into medium-size nuclei: ik is done by ssion, e.g.
of uranium.

2. By fusion of light nuclei into heavier ones: in particularthe fusion of hydrogen
isotopes into stable helium o ers the highest energy releagper mass unit. Doing
this in a controlled manner has been the goal of fusion reselrfor about 40 years.

The energy release per nucleon is of the order of 1 MeV (=66V) for ssion reactions
and in the order of a few MeV for fusion reactions. This is 6-7raers of magnitude
above typical energy releases in chemical reactions, whiekplains the e ectiveness and
potential hazard of nuclear power.

1.2 Fusion on the sun

Nuclear fusion of light elements is the source of energy proakd in the stars including
our sun which maintains life on our planet. In the stars, the@ndition necessary for fusion
as regards temperature, density, and con nement time are rrdained by gravity. On the
sun the main reactions are the following:

p+p ! D+e" + ¢
D+p ! SHe +
*He+3He | ‘He+2p

where p denotes a proton,D a deuteron, a heavy hydrogen isotope with one proton and
one neutron,3He, *He are helium isotopes, stands for a high-energy photong* for a
positron and . for an electron neutrino [1].
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Further reactions which are important at temperatures abow about 1 keV, produceZBe,
’Li, 2B and $Be, which decays into 2He nuclei. Also in these reactions neutrinos are pro-
duced, however with a higher kinetic energy than those fronhé pp-reactions mentioned
above.

1.3 Fusion on earth

Possible candidates for using fusion energy on earth are tiedowing reactions [T denoting
tritium, the heaviest hydrogen isotope with 2 neutrons):

D + D ! SHe + n + 3:2MeV (50%)
D + D ! T + p + 4:03MeV (50%)
D + 3He ! ‘“He + p + 18:35MeV
D + T ! “He + n + 17:59MeV
p + 1B ! 3 “He +  8:7MeV

The rst four reactions (for which the cross sections are sk in Figure [[2) can be
summarized as
3D ! “He + p + n 216MeV
and therefore rely on deuterium as fuel only. All the reactio cross sections in FigurEIl2
show a steep increase with the relative energy, but the D-T aetion
D + T ! “He + n + 17:5MeV

has by far the largest cross-section at the lowest energidhis makes the D-T fusion pro-
cess the most promising candidate for an energy-producingsteem. To be a candidate for
an energy producing system, the fusion fuel has to be su cidg abundant. Deuterium
occurs with a weight fraction of 33 10 ° in water. Given the water of the oceans, the
static energy range is larger than the time the sun will contiue to burn.

Tritium is an unstable radioactive isotope. It decays to
T ! SHe + e +
with a half-life of 12.3 years. Tritium can be produced with nclear reactions of the
neutrons from the D-T reaction and lithium:
n + SLi ! ‘He+ T +4:8MeV
n + ‘Li ! ‘He+ T+n 25MeV
The ultimate fusion fuel will thus be deuterium and lithium. The latter is also very

abundant and widespread in the earth's crust and even ocearat®r contains an average
concentration of about 0.15 ppm of lithium.

11
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Figure 1.2: Measured cross-sections for di erent fusion reactions as &unction of the
center of mass energy.

1.4 Ignition

To initiate nuclear fusion it is necessary to put together nclei of speci c light atoms close
enough to overcome the strong repulsive electrostatic fe@sand allow the nuclear force to
act. Because of quantum mechanical tunneling, D-T reactiomccurs at energies somewhat
less than that required to overcome the Coulomb barrier. As B-T plasma is heated
by external power sources to thermonuclear conditions the-particle heating provides an
increasing fraction of the total heating power. When adeqti@ con nement conditions are
provided, a point is reached where the plasma temperature snége maintained against
the energy losses solely by-particle heating. The applied external heating then can be
switched o and the plasma temperature is sustained by interal heating only [2]. The
requirement for the plasma burn to be self-sustaining can heritten as

12 T

> NTE (1.1)

where ¢ is energy con nement time, which is a ratio of total energy oplasma and total
power loss, respectivelyhv i is reaction rate andE is energy of -particle. The right-

hand side of inequality [I11) is a function of temperature dy and it has minimum close
to T = 30keV. However, since g is itself a function of temperature, the temperature at
the minimum is not to be taken as an optimum condition. Moreaer, from reactor point
of view, the optimum temperature is not as high as that corrggnding to the energy of
maximum cross-section because the required reactions acicuthe high energy tail of the
Maxwellian distribution of heated particles.
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The condition for ignition can be expressed in so called Laws criterion [3] (or triple
product) which gives for the D-T reaction:

nT ¢> 3:10°°m 3keVs (1.2)

This is a very convenient form for the ignition condition sike it brings out clearly the
requirements on density, temperature and con nement time.The precise value of the
constant in condition (I2) depends on the proles oh and T. The condition (L3) is
valid for at pro les.

A measure of the success in approaching reactor conditiossgiven by the power ampli-
cation factor Q, a ratio of the thermonuclear powerP; produced to the heating power
Py supplied, that is:

Q= — (1.3)

There are two ways how to reach ignition:

1. To maximize con nement time: the hot plasma is con ned by ong magnetic elds
leading to maximum densities of about 5 10?°m 2, which is 2 10° times smaller
than the atom density of a gas under normal conditions. Withtliese densities, the
energy con nement time required is in the range of 2 to 4 secds. This approach is
the main line in fusion research today and it is calletihnagnetic con nement fusion’

2. The other extreme is to maximize the density. This can be de by strong, symmet-
ric heating of a small D-T pellet. The heating can be done witlasers or particle
beams and leads to ablation of some material causing implogidue to momentum
conservation. It is clear that the energy con nement time igxtremely short in this
concept: it is the time required for the particles to leave tb hot implosion center.
The density required is about 1000 times the density of ligdiD-T. Since it is the
mass inertia which causes the niteness of this time, this gpoach to fusion is often
called'inertial fusion' .

1.5 Magnetic con nement fusion

For last 50 years, the scientists in fusion research aim todop an electricity producing
power plant based on the fusion reaction between the nuclef the hydrogen isotopes:
deuterium and tritium. The principal concept, to achieve tke thermonuclear fusion on
Earth is to con ne a plasma consisting of light atomic nucleiand their electrons in a
magnetic eld con guration in such a way that the thermal plasma can reach conditions
necessary to achieve a positive energy balan¢é [4]. The Llatzeforce makes charged
particles move in helical orbits (Larmor orbits) about magetic eld lines. In a uniform
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magnetic eld and in the absence of collisions or turbulencehe particles (better their
guiding centers) remain tied to the eld lines, but are free @ move along them. The
distance between the actual particle orbit and the magneti@ld line is the Larmor radius
r.. A magnetic eld is thus capable of restricting the particlemotion perpendicular to
the magnetic eld but does not prevent particles from movingalong the magnetic eld.
This e ect serves as the basis for all magnetic con nement lsemes. To avoid losses from
the edges, it is necessary to close both edges together byatirgy a torus (Figure[L3) [5].
For one single particle in a toroidal device, the con nemenis perfect. Unfortunately, in
reality, particle collisions, drifts and MHD turbulence lead to a transport of particles and
energy.

The products of the D-T fusion reactions are helium nuclei (-particles) and neutrons.
The rst, also bound to the magnetic eld lines, are supposedo transfer their energy
to the thermal plasma and thus sustain the fusion reaction. fAe latter, because they
are not con ned by the magnetic eld, can leave the plasma dactly and will be used to
breed tritium from lithium and convert the fusion energy inb heat. Through the last few
decades was invented many magnetic con gurations for apgdtions to nuclear fusion.
Nowadays, the most viable concepts today are the tokamak anlde stellarator invented
in 1950s.

1.5.1 Tokamak

A tokamak is a toroidal device in which the poloidal magneticeld is created by a toroidal
current |, owing through the plasma. Figure[LB gives a schematic viewf a tokamak.
A strong toroidal magnetic eld is generated by a TF coil sysgm. The toroidal current
is induced by the transformer e ect. The plasma itself sergas a secondary winding
of the transformer, while the primary is wound on central ca. The toroidal geometry
of the plasma leads to two hoop forces, which are both in therdction to expand the
plasma ring. The rst of these forces results from the natulaendency of a current loop
to expand in an e ort to lower its magnetic energy. The seconébrce is the resultant of
the sum of centrifugal and grad-B forces experienced by thedividual particles during
their motion along the eld lines [5,[2]. Providing a verticd magnetic eld that interacts
with the toroidal current to give an inward force can comperate both these forces. If
the applied vertical eld is spatially non-uniform and increases with major radius, the
plasma is found to be vertically unstable. In an attempt to icrease the plasma pressure,
the plasma is pushed as much as possible to the high eld sidbus creating a D-shaped
plasma, i.e. having elongation and triangularity. An extemally applied horizontal mag-
netic eld By can then be used to maintain the plasma well centered. Both ¢hhorizontal
and vertical position control is in all modern tokamaks acl@ved by means of feedback

14



Inner Poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer Poloidal field coils
(for plasma positioning and shaping)

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

Figure 1.3: Schematic view of a tokamak.

controlled vertical and horizontal magnetic eld systems.The combination of the above
elds can generate an equilibrium tokamak con guration. Wiether this equilibrium will
be stable or unstable can be found from a stability analysis.

There exists another magnetic con guration, called a stelkator, in which the magnetic
eld is provided completely by external toroidal as well as ploidal coils. The fact of not
having an intense current owing in the plasma is an advantag in the event of plasma
disruption, but the drawback is the complexity of the necessy magnetic coils. This may
be seen on the Figur&1l4 of the German stellarator project \M76l, where the coils are
represented in blue and the plasma in orange colol [7].

Figure 1.4: Schematic view of a stellarator.
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1.5.2 Tore Supra

Tore Supra is a large tokamak with major radius R = 2.42 m and mior radius a = 0.72
m with superconducting TF coils, which are able to produce a agnetic eld up to 4.5
T. It total, there are 18 superconducting TF coils which are @oled by super uid He at
temperature of about 1.8 K. Tore Supra is the only tokamak flyy equipped with actively
cooled plasma facing components The cooling is provided by a high pressure water
loop with a temperature of about 200 C, ow speed of 10 ms !, and pressure of 40 bars.
This allows, together with the LHCD current drive and heatirg system, high performance
and long duration discharged]8].

Figure 1.5: Schematic view of the Tore Supra tokamak.

Plasma major radius 242 m
Plasma minor radius 0.72m
Pulse length (inductive only) 30s
Toroidal magnetic eld <45T
Plasma current <17MA
Volt-seconds to drive plasma current 15 Vs
Total additional heating power 14 MW

Table 1.1: Main Tore Supra parameters

The rst plasma was attained in Tore Supra in April 1988. Sine that time the supercon-

198% of all surfaces in direct view of the plasma have water owng in them, even the internal walls
of the tall vertical ports.
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ducting magnet worked with no major failures. This represés a signi cant technological
success and an important progress for the feasibility of tiogramme of controlled ther-
monuclear fusion. In 1996 a record was reached with a plasmaration of two minutes
with an induced current of almost 1 MA generated non inductiely by 2.3 MW of lower
hybrid frequency waves (i.e. 280 Mjoules of injected and eacted energy). This result
was possible due to the actively cooled plasma facing compais installed in the machine
from the beginning. This result opened the way to the activeantrol of steady state plasma
discharges and the associated physics. The search for erde@anent of performances has
triggered new technological developments for plasma fagitomponents (CIEL project)
and non inductive current drive by electromagnetic waves (MES project). The new
CIEL con guration was implemented in 2001 and the CIMES pragct is being progres-
sively implemented. Thanks to the new CIEL con guration, a ®w world record was
reached in 2003. A plasma discharge of 6.5 minutes was achgewith over 1000 MJ of
energy injected. The rst step of improvement is the new LH aenna (plus steady state
klystrons), which is being installed now. First test of new H antenna are planned in
November 2009.

Figure 1.6: The main plasma parameters pro les of the longest dischargeer reached on
Tore Supra.

The purpose of Tore Supra is to obtain long stationary dischges, thus addressing two
major questions: non-inductive current generation and cdinuous heat and particles re-
moval. The physics programme therefore has two principalsearch orientations, comple-
mented by studies on magnethydrodynamic (MHD) stability, tirbulence, and transport.
The rst physics programme concerns the interaction of eléomagnetic (Lower Hybrid
and lon Cyclotron) waves with the hot central plasma. All or @rt of the plasma current
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can be generated in this manner, thus controlling the currédensity pro le. This is anim-
portant contribution to the concept of an "advanced tokamak. In 1996 notable progress
was made, allowing totally non-inductive shots over a pertbof 75 s to be obtained. The
second physics programme concerns the edge plasma and itsraction with the rst wall.

On Figure 1.7 are shown temporal evolution of basic parameseof a typical ITER
startup scenario discharge on Tore Supra in which the plasnmlimited on discrete limiter
on the low eld side. ITER startup scenario will be describedn detail in section 5.1 It is
not the main goal now to produce long discharges on Tore Supr&tandard TS discharge
is 20 - 30 s long which is enough to perform all necessary plasntadges. Discharge

Shot #38196

Ip [MA]
3, [l
o
&

0 2 4 6 8 10 12 0 2 4 6 8 10 12

Prad [MW]
o !

Time [s] Time [s]

Figure 1.7: Typical Tore Supra discharge parameters pro les for the ITR startup sce-
nario.

breakdown is made in a pu of the working gas, deuterium. Thelpsma current (top left
panel) is controlled by real time feedback on the safetey tac (middle right panel), which
is programmed to a constant value g = 4.8. The minor radius isamped up in the rst 2
s of the discharge (top right panel). Density (middle left pael), ohmic power (lower left
panel), and radiated power (lower right panel) remain relately constant.
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Chapter 2
Edge Plasma Physics

2.1 Introduction

A major issue in the design and construction of a nuclear fusi reactor with a magneti-
cally con ned plasma is the interaction of the hot plasma wit the material components
of such a device. On the one hand, the plasma facing vessel poments represent a
sink for energy and particles released by the plasma. On th¢her hand, the particle
bombardment of the material surface may lead to release of lwatoms and of previously
implanted fuel atoms which in turn may enter the plasma.

The contamination of the plasma by impurities released frorthe vessel structure is one
of the main problems caused by plasma wall interaction prosges. An additional prob-
lem is the alteration of the material structure by the partide bombardment and the high
energy ux which may limit the lifetime of the plasma facing omponents signi cantly.
These problems must be solved under the constraint that theegerated power has to pass
through the vessel components at some location. The wall méyrther act as a reservoir
for the hydrogen fuel isotopes leading to an uncontrollabldditional source of fuel atoms,
which may cause problems in maintaining stationary dischge conditions [1]. Moreover,
the retention of tritium in the wall must be limited to comply to radiation and safety
constraints. In the following will be introduced plasma faimg components and a basic
model of the edge plasma region in contact with the walls, theo-called scrape-o layer
(SOL).

2.2 Plasma facing components

In a fusion reactor, we can nd several components facing thglasma directly. The
largest surface consists of the rst wall which surrounds # bulk region of the plasma
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torus. The plasma shape may be restricted by additional lirers to protect the vessel
wall or equipment like antennas for radio-frequency heatinor optics of some diagnostic
systems which cannot withstand excessive heat loads. Filyala very important part of
the plasma facing components in current and future fusion diees are the divertor target
plates. In a diverted plasma con guration these plates prade the main plasma-surface
interaction zone. The fraction of the fusion power carriedybthe produced -particles is
coupled out to a large extent through these areas.

Magnetic eld lines which lie on a ux surface that never make contact with a solid
surface are called closed, while those which pass throughadics surface are termed open.
The border of the con ned region is known as the Last Closed &t Surface (LCFS) or
separatrix, while the term Scrape-O Layer (SOL) designate a narrow region (usually
only a few cm wide) outside this border. The SOL may be imagideas the region where
the plasma is essentially scraped o from the core plasma @i 2.1). Particles are moving
not only along eld lines but can move perpendicular to magriee eld lines mainly due
to turbulent transport and drifts. The width of the SOL can bethen de ned as the mean
radial distance that particle moves during parallel time ofight along one connection
length.

Figure 2.1: Limiter and divertor con gurations.

There are two ways by which the last closed eld line can be dsiited, see Fig. 2.2. In
the simplest and historically earlier option the con ned rgion is "limited" by inserting a
barrier a few cm into the plasma. This is called a limiter and ssentially it was there to
protect the walls from the hot core plasma. Large impurity wes from sputtered limiter
material prevented the achievement of hot, clean plasmas.
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Therefore a more sophisticated solution was developed alb@0 years ago, using a
modi cation of the magnetic eld lines at the plasma edge, sohat the eld lines of the
SOL are diverted into a dedicated region where the plasma eaist ends up in collisions
with the wall (the target plates) or with gas. This con guration, called a divertor, has
proved in experiments to be signi cantly more advantageoubecause it reduced signi -
cantly the direct "line-of-sight" contamination of the core plasma by sputtered impurity
atoms [9].

2.2.1 Limiter

A limiter is a solid surface which de nes the edge of the plasm Limiters take various
geometrical forms as illustrated in Fig. 2.2. The simplestancept is a circular hole in
a diaphragm normal to the toroidal eld. This is known as a pabidal limiter. Because
magnetic eld lines in a tokamak form closed surfaces, evenlacal or point interaction
will in principle de ne a boundary. In either case there willbe a decreasing plasma density
radially outside the limiting surface, due to parallel losss in the scrape-o layer. In the
case of a complete poloidal limiter the connection length will be approximately the
circumference of the torus, R . In the case of the toroidal limiter the connection length
L is longer, as the particles need to go around the chamber s&lgimes before hitting
the solid surface. The connection length depends on the gitangle via the safety factor
g and it can be expressed as 2 Rq. The plasma scrape-o layer will thus be broader.

Figure 2.2: Schematic representation of di erent types of limiter.

A limiter plays a number of roles in tokamak operation. It seres mainly as a wall
protection from the plasma (disruption, runaway electronor other instabilities). For

this reason it is commonly made of a refractory material, shicas carbon, molybdenum
or tungsten, capable of withstanding high heat loads. Seadly, the limiter localizes the

plasma-surface interaction. The high power and particle'ehsity at the limiters surface
causes rapid removal of absorbed gas, oxide layers and ottlesorbed impurities. Finally,
the limiter localized the particle recycling. A higher neutal density and more radiation

21



is observed in the region near the limiter than at other posibns around the torus [2].

Figure 2.3: Toroidal pumped limiter of the Tore Supra tokamak placed ahé bottom of
the chamber (left) and modular limiter placed at the midplan(right).

2.2.2 Divertor

In the case of a limiter the last closed ux surface is de ned Y a solid surface and
consequently neutral impurity atoms released from the sw€e can enter the con ned
plasma directly. In a divertor the LCFS is de ned solely by tle magnetic eld and plasma
surface interactions are remote from the con ned plasma. Ithe divertor con guration
impurities released from the target are ionized and may be spt back to the target by
the plasma ow before they can reach the LCFS and enter the cored plasma.

There are several possible magnetic con gurations for a d@istor, but the most ex-
ploited until now is the toroidally symmetric or poloidal eld divertor which corresponds
to the toroidal limiter [2, 10]. The required magnetic eld s produced by toroidal conduc-
tors which create a null (X-point) in the poloidal eld and a sparation of open and closed
magnetic surfaces. These divertors have the advantage oéperving the essential axisym-
metry of the tokamak and can be combined with D-shaped or gilical cross-sections. It
has been found experimentally that use of this divertor comuration often results in a
signi cant improvement in the energy con nement time and todiscovery of the H-mode
[11].

A construction of a divertor is more di cult than the constru ction of a limiter since it
requires external PF coils conducting high current (compable with the plasma current).
This con guration is used in the European facilities such adeET, COMPASS, ASDEX,
TCV and MAST, and it is designed also for the tokamak ITER. Forlarge devices with
high energy stored in plasma, the geometry of divertor tileswust be designed in a special
way, in order to maximize surface touched by plasma and thu® tminimize the energy
ux to divertor plates.
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2.3 The scrape-o layer

As shown in Fig. 2.2 the plasma edge in a magnetically con nqalasma is either de ned
by a material limiter or, in the case of a diverted plasma, by amagnetic separatrix. Inside
the so de ned boundary, the magnetic surfaces are closed Vehin the region between the
boundary and the wall surface, the so called scrape-o layethe eld lines intersect
material components. The particle exhaust and the -particle fraction of the produced
power (as well as the additional heating power during stantp) are coupled out to a large
extent through this region and transferred to the limiters o divertor plates.

2.3.1 Simple SOL model

With simple estimates we may now characterize some basictig@s of the scrape-o layer
such as the SOL thickness and the radial density variationsauming a simple SOL with
perpendicular di usion as particle source for the SOL (seei§. 2.4). The basic feature
of the simple SOL is that the distance between the LCFS and thest wall is su ciently
large that the plasma density decays naturally to zero. In tl other words, all charged
particles hit the main limiter or divertor plates; none hit the rst wall. However, for
reasons of economy, plasmas are shaped so as to occupy as ratithe vacuum chamber
volume as possible. In addition all tokamaks have secondaliyniters (poloidal limiters,
antenna protection limiters, etc). Hence a signi cant inteaction with the SOL plasma
can occur. The simple SOL structure is disturbed leading tmfmation of "complex" SOL
(see section 5.5) which requires a 3D analysis.

Figure 2.4: The simple SOL model

For this rst estimate we may relate the length of the ux tube L and the SOL thickness
to the average transport velocitiesy, and v, to

(2.1)

|5

L
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Let us take for the average velocitiesy = 0.5¢; and v, n = D, @n=@XVith the charac-
teristic length = (1 =n)@n=@we obtain

D, =
: = _ 2.2
0:5¢ L (2:2)

By separating we get the well known expression for the SOL thickness(i.e. the density

decay length)?! ]

D-L
= e (2.3)
With typical values for an edge plasmaD, = 1m?=s; T = 50eV, and L = 10m we obtain
= 30mm. Despite of fact that D, is an empirical results based on SOL measurements
of , L, andcs, there is no rst-principle derivation of it. It is believed the "e ective" D
that gives rise to the observed decay lengths is due to turlarit transport.
This is a remarkably small value compared to the dimensiond a fusion reactor. As

a consequence, the surface area wetted by the plasma redusgsoughly two orders of

magnitude with respect to the total wall area, leading to uneceptable high heat loads.
The radial variation of density inside the SOL can be derivettom a simple 1D-calculation
based on the conservation of mass along the ow chanrel

@@XD @ £nvk) (2.4)

Assuming in a rst step D, = const. and @n=@=x const. along z as well as a constant
right hand site of Eq. (2.4) represented by@ =@xvy) = n= \ with a characteristic particle
residence time in the SOL given by, = Ly=¢ (parallel transport to the target is the
only plasma sink, no particle sources caused by ionizatiof meutrals inside the SOL are
considered) we obtain the solution of Eq. (2.4)

n(x) = nO)exp( x= D7 1) (2.5)

The problem is that in reality both L, and ¢s can vary radially. The density shows an
exponential decay inside the SOL with a characteristic letly = D, x as given by
Eq. (2.3), n(0) denotes the density at the LCFS. Here, the typical time sde of parallel
transport to the targets is of the order of ms. However, one has to be careful when
using these simple expressions, as particle sources inglte SOL and drifts will alter the
result [12, 13]. Moreover, these simple 1D estimations pide only a basis for general
idea about SOL, but cannot be used for real machines which rgce in all but the most
simple cases full 2D or even 3D models

r—
. . . . . D-L .
1This expression can be found in much literature also in the fom = ? [12]. Only radial

particle transport is consider here. In reality, the di usi on exist also in toroidal and poloidal direction.
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2.3.2 General description of parallel transport in the SOL

He we outline some of the basic features of the isothermal diimodel of 1D ow along
the SOL [12]. These results are discussed in detail eithertime subsequent sections or in
the reference [14]

1. The plasma uid ow along the SOL due to the parallel presste gradient which is
induced in the SOL plasma by the presence of particle sourcadasink. The total
pressure is constant alon@, but the static pressure decreases, providing the force:
Potal = Pstatic pdynamic ,where pdynamic = mnvz; thus as Pstatic drops, the ux of
ow momentum, mnv?, increases, and/ increases [15]. See Fig. 2.5.

Figure 2.5: Schematic of the variation of the plasma pressure, electpotential, plasma
velocity and ion/electron densities in the plasma betweewd semi-in nite planes. The
thickness of the sheath is exaggerated for clarity. The tbtangth is 2L.

2. In the rst few s after the plasma is initiated, i.e. just after ionization éthe gas
in the vacuum vessel, the electrons, due to their small masadhhigh mobility, rush
ahead of the ions and strike the solid surface, charging theap negatively.

3. Consequently, the loss rate of the ions and electrons beees equal { de ned as am-
bipolar plasma transport { i.e. an ambipolar electric eld aises in the plasma. The
solid surface will spontaneously charge up to a potential efall V4, 3kT.=¢e
for hydrogenic plasma, relative to the plasma potential.
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4. Electrostatic potentials on the surface containing plasa are almost entirely shielded
out within a very short distance of the order of the Debye lert [16, 17],
okTe 2

Debye — e (2.6)

5. The shield is not perfect, however, and a small electricl@ E = kTe=2eL, penetrates
throughout the length of the plasma where the particle souecexists. This is called
the pre-sheath electric eld, corresponding to the pre-sla¢h potential drop of Vs

0:7kTe=e and it acts on the ions in the SOL to help move them toward thearget.

6. The surface sink action causes a depression of the locaspha density creating
a parallel density and pressure gradient. The pre-sheath laé acts to retard the
electrons, which come into a nearly perfect parallel momann, balance between
a parallel pressure gradient force pushing the electronsward the surface and the
retarding electric eld force. The electrons thus obey, alwst perfectly, a Boltzmann
relation [18]

n = ngexpleV=kE] (2.7)

whereng is the plasma density upstream where the plasma potential faken to be
V =0.

7. It will be shown that both charged species have a uid speeadhich reaches the ion
acoustic speedcs = [k(Te + T;)=m;]** just as the particle enters the sheath that is
Vse = Cs , Wherevse is the velocity at the sheath edge.

8. The plasma density drops fromng at the distancelL upstream tong, = %no at the
sheath edge.

2.3.3 The Sheath

The space within the vessel occupied by the charged partisleonsists of two regions:

the plasma which usually lIs the valgt mayjority of the availeble space. The plasma is
by de nition the region wheren. =, n;Z;, i.e. the plasma is electrically quasineu-
tral, or at least ng  n;, i.e. quasineutrality holds.

The sheath, i.e. the region of net charge, usually in a thin gegon adjacent to a
solid surface andhe < ; n;Z; in the sheath. The thickness of the sheath is several
Debye lengths (a typical value for most tokamaks is around D.mm).
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Figure 2.6: The space available to charged particles is divided into theasineutral plasma
and pre-sheath, which is characterized by net space-chadgasity.

2.3.4 Simple derivation of the Bohm criterion for T,=0

Consider the sheath wheren, 6 n;. For the electron density we assume that the Boltz-
mann relation (Eq. 2.7) holds, since the electrons nd thenadves in a repulsive, i.e.
con ning, electric eld and su er such loss that 'vI°ss' ( vg ) Ce. As a result, the
electron velocity distribution is approximately Maxwellian, even in the sheathT, remains
constant, and the electron density in the sheath, where thetal potential isV (x), simply
falls o according to a Bolzmann factor:

Ne(X) = Nseexple(V  Vee)=kTe] (2.8)

wherenge.e = Nse;i = Nge IS the density at the sheath entrance. This potential distbution
constitutes a hill for the electrons ¥ < 0), as the limiter or divertor surface has initially
been charged negatively by the electrons. Here we are takitige reference potential to
beV =0 at a location in the plasma some distance upstream from thegheath edge.Vse
describes the potential drop which occurs upstream of the ehith edge (in the plasma
itself), i.e. the pre-sheath electric eld. We want to know low strong this pre-sheath
potential drop is: for the case off; = 0 together with the assumption that all the ions
originated at a single location upstream of the sheath edgethis is the same thing as
nding the the 'plasma exit velocity' vse, since with these assumptions

1

émivge = € Vpre sheath =  ©€Vse (2.9)

In addition, it is assumed that the ions falls collisionle$g through a pre-sheath potential
drop Vee.

The ions will be accelerated in the sheath. If we assume novldaving that the parallel
ion ux density remains constant within the very thin sheath n;v; = const;, and for a
moment that T; = 0, we can use ion energy conservatio%nmivi = eV (no change of
thermal energy) to obtain

Ni = Nge(Vee=V)™2 (2.10)
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Within the plasma we assume, = n;, but in the sheathne < n; and we need an equation
to relate ne; ny andV. This is given by the Maxwell equationdiv E = e(n; ng)= o, which,
withthe E r V, gives us the 1D Poisson's equation:

d>v e
o = mond (2.11)
and thus " - #
d’v e Vee —
rr —Onse § expge(V  Vie)=kTe] (2.12)
Now, if we use consider a small region inside the sheath wher& V., V > 0 and
use Taylor expansion together with di erential equation treory, we nally obtain

Vse GCs (2.13)

which de nes the Bohm criterion [19] for the 'plasma exit velocity'. 2

It has to be noted that the above derivation of the Bohm criteion is for very simple
case concerning the following assumptions:
(a) particle source is a delta function in space,
(b) the ions are monoenergetic, Ti = 0,
(c) there are no collisions.
Relaxation of assumptions (a) and (b) to more realistic onggsults in only modest changes
to ¢ and Vg, as in next section. lon-ion collisions are not of much imptance, but if the
ions su er momentum-loss collisions to neutrals, thefVsegj can become very large [12].

2.3.5 The Bohm criterion when T, 60

Allowing for T; 6 0 rather complicates the analysis, but it is neverthelessacried out
the same way as in the previous section. The nal result turnsut to be expressible in a
rather compact way, the generalized Bohm criterion [20]:

2 fo(v)dv.  m

v T (2.14)

0
wheref %(v) is the 1D ion velocity distribution at the sheath edge.
Next, consider the situation whereT; 6 0 and let us take f 2(v) to be normalized
shape 8
< 1.
2¢) -, forv iV Vet G
£0.(v) = (2c) se G set G

. (2.15)
: 0; otherwise

2A strong assumption is used here: an oscillatory sheath potgial, V(x) is supposed. Anyway,
oscillatory sheath potential has never been experimentajl observed! In addition, a monotonic sheath
potential has never been seen either as well as Bohm critemohas never been successfully con rmed.
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where we de nec (kT;=m;)**?, essentially the ion thermal speed. Insertion of this
distribution into equation (2.15) gives the anticipated reult:

Vse G = [( kTe"' kTi):mi]: (2-16)

2.3.6 The particle ux density to a surface

Using this Bohm criterion we can describe the ion ux densityo the target as the parallel
ux density at the sheath entrance (se) (neglecting additinal sources in the very thin
sheath) s

K(Ti + Te

= (2.17)

i 1
Itarget = NseGs = én(o)

To preserve ambipolarity the ion ux (for an ion charge Z=1) nust balance the electron
ux which is inuenced by the sheath potential drop Vst. The electron distribution
remains Maxwellian in the retarding electric eld. Thus, the electron ux to the target

reads r
1 e\ 8KT.
target = NseCs = 2"se exp( k'If;) m: (2.18)
Equating previous two equations yields
eV Me T;
=05In2 —)A+ = 21
. = 05Ine B 1) (2.19)

Typical values for the ratio given above are about 3. To quaiiy the total potential drop
between stagnation plane and target surface one has to addetpre-sheath potential drop
[13]
KTe )
V(z) = ?In(1+ M (2)9) (2.20)

For My = 1, the total pre-sheath drop is given byV 0:6%T.=e Emission of electrons

from the surface reduces the electrostatic potential. In s@e cases it can even lead to a
breakdown of the sheath. The mostimportant e ect is the em&on of secondary electrons,
but also re ected electrons, photon induced emission and ¢hmal emission play a role. In

particular, above certain temperatures thermal emissionan dominate and is considered
to be one reason for the formation of so called hot spots [21].

2.3.7 Potential drop in the sheath for electrically biased s urface

Consider a symmetrical situation, with oating surfaces atach end, andVs = 3kT.=e
Next suppose that an external bias is applied to the two end daces such that the right
end is biased to kTe=g relative to the left end surface, Fig. 2.7. Let the voltage rdp
across the right, and left, sheaths b¥,, and V, respectively. Both the pre-sheath voltage
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Figure 2.7: An external power supply applies a potential di erence be¢en the two elec-
trically conducting end walls of a 1D plasma/sheath systemdrawing a current (top).
The potential prole for the case of biasing the right end ofhe system by kT.=e
Here the plasma potential has been taken as a reference, ahttas been assumed that

Vs = 3kTe=e The pre-sheath potential drops are not shown here for singity (bot-
tom).
drop would remain at 0:7kT.=e as before (for simplicity these pre-sheaths are not

shown in Fig. 2.7). The electron ux density reaching the rigt surface will now be

1 _
?w = zlnseceeevr =KTe (2.21)

while
Ly = Neels = NgeCe€™s *KTe (2.22)

the same as folVppiied = 0. AlSO Nge = %no (isothermal case) as foMppied = 0. At the
left surface

1 _
IE\}N = Znseceeev' =kTe (223)
and )

:W = Ngels = Znsecseest =kTe (2'24)
by conservation of charge we must haveg, + §, = 2NseCs, as well asVe Vi = Vappied.
Combining all equations:

e\A _ Zeevsf =kTe

k—Te a In 1 + eevapplied =kTe (225)

Finally, we have electron-repelling surface on right, whervirtually all of Vappiied iS
taken up, while on the left electron-attracting surface saftrates - this gives rise theon
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saturation current: 3
jla  eneCs  Semocs (2.26)

3Some simulations had shown that the coe cient 1/2 should be replaced by 0.35 [22]
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Chapter 3

Probes

3.1 Introduction

Probes are active diagnostics in direct contact with the pkma. Therefore, they can
only be applied at very plasma edge where the plasma ux doe®tlead to excessive
heating of the probe. The most well known is the.angmuir probe Langmuir probes
(LP) provide reliable electron temperature and density dignostics in relatively cool, low-
density plasmas. The probe itself is a small metal electrodecylindrical, spherical or
in the shape of a disk - inserted into the plasma [23]. The shbathat envelops the
probe shields the plasma from the probe potential. The essgnof the Langmuir probe
technique is to monitor the current to the probe as the probealtage changes. The ideal
I-V characteristic of such a single probe is shown in Figurel3 If we assume that the
current drawn by the probe from the plasma is positive, whenhe probe biasV is very
negative with respect to the plasma potentialy,, the electric eld around the probe will
prevent all but the most energetic electrons from reachinde probe, e ectively reducing
the electron current to zero. The current collected by the mbe will then be entirely
due to positive ions, since these encounter only an attranty eld. This current is called
the 'ion-saturation current' | 5. As the probe bias is increased, the number of electrons
which is able to overcome the repulsive electric eld and smuotribute a negative current
increases exponentially. Eventually the electron currertollected is equal to ks, so that
the total current is zero. At this point the oating potential V; is reached. Further
increase of the probe bias t&/, allows the electron current to totally dominate the ion
current. At V,, electrons are unrestricted from being collected by the pbe. Any further
increase in bias will simply add energy to the electrons, ndbe current drawn. Hence
the term 'electron-saturation current' | .. Note that this is the ideal |-V characteristics,
ignoring the 'disturbing’ processes such as bombardment tiie probe by high energy
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Figure 3.1: |-V characteristic of an idealized Langmuir probe.

electrons, emission of secondary electrons from the prola@d the probe etching away.

3.2 Mach probe theory

Mach probe theory, either uid [22] or kinetic [24], provids a simple relation between the
ratio of ion currents and the parallel ow velocity. The basc idea behind a Mach probe is
that if the plasma is owing, then the parallel ion current density measured on each side
of the negatively biased probe will be di erent. The currentmeasured on the upstream
side will be larger than that on the downstream side. A strongssumption of the theory

is that the electron parallel velocity distribution is Maxwellian.

3.2.1 1D Fluid model

The most convenient approximation used in 1-dimensional rdels are that the ion den-
sity n;, velocity v; and plasma potential at any parallel position x can be regarded as
given by single function ofx. Under such a condition, we suppose that variables represen
a mean value over the perpendicular extent of the collectioregion. The radius of the
collection region is taken to be equal to the probe radius. Ehcross- eld di usion of ions
into the collection region may be represented by a sour&in the ion equations which
determine the parallel extent of the collection region.

The probe theory is very similar to theory of scrape-o laye(see section 2.3.1). From the
SOL model we know that the connection length is xed by magnét geometry, and the
SOL width is determined by the radial distance that ions can iduse during their short

time-of- ight along eld line to the limiter. On the contrar y, the plasma is considered to
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be in nite and uniform in probe theory. The width of the collection region is then given
by the probe dimensions perpendicular to the eld. The collgion length is the parallel
distance that an ion will travel in the time it takes to di use across the width of the
collection region. The collection region is equivalent tahe SOL. The same equations can
be applied, only the constraints on the model are di erent. ie SOL width is determined
by the connection length whereas the probe collection lerigts determined by the probe
width. In both cases equilibrium solution is determined byhe di usion coe cient.

Figure 3.2: Schematic illustration of hte geometry of ion collection im strong magnetic
eld.

The model presented here was proposed by Hutchinson more nh20 years ago [22]. The
model is 1-dimensional and provides a simple relation beter the ratio of ion currents
collected by the two sides of the Mach probe and the parallelow velocity. The pre-
sheath is modeled as a one-dimensional, two- uid plasma, h is quasineutral (see Fig.
3.2). Under these conditions, we can replace Poisson's etijpia by the quasineutrality
equationZn; = ne (Z denotes the ion charge). A case in which the majority of elecns
are re ected because the probe is su ciently negative is caidered. This allows to use
for the electron density a Boltzmann equation

Ne = ZNn; exp(e =Te) (3.1

Subscript 1 here denotes quantities in the outer plasma, far away from éhcollection
region, where the potential is taken = 1 to be zero. The electron temperaturdy is
expressed in eV. In the following we consider that the di usie exchange of ions between
the collection region and the outer plasma is given with therdquency . That is, the
rate of loss of particles per unit length is n;(x) and the rate of gainis n; . We can
approximate by D-,=&, the di usive inverse time constant of the collection regio for
perpendicular di usion coe cient D-.
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The steady-state, velocity distribution function f (x;v) of particles of massm and
charge species is given by the Vlasov equation

v 8, Q
@ m
To obtain the one-dimensional continuity equation we havea multiply equation (3.2) by
dv and integrate

(E+v B)% =(f, f) (3.2)

S = (non) 33)

The exchange of momentum between the collection region arftetouter plasma is caused
by the particles leaving with characteristic momentumm;v; and entering with m;v; .
Therefore, the momentum equation is

dv, d
nimivid—x' +myvi (ny ny) = nZeE d—?( +mi(Nngve Ny (3.4)
whereZe and p; are the ion charge and pressure, respectively, aid = d =dx is the
electric eld. The pressurep; arises from magnetic equilibria equation p = j B (where
j is dened asj = Q n v ). By substituting for d =dx from Eqg.3.1 we obtain
dv, dn;
nivid—x' = czd—x' + Ny (i V) (3.5)

To simplify the equation fur further purposes, it has been reessary to ignore a term
dTi=dx arising from dp=dx (p = nkT) to provide closure of the set of equations. The
sound speed corresponding to this approximation is given by

¢ (ZTe+ T)=m (3.6)
Equation (3.3) and (3.5) are now the plasma pre-sheath equaihs which need to be solved.

After necessary derivations and calculations we obtain th@al formula in form

dn _ N @ nM My M)

dM My MM (1 n) 3.7

Applying boundary conditions appropriate to the unperturked plasma density and ow
speed far from the probe, equation (3.11) is integrated numeally from in nity to the
probe surface where the Mach number attains the value M = 1, agven by the Bohm
criterion. The desired result, namely the ratio of the densi on both sides of the Mach
probe, was calculated by Hutchinson for ow speeds varyingdm M; from O to 1.

3.3 Probe arrangement

Tore Supra is equipped with two reciprocating probes drivesBoth are located in top
ports separated by 120toroidally. They make vertical strokes along the cord R = 2.8
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m. The maximum stroke length is Z = 0.46 m below their rest postion at Z = 0.935

m. By the extensive use of feedback loops and the integratiaf multiple diagnostic
measurements, the reliability of the system has attained &vel that allows the probes to
be used routinely even in high power, long duration dischaeg (Figure 3.3). In contrast

Figure 3.3: Schematic view of the probe arrangement. On the right is a sohatic top
view of the tunnel probe.

to conventional probes that collect charges simultaneoysfrom both directions along the
magnetic eld lines, Mach probes have directional sensitiy. In their simplest form,
Mach probes consist of two Langmuir probes mounted back-tmack on either side of an
insulator so as to monitor separately the charged particleuxes that approach the probe
along eld lines. In such a arrangement, we can measure the B@arameters on both
sides of the probe (Fig. 3.3 right panel).

The parallel ion current density is calculated by dividing he ion saturation current by
the geometrical projectionAggo of the probe along the magnetic eld lines [25]:

Isat'i
Jii = : 3.8
< Aceo (38)

The quantities Ji.i; Te and V; are measured by each pin, then the values on both side of
the probe are used to calculate the density and Mach number. h& electron density is
calculated taking account of the ion ow [24]:

_ J?at;i ‘]sBat;i 3 9
e = ~035eq (3.9)
where ion sound speed;s is de ned as
P
Te+ T
G = M (3.10)
m
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The T, and T; are the electron and ion temperature, respectively. An avage value of
temperature on sides A and B is used. The parallel Mach numbean be derived from
the Hutchinson model [24] according to the following format

|
Wi
ij = 0:4In JB’ (3.11)

sat;i

The data that we will present in this work was measured duringvo di erent experimental
campaigns, in which di erent types of Langmuir probe pins we used. The relevant
technical details of each probe will be summarized in the negections.

3.4 Tunnel probe

The tunnel probe is a kind of electrostatic probe for use in #scrape-o layer [26]. It
provides simultaneous measurements of electron temperegwand parallel ion current den-
sity with arbitrarily high frequency at the same point in space. The tunnel probe used in
these experiments consists of a hollow stainless steel t@hi3 mm in diameter and 5 mm
deep that is closed at one end by en electrically isolated giaite back plate as is shown
on Fig 3.4. The conductors are mounted in an insulating boronitride head and biased

Figure 3.4: Schematic view of tunnel probe. The current collected by baof the three
conductors is monitored separately. The ion guiding centdrajectories are shown by
black arrows.

negatively with respect to the tokamak chamber to collect iws and repel electrons. The
tunnel axis is parallel to the magnetic eld. Plasma ows inb the open ori ce and the
ion ux is distributed between the tunnel and the back plate £5]. The self-consistent
interaction between the charge distribution and the elecic eld inside the tunnel gives
rise to two concentric layers of strong radial electric eldhaving di erent characteristic
radial decay length. The rst is the positively charged elecostatic Debye sheath that lies
adjacent to the tunnel surface and shields the plasma colunfirom the most of the applied
probe potential. Its width scales as the square root of the tia of electron temperature
Te to local electron densityne. The second layer is the quasineutral magnetic sheath that
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scales as the square root df.. This magnetic sheath owes its existence to the radial
polarization drift of ions. The magnetic sheath is broaderhtan the Debye sheath. The
structure of the electric eld layers determines the currenpath inside the tunnel. lon
that enter the strong electric eld gradients in either of these two regions are demagne-
tized and attracted to the tunnel surface. Electrons remairstrongly magnetized under
all circumstances [27].

The main advantage of tunnel probe is in its concave shape. &lconcave tunnel probe
yields more accurate measurements ®f and Ji; than conventional convex probes due to
the fact that its sheath electric eld is entirely containedinside the probe and does not
expand into the plasma to perturb the incoming ion orbits. Inorder to correctly measure
the ion current density, the e ective collecting area of thgorobe must be known precisely.
For example, the e ective area of a small cylindrical pin isdrger than its geometrical
projection along the eld lines due to expansion of the magtiezed sheath around the
probe. This expanding electric eld increases the e ectiveollecting area, i.e. ions whose
orbits would not intersect the probe in the absence of eledatr elds are de ected towards
the probe and collected. Therefore, the ion current does neaturate for a convex probe,
whereas it saturates perfectly for the tunnel probe. Sincé¢ sheath electric eld depends
strongly on density and temperature, it is possible that thee ective collecting area can
di er on each side of the probe, leading to a falsely deducedadh number. These problems
are eliminated for tunnel probe case, because the sheathdsated inside the tunnel. The
sheath in this case does not perturb the incoming ion orbitsnd the e ective collecting
area of probe is almost exactly equal to its geometric projgan along the eld lines, i.e.
the e ective collecting area is given by the cross section tiie orice Ageo = I orifice -
[28].

3.5 Sample probe

The sample probe consists of two stainless steel trays thadah house ve samples whose
dimensions are 9 mm x 9 mm x 2 mm. A hole of 0.5 mm diameter is dedl into each
sample to accommodate a thermocouple (Fig. 3.5. Five of theraples receive ux
from the 'A-side’ (electron or downstream side) of the holdeand ve from the 'B-side’
(ion or upstream side). The samples are numbered '1' to '5'dm the deepest position.
Nevertheless, for the purposes of this work the most impomapart of the probe is at the
tip of the sample holder where are located two directionallgensitive Langmuir probes
(mounted in Mach probe arrangement) which provide measureants of the ion ux and
electron temperature pro les. In contrast to the tunnel prde, the pins at the tip of the
sample holder have a convex shape and can be therefore a ecby the sheath expansion
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e ect. For the pins of the sample probe, we take the exposedass sectionAggo = 24
mm? (6 mm diameter cylinder sticking out 4 mm into the plasma).

Figure 3.5: Schematic view of sample probe used on Tore Supra.

3.6 Example of probe measurements

Radial pro les of basic scrape-o layer parameters of the Te Supra tokamak measured
by a tunnel probe are shown of Fig. 3.6. On the top left panel arshown pro les of ion
saturation current on both sides of the probe. It can be seemat current owing to the
B-side of the probe is larger than on the other side. This, aoaling to de nition of Mach
number (Equation 3.11) means a large ow in the SOL towards t®-side of the probe
(bottom right panel) but the ow goes quickly to zero near theLCFS. We believe that
this is the transition layer between the SOL where there is tge ow to the wall, and the
con ned plasma where the ow may be di erent. To protect the pobe from destruction
by hot plasma, the probe does not go deeply enough to deterraiwhether the core ow
is stagnant or of opposite sign to the SOL ow at this particuar poloidal angle. The
jsat prole on A-side is characterized by a sharp decrease withim small region close to
LCFS. On the bottom left panel are then plotted pro les of eletron temperature. We
can see that even if the probe is small (with respect to the gizf vessel) and hence can
be assumed that we measure temperature is at a single point $pace the proles on
each side of the probe are di erent. Unfortunately, we do nohave model for that, but it
probably indicates that the electron distribution is not thermalized. To calculate the ion
sound speed, which is needed to calculate the density, we itndrily take the average of
the two electron temperatures.
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Chapter 4

Magnetic eld mapping

4.1 Plasma position and shape

The plasma position and shape is on Tore Supra calculated ifnoa set of magnetic ux
loops measuring the radial and the poloidal magnetic eld ah by toroidal ux loops
(TFL). All the local eld measurements and vertical ux values are corrected in real time
for the eld created by the current owing in the TPL structur e.

On TS, the plasma position control is achieved by nine, norgaally spaced, poloidal coils.
Taking into account the location of these coils, the numberral the location of the eld
sensors in the vacuum vessel has been de ned in order to gebegh information to be
able to act on one positioning coil. The RF coils and PF coilsods are located on a circle
in a poloidal plane and installed every 6.5(Fig. 4.1). Due to a lack of space under the
toroidal pumped limiter (TPL), no sensors are mounted at thebottom of the vacuum
vessel below an angle of 26.7 Two types of poloidal arrays have been designed: one
consists of 25 PFC and 26 RFC coils, the other consists of 26 ®Rand 25 RFC with
the PF coils and the RF coils having swapped positions. Thregandard arrays are in-
stalled at the toroidal locations =10 , 130, 250 and the three complementary arrays
are installed at = 70, 190, 310. Therefore, each array has a built-in redundancy of
three. Combining the data from an array and its complementgr array, 51 radial eld
measurements and 51 poloidal eld measurements are used te itk the plasma shape
and position. In the previous TS con guration, these quanties were measured by 17
pick-up coils separated by 22and 17 saddle loops. In order to complete these data, six
TFL are mounted at poloidal locations = 35, 57, 143, 217, 303 and 325. Each
loop has a built-in redundancy of two.

This magnetic arrangement provides very good measuremelffitpfasma position and shape
only directly under toroidal eld coils. But for our purposes, with respect to the probe
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Figure 4.1: Measurement of plasma position.

location (160 toroidally), we need to know the magnetic eld between TF cdé. The
toroidal magnetic eld in the SOL cannot be described as axysimetric because it is
strongly modulated by the spacing of the 18 superconductingroidal eld coils which
are placed every 20toroidally starting at = 10 with respect to PJ1. The default way
in which is on Tore Supra calculated the poloidal magnetic ld is schematically shown on
Fig. 4.2. To calculate the poloidal magnetic eld at a given pint between TF coils (Fig.

Figure 4.2: Evaluation of magnetic eld between coils by default GRHOggial.

4.2 point 2) one has to follow a eld line from this point of inerest to the poloidal plane
under TF coil (point 1) and suppose that the poloidal magneti ux does not change along
eld line. Unfortunately, some experiments have shown thathis approach of magnetic
eld mapping is not correct.
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1) Hot spots location

One of the rst problems, which have shown that approach meigned above is not correct,
is concerned with hot spots location of suprathermal eledns [29, 30]. The interaction
of the LH suprathermal electrons with the surface of the toidal limiter, as recorded by
the tangential CCD camera #1 in Q4B is shown on Fig. 4.3 Accoiidg to magnetic eld

Figure 4.3: The interaction of the LH suprathermal electrons with the stace of the
toroidal limiter. Wg3 and wg4 are the hot spots due to electracceleration in front of
wave glide rows 3 and 4 of the LH2 grill. PJ3, Q3A etc. refer to toroidl positions de ned
on the right.

line tracing, the strike point is observed about 20further away from magnetic prediction.
When the measured edge safety factor is between €.8, <6.5, the hot spot jumps from
PJ4 to Q4A and leaves the eld of view. One can clearly distingsh the sudden displace-
ment of the strong interaction zone from Q3B to Q4A (i.e. posive toroidal direction) as
g is scanned in a continuous way, because of toroidal eld ripga The dark zones on the
gure are referred as "private ux" zones and are inaccessié to eld lines coming from
the SOL. According to magnetics, this event occurs at a loweralue ofg, = 5.95 (6 to 9%
lower). Similarly, to make the magnetics reproduce the jumfrom Q3B to PJ4, we need
to lower @, by 9 to 13%. To make both jumps agree simultaneously, we have teduced,
by 9%. But measurements ofy are expected to be much more reliable.

2) Ampere's law
Ampere's law relates the integral of the magnetic eld stregth round a closed loop to

the total current enclosed by the loop:
1 I
lp = — B ds (4.1)
0
The ux conservation theorem which arises from MHD theory pstulates that magnetic

ux through any surface element remains constant. Closelyetated is that the ux through
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the surface de ned by any closed curve within the uid is als@onserved. The result gives
rise to the concept of the magnetic ux tube. Let us nd a groupof eld lines which serve
as the boundary for a nite volume. De ne a closed curve whichs the boundary for a
small but nite surface (s;) through which ows non-zero magnetic ux. Follow each eld

line an arbitrary distance away from the original curve, andde ne another curve which
intersects the same eld lines $,). This is a \magnetic ux tube".

The approach used by GRHO signat is indeed consistent with a ux conservation the-
orem, but the problem is in the current which ows into ux tub e. If we apply equation
4.1 and calculate the current owing through the areas encé®d by lengths; and s, we
do not get the same result 4.4 leading to discrepancy of about2:5% in total current.

Ip under coil (b) = 0.82688, Ip between coils (r) = 0.80979
T

0.29 T T T

— under coil
— between coils

1 2 3 4 5 6 7
Theta [rad]

Figure 4.4: The poloidal magnetic eld under the coil and between the i

IMV ©

1,(UC) = 0:83MA
B 1 dSl 6 B> dSQ (42)

W

1,(BC) = 0:8IMA

The correction for this problem is introduced in next sectio.

1GRHO signal serves by default On Tore Supra to obtain a positon of LCFS. Its output is a 2-D
matrix of R and Z coordinates positions.
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4.2 Magnetic eld line tracing

As was mentioned above, the toroidal magnetic eld in the SOlcannot be described as
axisymmetric due to the nite number of toroidal eld coils. A 3D map of the vacuum
magnetic eld B = (Br(R; ;Z );B (R; ;Z );Bz(R; ;Z)) is calculated on a cylindrical
grid with good spatial resolution for a currentl g = 1000 A. To obtain the TF eld for
other values ofl 1, one simply scales the matrices accordingly.

We assume that the SOL magnetic eld is the sum of the vacuum ld due to the TF
coils and the poloidal eld created by the plasma current. Th tangential and radial
components of the poloidal eld are measured by 102 ux loopkcated on a ring of
minor radius 0.92 m centered on major radius 2.42 m. The ring Bituated at the same
toroidal angle as one of the TF coils. The measured poloidatld is extrapolated radially
into the tokamak vessel by third order Taylor expansion to daulate the SOL poloidal
eld on the cylindrical grid used for the vacuum eld. We suppose that the poloidal eld
that is measured under TF coils is axisymmetric in the SOL, lmause the plasma current
circulates on closed magnetic ux surfaces in the core whefé ripple is minimal (Fig.
4.5). In such a case, the Ampere's law and ux conservation gorem are satis ed?.

H H H
BldS]_: BzdSzz B3dSS

1= 3 (4.3)

To calculate a magnetic connection, for example from the poe position to the poloidal
plane of the LH antenna, one has to integrate the eld line eqtions. For the small
elements of the eld line we can write

= Y= 2 (4.4)

But for tokamaks is more convenient (with respect to the axignmetry) to use a cylindrical
coordinates in form [31]:

— = — = — (4.5)
By rewriting into di erential equations we obtain

dR _RBg dZ _ ZB;
d B 'd B

(4.6)

2This is still an assumption. The correct way is somewhere beteen the method which uses GRHO
signal and axisymmetric case
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Figure 4.5: Schematic view of evaluation of magnetic eld between cdits axisymmetric
case.

To solve Egs. 4.6 we are using a second order Runge-Kutta igtation scheme, with
linear interpolation of the magnetic eld from the grid. This is su ciently accurate for
eld lines that make less than one full poloidal turn in the SQ. On a Poincae plot
showing intersections of a given eld line with poloidal plaes situated under TF coils, it
can be veri ed that the eld line returns to a surface of consant poloidal ux within 0.5
mm radially. Using this new, and indeed simpler method, to ¢eulate the local poloidal
eld, we are able to reproduce exactly the jumps of LH hot spgpositions on the limiter.

4.3 LCFS shift

The knowledge of exact position of last closed ux surface particularly important from
probe's measurement point of view because the hydraulic fx® drive is in fact controlled
in a real-time feedback loop by the magnetic eld diagnosticThe demonstration of LCFS
position evaluation by GRHO signal and for axisymmetric casis shown on Fig. 4.6. It
can be clearly seen that plasma is bigger on the high eld sid@he maximal shift is up
to 1cm. This implies that pro les measured by the probe are stted in LCFS direction.
The shift can be up to 4 mm for small plasmas.
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Chapter 5

Results

5.1 ITER startup scenario

The data presented in this chapter are dedicated to experimes that were carried out
on Tore Supra to investigate the scrape-o layer conditionsn ITER startup scenario.
The reference ITER startup scenario for plasma currentl §) initiation and ramp up is
to limit the discharge on two discrete limiters on the low ed side (LFS), increasing the
minor radius while maintaining ps at the limiter approximately constant at a value
4.8 [32]. In this scenario, the discharge begins on the liraiton the LFS, and the volume
monotonically increases in time (see Fig. 5.1) until it is derted at tj;rgg =55 s (Ip =
7.5 MA). It shoud be noted that the modulations of the LCFS of he smaller plasmas are
not physical, but caused by inaccuracies of the extrapolatn of magnetic ux data deep
into the chamber.

5.1.1 Tore Supra experiment

Tore Supra is equipped with six modular limiters - one semnieértially cooled limiter, the
antenna protection limiter (APL), and ve RF antennas with actively cooled side protec-
tion tiles that can be used as limiters. This together with a exible real-time feedback
control system, makes TS the ideal tokamak in which to perfar such experiments. The
experiments reported here were performed during two experental campaigns in 2006.
Both campaigns are characterized by small plasma minor ragi and the plasma current
feedback controlled on safety factoq = 4:6. During the rst campaign, referred here as
"ITER startup 1", only one modular limiter (namely the APL lo cated at 140 toroidally,
see Fig. 5.2), was used. In "ITER startup 3" was, in addition @ the APL, added a sec-
ond limiter in various radial positions with respect to the A2L (the LH2 antenna located
opposite to APL at 320 toroidally), and nally, all six limiters were inserted together.
The main features of both campaigns are summarized in TablelSbelow.
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Figure 5.1: Schematic view of ITER startup scenario. Plasma cross-semt expands from
the LFS during the current rise, while the edge safety factas kept roughly constant at
a value of about q 4.8 (left). The ITER startup scenario con guration in Tore Supra
experiment is on the right.

5.2 ITER1 vs. ITERS

In this section is compared the ITER1 and ITER3 data set. Two ituations are distin-
guished below: In the rst case are compared basic SOL paratees pro les of discharges
in which only one limiter was used. The shots are characteed by similar core density
and plasma minor radius. In the latter case are compared twdnats, both from ITER3,
but in the rst one was used one limiter while in the second 6 riniters were used. Fi-
nally, the e ects of limiters on edge density, electron temgrature and Mach number are
discussed.

5.2.1 One modular limiter

On Fig.5.3 are shown pro les of basic SOL parameters such asngity, electron temper-
ature, Mach number etc. Two discharges are compared here,eofiom ITER1 and one
from ITER3. Only one limiter (the APL) was used during both slots. The shots are
characterized by similar core density, 285 10*®*m 2 and minor radiusa 47cm. We
can see that the shots are very well reproducible. The pro$ematch almost identically,
except electron temperature measurement. The di erence ifie measurements is huge
especially on A-side of the probe reaching up to 20 eV. Thissdigreement is probably
caused by the fact that di erent probes were used in ITER1 andTER3. A tunnel probe
was used in ITER1 whereas in ITER3 the measurements were pided by Mach probe
(sample probe). As was mentioned in section 3.4 the di ereadn T, measurements might
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Figure 5.2: Schematic top view of limiters layout on Tore Supra tokamak.

ITER startup 1
(28.6.2006)

ITER startup 3
(25.10.2006)

Plasma minor radius

0.45m<a< 0.7m

0.45m<a< 0.65m

Plasma current

0.37MA< | , <1.1IMA

0.35MA< | , <0.9MA

Toroidal magnetic eld

Br =3.86T

Br =3.74T

Safety factor

g=4:6

q=4:6

Only APL

# 37263-37267, 37275

# 38196, 38205,38206,
38216-38220, 38222

APL + LH2 antenna

#38210-38215

All objects

#38207-38209

Table 5.1: Main features of ITER startup campaign.

be caused by the design of the probes itself. While the samplebe is convex and hence
the magnetized sheath expands around the probe which leadsihcrease of the e ective
collecting area of the probe, the sheath electric eld in tunel probe is contained inside
the tunnel and does not expand outward into the plasma. Moreer, tunnel probe the-
ory assumes perfect saturation of the ion current. Any depture from this dependence
causes the tting routine to interpret the voltage-dependat ion current as electron cur-
rent, leading to an overestimation of the electron temperate. The sample probe has a
rather complex geometry, and the visual inspection of cumévoltage characteristics re-
veals that the ion current does not saturate, whereas that nasured by the tunnel probe

does.
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Figure 5.3: The comparison of basic SOL parameters pro les of ITER1 andTER3 data
set. Only one limiter was used. The shots are very well repumible. The discrepancy in
Te measurements is probably caused by the sheath expansiomtese ered by the convex
pins of the sample probe resulting in a tendency to overesdita the electron temperature.

If we look on Fig. 5.3 in detail, we can see also big di erenc@s measurements between
both sides of the probes. The ion parallel current density {;;) is decreasing exponentially
with the distance from LCFS on side A unlike on B-side, wherehe decrease is steeper
reaching minimal value approximately 7cm from LCFS followek by slow increase. The
'hole' in js4 pro le on side B can be interpreted as a e ect of discrete linker shadowing
(see section 5.5). This discrepancy i, pro les on both sides of the probe has a direct
consequence on density (Eg. 3.9) and Mach number (Eqg. 3.1Tppes. As a result, the
density is characterized by a relatively at pro le on wide region of about 5 cm. On the
other hand, the Mach number indicates a huge parallel ow athole' position towards the
A-side of the probe. This indicates that eld lines coming fom the B-side of the probe
are connected to the APL, as the magnetic calculations belowill show. One can see
that oating potential changes a lot too, but it was not the e ort of this work to focus
on it.

5.2.2 Six modular limiters

The case in which all limiters are pushed inside the vesseldsmpared with case of one
limiter on Fig. 5.4. Both discharges are from ITER3 data setrad are characterized
by minor radiusa 555cm and core densityn, 215 10*m 3. When six limiters

are used, only the steep decay region is observed and the ailton B-side disappears
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completely. With one limiter and small plasma radius we caneg bumps on A-side but
this phenomena does not occur when all 6 limiters are used. &lkdensity pro le (bottom

left panel) is steeper with all 6 limiters reaching a lower Jae then in one limiter case
as will be con rmed generally in section 5.3.1. The Mach nungs (bottom right panel)

shows that the ow direction is same for both cases but the magude is higher with 6

limiters. An interesting situation can be seen. We can seedhthe current is larger on
the on the A-side of the probe, implying ow towards the LFS othe torus.

A-side B-side

©

[Alcm?]
5

+ 1 limiter
+ 6 limiters
e

i [Aem?]

Jsat
Jsat

Mach no.
o

0 5 10 15 0 5 10 15
distance from LCFS [cm] distance from LCFS [cm]

Figure 5.4: The case in which all limiters are pushed inside (green) thessel is compared
with case of one limiter (blue). Both shots are taken from ITE3 data set. When six
limiters are used, the scrape-o layer is very thin (so. 1:5cm) and only the steep
decay region is observed.

5.3 E ect of limiters

5.3.1 Density

On Fig. 5.5 is plotted edge density in dependence on plasmanoi radius with respect
to number of used limiters. The density is taken as an averagalue between 1 - 5 cm
from LCFS. Only ITER3 data set is shown here. It can be clearlgeen that the density
is decreasing with the number of limiters, con rming a geneat trend indicated by the

speci ¢ pro les of Fig. 5.4. The density is smaller of aboutdctor of 3 if all limiters are

used than in the case with only one limiter.
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Figure 5.5: The edge density dependence on number of limiters (left). dan be clearly
seen that the density is decreasing with the number of limi#e On the right is plotted
similar graph for the core density.

One notices that for xed minor radiusathere is a large spread in edge density values. The
core density is characterized by similar spread for a givenimor radius. The connection
between the edge density measured by probes and the core dgnis plotted on Fig.
5.6 - right panel. Despite the scatter of edge density one caee that edge density does
generally increase with increasing minor radius. No obvisicorrelation between the core
density and the density measured at plasma edge can be obsehdue to the scatter
(Figure 5.6). Let us focus now only on case with one limiterf ive go deeper in analysis
and take points corresponding to a xed minor radius, in thiscase 0.58 nk a < 0.71
m, we can clearly see that core and edge density are correthigig. 5.6 - right panel).
This is observed only for minor radius greater than 0.58 m. Femaller plasma radii the
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Core density [10'%
Core density [10%*m™®]
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Density at d=1-5cm from LCFS [10 *m™] Density at d=1cm from LCFS [10**m3]

Figure 5.6: Core density in dependence on edge density with respect tonfer of limiters.
On the right is the same graph but only for one limiter and plas minor radius 0.58 m
<a< 0.71 m.

link between core and edge density is rather complicated. €hrelation between core and
edge density will be governed by a number of factors, e.g thiolgal particle con nement
time (which has never been characterized in these small ptags) and the details of the
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particle recycling in 3D geometry. The complexity of theserst results suggests directions
for future modelling e orts and complementary experiments

5.3.2 Temperature

On Fig. 5.7 is plotted edge electron temperature in dependes on plasma minor radius
with respect to the number of used limiters. As in previous c®, the temperature is
taken as an average value between 1 - 5 cm from LCFS. A big dieice in measurement
is observed on both sides of the probe. Temperature is of atbou 10eV higher on A-side.
This implies non-maxwellian distribution. No obvious depedence on number of limiters
can be seen on A-side, unlike on B-side of the probe. A sigramt drop in temperature
can be seen on B-side for all objects in reaching30 eV which is approximately 2x lower
than in comparison with A-side. On the other hand, the measements using two limiters
in opposite ports and with a radial misalignment of 1.0 - 4.0m are very similar to that
observed with only one limiter.
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T

»

A
A
L 4 A M ﬁ
£ 50 Am‘ A% AAAA ﬁ‘t “ fg f* f‘

Lol VTN
L A LPA+LH2
=35 A Al

60
I N

g 55 A* A At
§ 50 . R y A f N & A
KEE N 4 2 r's A A
S 40 é g a 2 A
©
=351 Aa, - N AA A oa .

30 F'S

» A 4 A A N

|
0.4 0.55 0.7
Minor radius [m]

Figure 5.7: The edge electron temperature dependence on number of lerst Temperature
is of about 10eV higher on A-side. No obvious dependence on number ofitéms can
be seen on A-side, unlike on B-side of the probe where the terafure drops rapidly for
all 6 limiters of factor of 2.

5.3.3 Mach number

Figure 5.8 shows the variation of Mach number with plasma mer radius. A whole data
set is plotted here. Each point on the graph is taken, like inngvious cases, as an average
between 1 - 5 cm from LCFS. It is nicely seen that case with alliters has signi cant
e ect on plasma behaviour. Let us rst consider the case withall limiters. The Mach
number in such a case remains constant at a value of about0.6 and hence the ow is
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coming from high eld side of the vessel. This result is inttive. Independently of the
magnetic con guration, all eld lines originating at the probe position will intersect one
of the limiters on the low eld side, meaning that the conditons for a simple SOL are
satis ed. We therefore expect to see plasma ow directed tawds the LFS in all cases.
On the contrary, the situation changes dramatically in casevith one, or two limiters
(limiters are placed in opposite toroidal positions). The Mch number decreases with
the minor radius and changes the sign foa  0:65m. To understand this observation
it will probably be necessary to take account of the detaileBD connection length map,
because some ux tubes will make short connections to LFS liters, while others have
long connection lengths, making several poloidal turns anad the chamber (section 5.5).
As the plasma minor radius further increases we can see a gharop of Mach number
resulting in strong negative ow. Big plasmas are limited byinner wall and hence it
has an in uence of the SOL ow patterns. Analysis of this comlicated behaviour might
provide information about the poloidal distribution of particle and momentum sources.

Figure 5.8: The variation of Mach number with plasma minor radius.

5.4 Bumps phenomena

The ITER startup scenario has one speciality which is not olesved in standard Tore Supra
experiment with plasma sitting on bottom toroidal limiter. Some pro les are characterized
by local increase of parallel ion current density. This lo¢ancrease is referred here as a
"bump" (see Fig. 5.9). Bumps are real and very well reprodugie. Bumps start to be
clearly seen on A-side almost for all plasmas smaller than< 0.55 m (except the case
with all limiters in which the SOL is very thin). The radial scale of the A-side bumps is
of the order of 1 cm.

One of the rst idea which can come in mind is that radial posibn of bumps is somehow
connected with plasma size or magnetic con guration. Thidea is investigated in detail
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Figure 5.9: An example view of 'bump' phenomena which occurs only for dinglasma
radii (left). As a direct consequence we have very high pag# parallel ow on bump
location and at density pro le on several centimeters.

in the next section. The bump position does not change durinthe shot remaining at

7 cm from LCFS independently on plasma minor radius. The inease of parallel ion
current density on A-side of the probe is always accompaniég decrease on the opposite
side of the probe which position, on the contrary to the A-siel bumps, is moving radially
and depends on plasma size and magnetic con guration as Wik shown in next section.
The B-side hole is also signi cantly wider than the A-side bops.

Such a measured ion saturation current indicates that plasanconditions are not as usual
around bump position. As a result we have very high Mach numben bump location
and at density prole on several centimeters. It can be alscseen that the scrape-o
layer can be divided into two regions. The rst region closglto LCFS is characterized
by strong positive parallel ow (from inboards to outboard$ and sharp density decrease
while in the region far away from LCFS the ow changes direatin and density decrease
starts to be moderate.

5.5 Connection lengths

As was mentioned in previous section some pro les are chateigzed by local increase of
parallel ion current density (sa:). The bump radial position from LCFS remains constant
independently on plasma minor radius. Another idea is to clak the connection lengths
connected with the probe. To determine if the particle foliwing a eld line, which is
connected to probe, hits an object inside the vessel we sobveeld line equation which is
in cylindrical coordinates expressed as

dR _RBgr dZ _ ZB;

d B 'd B
As particle is moving along eld line a matlab routine checksvhether or not the eld
line intersects any object inside the vessel (or vessel if3e Each object is de ned by

(5.1)
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several planes which de ne object's 3D shape. Then a dot proct of particle coordinates
with each plane is calculated to con rm whether the eld lineis inside or outside of the
object. In total, we distinguished following objects: APL,5 antennas, toroidal bottom

limiter and upper and lower part of the vessel. The principabbject which is inserted
into the vessel is antenna protection limiter (APL) (see Figre 2.3). The APL consists
of a blade which interacts directly with edge plasma and a mable boom which holds
the blade. The thickness of the blade is 7.4 cm, the poloidahdius of curvature of APL

is 80 cm, the full toroidal width is 34.4 cm and the height of te blade is 110 cm. The
boom is a 10 cm diameter cylinder but for simplicity a rectangar shape is used in model.

Figure 5.10 shows connection length for bump case. It can bees that the 'hole’ in
the B-side jso¢ prole is caused by the shadow of APL blade. The connection gths
are very short on width of about 7 cm which is exactly the thickness of the blade
(Figure 5.10 right). The ow direction is towards the blade n this layer and due to
the short connections lengths of ux tubes the ow is very stong. Further away from
LCFS, at d.crs = 10cm, particles do not hit the blade, can escape behind the blade
and can even pass below the outboard midplane without hittoppany limiter. Hence, very
long connection lengths are observed which states that APk not a good limiter. These
measurements show that incomplete poloidal coverage by tlieniter can lead to very
broad SOL pro les, with complex structures that depend on tke specic 3D magnetic
topography.

#38205 Plunge #6 time =10.3225s amin = 0.47939 m

T
0.8

0.6

0.4r

0.2

5 10 15 L
Distance from LCFS [cm] 14

Figure 5.10: The link between bump phenomena and connection lengths isttom left. No
obvious correlation between bump and connection length tsserved. On the other hand,
the magnetic calculations show that the hole on B-sidej@f; pro le is caused by limiter
shadowing e ect which is shown on the right panel. The dashiate represent the APL
blade shadow. Connection length on lower left panel whicle ar, > 100m

corresponds toN g > 1.
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Some recent studies about ows in Tore Supra tokamak have skio that the SOL is very
thin when the is leaning on the LFS limiters (all 6 limiters cae), but very broad when
on HFS limiters [33]. One of the results of the studies was thaadial transport is either
reduced due to the contact with LFS limiters (maybe a modi céion of turbulence), or
that the transport is not modi ed, but simply that the plasma that gets ejected into the
SOL on the LFS is intercepted by one of the 6 limiters before ¢an ow up to the probe.
In addition to that we see the transport seems to be dependeoh toroidal position, in
particular, whether the eld lines are connected to a limite or not. Let us consider the
eld line at 10 cm from the LCFS. Then follow it from the probe t the outer midplane.
At that point, if we imagine a horizontal radial cord directad towards the LCFS we will
not nd any object anywhere along that cord. This might mean hat plasma is being
convected radially from the LCFS to positions very far awayp to the wall. Depending
on the pitch of the eld lines (which is a function of radius), some of the plasma will
intersect limiters, but some will not. Consequently, the pesence of a single limiter at the
LCFS does not modify the global physics of SOL turbulencegi. the blobs still exist, and
they still propagate radially.

Unfortunately, there is no link between A-side bumps and lanconnection lengths as was
expected. We can see that there are several regions in whiond connection lengths are
followed by short ones and vice versa. These measurementevgtihat scrape-o layer is
complex and is not axisymmetric, i.e. whether or not the prabis connected to the APL
depends on the local pitch angle of the magnetic eld lines,hich varies rapidly with ra-
dius in the SOL. It should be pointed out that connection lenth is simple approximation.
We suppose that particle follows eld line strictly and is nd a ected by collisions, di usion
or any other processes. Hence, only short connection lengtban be taken into account.
The ne radial scale of the A-side bumps might be related to tb connection lengths,
but we cannot get qualitative agreement due to inaccuraciesf magnetic reconstruction
for small plasma, long connection lengths, and possible tipasma transport phenom-
ena mentioned above. It was calculated recently that radidgtansport "smears out" ne
scale features of the connection mapping that propagate nethan one poloidal turn [34].

5.5.1 Connection length mapping

Figure 5.11 then shows connection lengths mapping. The glapshow connections lengths
mapped from the probe plane, i.e. starting at 160toroidally. On the left panel, we can
see how complex the scrape-o layer is. A shadow of the APL lda is located on the top
of the vessel. This corresponds to particles which hit the ddle on rst turn around the
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Figure 5.11: A 2D map of connection lengths in probe plane. A simple SOL ie@vn of
left, simple SOL on right. Yellow colour indicates that no emection was found due to
the imposed limits of the eld line integral.

vessel. Then we can see as the blade shadow is moving in couoteckwise direction as
particles hitting the blade on second, third ... turn. It shaild be pointed out that the
direction of integration of the eld line equations is takenfrom the probe towards the low
eld side. To visualize the connection length map in the othedirection, it is su cient

to place the probe at the bottom of the machine. There we see ofu ner scale radial
variations of connection length due to magnetic shear. On éhright panel is shown case of
simple scrape-o layer which is typical for big plasmas limed by inner wall. A whole APL
can be nicely seen on this graph. A similar 3D analysis of ITERtartup con guration
can be found here [34]. Complicated connection length mapemne also found, so we can
conclude that the Tore Supra experiments can be useful forquiding experimental data
to help model ITER startup.
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Conclusion

The study of edge plasma physics in tokamaks has developegiddy in recent years
and is now considered as one of the major research areas to ddrassed both in present
and future machines. Edge probe techniques are necessarpegkmental contribution to
such studies, providing information about the basic plasmparameters.

This thesis is dedicated to experiments that were carried bon Tore Supra tokamak
to investigate the scrape-o layer conditions in ITER starup scenario. The reference
ITER startup scenario for plasma current initiation and ranp up is to limit the discharge
on two discrete limiters on the low eld side (LFS), increasig the minor radius while
maintaining s at the limiter approximately constant at a value 4.8. The experiments
reported here were performed during two experimental camigas in 2006. A variable
number of limiters were used in these experiments. We focusre mainly on magnetic
reconstruction and magnetic eld mapping and on preliminay analysis of edge plasma
probe measurements.

A signi cant improvement was achieved in magnetic eld calalations, especially in
magnetic connections between objects over less than 1 pd&iturn. However, the new
calculations show that the discrepancy between ours and sidard method for LCFS
evaluation (which we showed is not correct in its nature) cabe neglected.

It was found out that the number of limiters has huge e ect on fasma behaviour. The
edge density decreases with number of limiters and reachd® tvalue of about 3 times
smaller if all limiters are used than in the case with only onémiter. A clear correlation
between core and edge density was found for plasma minor nasligreater than 0.58 m.

Similar observations are seen for electron temperature. Mm@erature is of about 10
eV higher on A-side which shows to a non-maxwellian distrition. No obvious depen-
dence on number of limiters is observed on A-side of the prglhanlike on B-side of the
probe where the temperature drops rapidly for all 6 limiterof factor of 2. On the other
hand, the measurements using two limiters in opposite portare very similar to those
observed with only one limiter.

Another interesting edge plasma parameter presented here parallel Mach number.
The case with all limiters has signi cant e ect on plasma behviour. The observations
with all 6 limiters di er from those with one or two limiters. The Mach number in such a
case remains constant at a value of about 0.6 and hence the ow is towards the A-side
of the probe coming from high eld side of the vessel. On the otrary, in case with one,
or two limiters, the Mach number decreases with the minor rads and changes the sign
a 0:65m. As the plasma minor radius further increases a sharp drop dach number
occurs. To understand this observation it will probably be acessary to take account of
the detailed 3D studies.
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It was found out that plasmas with minor radius smaller than (65 m are characterized
on A-side of the probe by local increases of parallel ion cent density. These bumps
are real and very well reproducible. The bump position doesohchange during the shot
remaining at 7 cm from LCFS independently on plasma minor radius. This pim@mena
is always accompanied by a decrease on the opposite side @f finobe.

Magnetic eld calculations show, that this 'hole' inj s, pro le is caused by the shadow
of APL blade. The ow direction is towards the blade and due tahe short connections
lengths of ux tubes the ow is very strong. Thanks to the nit e thickness of the APL
blade some patrticles do not hit the blade, can escape behirtetblade and can even pass
below the outboard midplane without hitting any limiter. This shows that the plasma
can propagate very far radially if it does not intercept a disrete limiter. The existence of
regions with very long connection lengths means that APL isat a good limiter and the
scrape-o layer is complex and not axisymmetric. Only for ly plasma a simple scrape-o
layer is observed.

In conclusion should be noted that calculations used for magtic eld line tracing is
simple approximation. We suppose that particle follows @l line strictly and is not
a ected by collisions, diusion or any other processes. Hee, only short connection
lengths can be taken into account. We see that number of lingit has signi cant e ect
on SOL behaviour. Pushing 6 limiters in con rms that the tail of the SOL pro les is due
to transport that is localized on the LFS. If the same kind of tansport occurred at other
poloidal positions, we would not expect to see such strongasiges in the pro les. Some
clear trends have been already identi ed, but not for all then do we have an explanation.
Lot of results presented in this work were achieved at the eraf stay, are of a preliminary
nature and require further investigation both on experimetal and theoretical eld.
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