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Introduction

If the humanity as a whole do not change a way of his life significantly (for
example along the lines of Buddhism), it will need up to 3 times more electricity
in 2050 in a high growth scenario. Beyond 2050 the energy requirements should
be even higher [1].

Problems: A use of fossil fuels lead to significant global warming because
of the emission of greenhouse gases. Governments of many countries has target
of not allowing a temperature rise of more than 2°C [1]. 2.5°C is estimated by
climatologists as a threshold for irreversible climate changes. For this it is needed
to reduce the carbon emissions by about 80% in first half of the century. The
fossil fuel reserves are almost depleted. Oil and gas reserves would last a few tens
of years. Only the quantity of coal is for few hundred years, but the coal is the
largest emitter of C'Oy. In 1996 it was estimated, that reserves of coal are for
231 years, reserves of natural gas for 63 years and reserves of petroleum for 44
years [1]. E] Even though the new reserves are discovering they are more and more
difficult available - acquisition of them needs constantly more energy.

Fission based nuclear power produces a lot of long-term radioactive wastes
and there is potential for catastrophic Chernobyl or Fukushima Daiichi like dis-
asters. This disasters have a long-term bad effect on health of all organisms in
far surroundings but they are unique. They are also effective and not many nu-
clear plants is needed. Therefore the total numbers of deaths from fission nuclear
powers per kWhrs produced are small if compared to other electric energy re-
sources [6], [7]. A new builds must be able to withstand the worst case disaster,
no matter how unlikely.

Clean energy sources such as wind and solar have low efficiency, low energy
density and their production is still too expensive. In the present they are not
suitable for large urban industrial complexes. In the manufacture of photovoltaic
panels there is generation of toxic wastes too [2].

Biofuels as ethanol or biodiesel from starch rich vegetation, sugar or from
biological wastes are good but they contribute to deforestation, desertification,
general loss of biodiversity and instability in food accessibility (a land determined
for the biofuels can not be used for growing of a foodstuff) .

Therefore we need alternative source of energy with clean and effective
energy conversion process which is cost effective, safe, environment friendly, and
has easy global accessibility. The resources should be almost inexhaustible and
available globally. The power plant must produce a lot of energy while occupying a
small area, it must be sufficiently energy dense (for driving large scale industries).

It seems the NUCLEAR FUSION is good candidate for it. It has easy and
almost unlimited access to the basic fuel, less, short-term radioactive wastes, it is
safe and effective. The fuel inside the chamber will have so low density that power
production stops a few seconds after fuelling is stopped. During the operation,
the fusion power plant does not release C'O, . Through manufacturing process-
es of some reactor components the amount of CO, emission (which is equal to

ITotal fossil fuel resources including non-conventional resources such as oil shale, tar sand,
heavy oil, shale gas, tar sand gas, coal bed methane, methane hydrate are accessible for around
a few hundred years. But it would be unwise to deplete it all.
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amount produced for its entire life cycle) should be significantly less than the
coal based reactors of the same capacity produce in their life cycle [1]. A pre-
dicted ratio of the amount of radioactive material in a reactor to the allowed
level of concentration in the atmosphere is for fusion reactor several orders of
magnitude lower than present ratio for fission plants [1]. The tritium as main
radioactive fuel in a fusion reactor can easily be discharged from human bodies
through metabolism. It is a weak beta emitter. The main potential problems of
radioactivity in fusion reactors should be from neutron activated reactor com-
ponents. But if we use a low activity materials the components should be in a
containment after decommission less than one hundred years (for fission plants
the containment is needed for hundreds of years) [1]. The neutrons from a fusion
reactors could change radioactive fission wastes into materials that decay more
quickly. During normal operation small fractions of the radioactive materials will
be released from the fusion plant. But the expected doses to the most expected
public from gaseous and liquid effluents are less than 1% of the dose rate natu-
rally occurring. In case of severe accident the expected dose to the most exposed
people of the public will be around 1xSv (the annually occcurring naturally radi-
ation) |1]. As for safety, with the fusion reaction there is no danger of meltdown
or runaway reactions. The total amount of fusion fuel in the device is at a given
instant of time just enough to produce the power for a few seconds. Therefore in
case of a accident the plasma will cool down quickly enough and will not cause
a major explosion (in contrast to fission reactors). A structural materials of the
confinement barriers will not melt in case of accident even without any cooling.
For creating the conditions under which the fusion reaction can be initiated it
is needed a magnetic fusion reactor or laser fusion reactor or an atomic fission
device. Therefore there is very little probability that some groups of people can
steal and misuse the fusion reactor components for some bad purposes. There are
a lot of spin-offs of fusion research. For example a developments in high heat flux
materials, superconductors, diagnostic systems, neutral beam systems, vacuum
technologies, cryogenics technologies and potential interplanetary voyages. Prob-
ably only matter-antimatter and fusion based propulsion systems could provide
a sufficient thrust for interplanetary spaceships.

Of course the nuclear fusion will not be sure the only one producer of clean
energy. It is counted also with fission nuclear energy and clean energy as wind
and solar, possibly other clean energy. Solar energy technologies see remarkable
development. A plastic materials made of quantum dots can convert into electric
energy even infrared solar radiation. Around 50% of the solar energy lies in the
infrared spectrum [3]. A multijunction solar photovoltaic cells has a efficiency of
more than 40% [5]. A cells with more than 3 junctions could has a efficiency about
58% [1].



1. Theory and Targets of the
thesis

1.1 About fusion [1]

In fusion a nuclei of light elements fuse and form a nucleus of heavier el-
ements which have less mass than the nuclei of fusing light elements. The mass
difference results in the release of energy. The energy comes out mostly in the
form of the kinetic energies of the products. In order to realize fusion the reac-
tants has to come close enough so that the nuclear strong force helps them fuse
by a quantum mechanical tunnelling. But the nuclei of reactants are positively
charged so they has to overcome the electrostatic repulsion. Therefore the nuclei
of reactants need a sufficiently kinetic energy before reaction. They can gain it
in the big accelerators or by heating to very high temperatures. In second case
the fusion is called the thermonuclear fusion. The energy release per unit mass of
the reactants is for fusion reactions much larger as for fission reactions. [[] More
(than in case of the fusion) energy per unit of mass can be released only in direct
conversion mass into energy (for example matter-antimatter collision), as far as
we know.

Examples of fusion reactions:

D+T — 3He(3.56MeV) + n°(14.1MeV), (1.1)
D+D X H(3.02MeV) + T(1.01MeV)

¢ SHe(0.82MeV) + nP(2.45MeV), (1.2)
T+T — SH(7.54MeV) 4+ 2n°(3.77MeV), (1.3)

where D is deuteron (the nucleus of deuterium), 7' is triton (the nucleus of tritium)
and n° is the neutron. The {H, 3He and jHe are the nuclei of isotopes of the
relevant chemical elements.

Research into controlled thermonuclear fusion with aim to convert fusion
energy into electric energy persist more than 50 years. It has culminated in con-
struction of the ITER (International Thermonuclear Experimental Reactor,) de-
vice which is slated to start operations in about 10 years from now. ITER should
produce about 10 times more power than the input heating power and I am going
to write about it in later chapters.

The ratio of deuterium to hydrogen in natural water is about 1 to 6000. Tritium
has a half-life of about 12.6 years. It is unstable beta emitter and does not exist
naturally. Tritium can be bred from lithium :

SLi+n® — JHe + T (1.4)
Li+n" — JHe + T + n° (1.5)

'But individual fission reactions with very heavy nuclei are generally much more energetic
than individual fusion reactions.



The lithium is widely a evenly available in the oceans and mainly in the
Earth’s crust. The fusion reaction should be used in 1. generation fusion
reactors (bigger cross-section, easy to achieve it) and the fusion reaction (|1.2))
should be used in 2. generation fusion reactors (weaker cross-section but lower
neutron activation of materials). The fuel for fusion is likely to last several tens
of thousands of years. Probably the biggest problem of the fusion are neutron
activated materials (the metals become brittle, hardened and mainly radioactive ).
However, the reactor components from appropriate low activity materials should
be in a containment after decommission less than one hundred years. In prospect
is also neutron-less fusion (without unsafe radioactive materials). For example:

pt+ 1B — 3 3He+8.7MeV, (1.6)

where p' is the proton. In some reactions, the main reaction does not produce
neutrons, but one of her chain reaction involving resulting ions or components of
the fuel may produce neutrons. For example in the next reaction there are
also some reactions D+D between a deuterons , that produce a neutrons (and
also produce a tritons, and then reactions D+T produce other neutrons) .

D+3He — 5He(3.6MeV) +pt(8.7MeV). (1.7)

In the reactors based on fusion reactions with small amount of the neutrons as
the products (such as ) one has to extract very large amounts of surface
heat while in the reactors based on fusion reactions with large amount of the
neutrons as the products (such as (L.1))) one has to extract heat volumetrically
from the reactor blankets, because the neutrons are captures in the volume of
the surrounding blanket. In the first case the heat is conducted to a divertor
targets which will have to bear an unprecedented amount of heat load. Therefore
a great progress in ultra-high heat flux material development will be necessary for
neutron-less based fusion devices. In the first generation fusion reactors with D+T
reactions there will not be a direct conversion of the fusion energy to electricity
because around 80% of the fusion energy goes into the neutral neutrons. It will
have to be mostly used electricity generation through conventional steam turbines.
But in future fusion reactors based on fusion with small amount of the neutrons as
the products which give energy mainly to charged particles, it would be possible to
convert about 80% of the energy from the charged particles directly into electricity
(by decelerating charged particles in an electric field and using an induction effects
or an electrostatic effects). It is possible to convert into electricity also microwave
synchrotron radiation and roentgen bremsstrahlung radiation (by photoelectric
effects in a conductive foils).

1.2 Lawson criterion [1]

Let us examine the energy balance in fusion devices. I consider in the present
the most profitable reaction (|1.1]). The temporal variation of the internal (kinetic)
energy W of the plasma may be written as:

dW
% :Pa+Pex_]Dloss- (18)



The total power produced by the D-T reaction Ppysion is divided between
the alpha particles and the neutrons: Pfysion = P, + P,. But only the alpha
particles are charged and confined by the magnetic field and give their kinetic
energy to the plasma by collisions. The neutrons are not confined by the magnetic
field, therefore escape quickly without giving their energy to the plasma. They are
stopped by the materials surrounding the vacuum chamber (in which the reaction
happens).

P,, is the external power as additional heating needed to maintain plasma if
Prusion(or indeed P,) is not sufficient to compensate the total power lost by the
plasma Pj;.

Pyoss is the result of:

- particle and heat transport from the plasma centre towards the outside (the
magnetic confinement is not perfect)

- bremsstrahlung radiation (continuous electromagnetic radiations which is
produced by the deceleration of the charged particles when deflected by
other charged particles in their mutual collisions)

- synchrotron radiation (the electromagnetic radiation emitted by charged
particles when they are accelerated perpendicularly to their velocity, it is
due to their gyration movement around magnetic field lines )

- impurity radiations (the impurities emitted by the wall surrounding the
vacuum chamber and plasma which are not fully ionized produce line ra-
diation due to the excitation and de-excitation - if the plasma is strongly
polluted it may lead to an abrupt loss of plasma confinement known as a
disruption )

I the dd—vf = 0 the plasma is stationary. There are defined some useful quantities:
The energy confinement time 7, is defined by the equation P, = Tw This time
is characteristic time of decrease in plasma energy W if the sources supplying it
are abruptly cut off. The time has nothing to do with the pulse duration in fusion
devices. It is dependent on some plasma and tokamak parameters and increases
with increase in major plasma radius (and therefore tokamak size). Therefore
ITER should be very big tokamak. The time critically depends on a properties
of the plasma near the edge plasma and is in the range of 1s - 10s. It is often
impossible to determine the time empirically or at least predict it, because it
depends also on turbulent processes in the plasma.

The amplification factor @ is defined by the equation: Q) = Pf wion Tt is not over-
all efficiency of the installation. A situation corresponding to @ = 1 is called
the Break-even. A situation corresponding to P,, = 0 or () = oo is called Ignition.
Up to the present the largest amplification factor was ) =~ 0.64 in the JET toka-
mak (Joint European Torus) in England. In ITER it shoud be @ > 10. The fusion
reactors would have the ratio of created electric energy in the grid to the produced
fusion energy about 0.35. Therefore () between 20 and 40 would be sufficient for
them.

Let us examine what plasma parameters (energy confinement time, density
and temperature of the plasma) we need to obtain a pulse (discharge) with a
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given () at stationary state . The bigger (), the better. Substitute into equation
. Suppose the D-T plasma as a totally neutral mixture containing 50%D
and 50%T (the density of D equals the density of T and it equals a one half
of the density of electrons: ny = np = %ne ). Suppose in addition the uniform
temperature (the temperature of electrons equals the temperature of D and T:
T.=1Tp =Tr =T). Then we have

W = ngenev + ngDnDV + ngTnTV = 3kTn.V, (1.9)

where V' is the total volume of the plasma (in a fusion device) and k is the
Boltzmann constant.

P, = fpor X Eq = Np X 7pr X By = (npV) x (npov(T)) x (Ea) =

= iniav(T)VEreac, (1.10)
where fpr is the number of fusion reactions per second, F, is the energy of one
alpha particle given off by a one fusion reaction, Np is the number of D in V, 7pp
is the number of collisions one D with other T’s per second, v(7T') is the relative
velocity of D and T immediately before the collision D and T as a function of T,
o is the collision cross-section of the reaction D+T and ov(7) means the mean
value of ov(t)through the all velocities of D and T.
If we substitute the definition equation of (), the definition equation of 7. and
equations , into the equation at stationary state, we will get this

equation:
12KT

B+ )

From 1' we have Pf;f‘:"" ~ 5. If we have the temperature and energy
in keV then k=1. E, =~ 3560keV. For T' € (10keV;20keV) is ov(T) ~ 1.18 -

NeTe = (111)

10724 TQ%, where T is in keV. After substituting this numbers we are getting
this equation:
2.86 - 10%! keV
net I = z - (1.12)
(1+5) m’s
We need () > 1, therefore we need:
keV
ner,T > 4.76 - 102 “2 (1.13)

m3 s
The equation is known as the Lawson criterion. We can see from ((1.11]
if we have a fusion reaction with smaller cross-section and smaller fusion energy
yield per one reaction (for example (1.2)) we need a larger n.7.T product. For
D-T reaction is at the relatively low temperature the collision cross-section
relatively high (D and T has very low binding energy per nucleon).

1.3 Tokamaks [1]

For the fusion we need hold a plasma with the fusion reactants confined for
a sufficiently long time away from surrounding material walls and with at suffi-
ciently high temperature and density. For achieving it there is known magnetic
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and inertial confinement of the plasma. These thesis is about magnetic confine-
ment fusion, specially about a tokamaks (Fig. . By the tokamaks it has been
achieved the most successful way of trapping the plasma particles in the mag-
netic field. The tokamaks are the most promising candidate for the 1. generation
fusion reactors . They are a fusion devices in which the plasma is formed in
the shape of a torus and and the overall magnetic field for trapping the plas-
ma consists of a toroidal magnetic field, a poloidal magnetic field (Fig. and
a vertical magnetic field. The toroidal magnetic field is formed by the toroidal
field coils shaped poloidally, the poloidal magnetic field is formed by a passing
a toroidal plasma current with density j and the vertical magnetic field B, can
be produced by vertical field coils which are shaped toroidally and are concentric
with the torus. Why the 3 components of the magnetic field? A steady magnet-
ic field forces the charged plasma particles to move perpendicular to the mag-
netic induction lines along helical trajectories and restrain their motion across
the magnetic induction lines. But the magnetic field allows them to move freely
along the magnetic lines and we want to trap them as long as possible. Therefore
the closed toroidal magnetic induction lines. But the Grad-B drift and the Cur-
vature drift lead to a charge separation and the consequent electric field causes
E x B drift which leads to a rapid loss of the plasma to the walls if the magnetic
induction lines are only toroidal. Therefore the poloidal component of the mag-
netic field is needed. But the magnetic field with toroidal and poloidal magnetic
component decreases radially and therefore a magnetic pressure proportional to
B? decreases radially. The bigger magnetic pressure inside and the lower mag-
netic pressure outside of the plasma current can be interpreted as a magnetic
hoop force which tries to expand the plasma radially outward. To achieve radial
equilibrium the vertical magnetic field component is needed to use so that the
j x B, is directed radially inward. If If we have the three components of magnetic
field in the plasma, the charged plasma particles can move across the magnetic
induction lines only by collisions or through turbulence.

The toroidal plasma current is mostly driven inductively by a transformer.
The plasma itself is a secondary winding of the transformer. In such case the
plasma current is transient. However the toroidal plasma current can also be
driven non-inductively. For example by a high energetic neutral particle beams
, by a radio frequency waves at special resonant frequencies and mainly by a
toroidal bootstrap current (it will be discussed more in the subsection [1.5.2)). In
future most of the toroidal plasma current will be bootstrap driven.

In the tokamak the plasma pressure is much smaller than the magnetic field
pressure (if it was not the plasma would not be confined ). The magnetic field
pressure is proportional to the B? and the plasma pressure is proportional to
the n.T', where B is the induction of the magnetic field, n and T" =~ 10keV is
the density of the plasma and temperature of the plasma respectively. The B is
limited by technological constraints. Therefore the density of the plasma must
be low (about 5 x 10%°m =3, density of the air at atmospheric pressure is about
5x 10%°m=3).

The plasma in the tokamak is heated to about 1keV by internal plasma
currents (above temperature about 1lkeV is ohmic heating ineffective because
the plasma resistivity decreases as the temperature of the plasma increases). For
further heating to higher temperature high energetic neutral particle (isotopes

9
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Figure 1.1: Schematic of a tokamak.

of hydrogen) beams and high power radio frequency waves (with ion cyclotron,
electron cyclotron, lower hybrid frequencies) are used. But the auxiliary heating
techniques amplify a turbulent processes in the plasma. At present a D-shaped
poloidal cross-section of the plasma is very often used. It is provided by shaping
the poloidal magnetic field by an additional set of poloidal field coils concentric
with the torus of the tokamak. The D-shape is good for achieving higher plasma
current and higher ratio of the plasma pressure to the magnetic pressure. In
present tokamaks the plasma is initiated from a limiter configuration (the plasma
is restricted by the material limiter). Then the currents in the poloidal field coils
are changed and the plasma is gradually brought to the divertor configuration
(the outermost magnetic field lines are opened up and travel in a direction to
a divertor targets ). The divertor is useful mainly for reducing impurities in the
plasma.

In the plasma, there are lot of internal instabilities and above or close to
certain plasma current and density limits they result in a plasma disruptions.

1.4 Classical transport [8], [32

Without instabilities the transport of energy and particles in the tokamak
plasma is determined by Coulomb collisions . This transport has been calculated
but the transport which actually occurs does not agree with it. The observed
thermal transport by electrons can be even two orders of magnitude higher than
predicted transport. The higher observed transport is probably due to instabil-
ity of the plasma. But there is still no conclusive agreement between calculated
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transport in which a range of instabilities has been included and experimental
observed transport. Therefore an empirical methods are necessary for predicting
the confinement of the tokamak plasma. For example to accumulate data from
a number of tokamaks and by using statistical methods to determine how the
confinement time depends on the involved parameters.

The classical transport is a transport in terms of a simple diffusion process,

e.g. in a cylindrical plasma. The classical particle flux perpendicular to magnetic
field B associated with diffusion is [32]

E xB E xB
FJ_:TL’UJ_IH%—DCJ_VH:H X —

nin(kT; + kT,)
B2 ( B2

)Wn, (1.14)

n=n; =< MNe,

n;Mv; +n.muv, N Muv; + mv,
n; M +n.m T M+m

v

?

where E.B is the vector of electric and magnetic field respectively in the plasma,
n;, 1;, M ,v; is the density, temperature, mass and velocity of the ions respectively,
ne, 1., m, v, is density, temperature, mass and velocity of the electrons respec-
tively, k is the Boltzmann constant, D¢, is the classical perpendicular diffusion
coefficient and 7, is the perpendicular component of the specific resistivity of the
plasma.

The classical perpendicular diffusion coefficient D | is then proportional to
1/B?% and n. Since 7 is proportional to KT, 3/? it is also proportional to k7, 1/2 or
kT, '? and decreases with increasing temperature of the plasma. But the exper-
imental observed diffusion increases with increasing temperature of the plasma.
The particles moves across B with a step length equal to twice the Larmor radius.
Therefore this diffusion can by slowed down by increasing B.

The classical transport model is inappropriate in a torus of the tokamak.
For the collisional transport the neoclassical transport model is needed. The ap-
proximate confinement times are :

a? a?
L lassical, 1.15
T D, "~ 2 classica (1.15)
TI/QBQF
T~ —" neoclassical, (1.16)
n
32l1.8
T ~ ; scaled from an experiments, (1.17)
n

where a is the minor radius of the plasma, p is the Larmor radius of the particle,
7. is a characteristic collision time, 7" is the temperature of the plasma , B, is the
poloidal magnetic field and [ is the plasma size.

By increasing the heating power there can be discontinuous improvement
in confinement and the confinement time increase approximately two times. We
call it the transition from L-mode to H-mode. This transition is mainly due to
the appearance of an edge transport barrier.
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1.5 Neoclassical transport [§]

We distinguish three main types of the neoclassical transport for different
collision frequency. We can see it in Fig[l.2] The collision frequency increase
with decreasing temperature. At high thermonuclear temperatures the time the
electrons are in the vicinity of the ions is very small and the plasma is essentially
collisionless.

Plateau
-_,.--"
=D . —
(_‘,‘la&‘ﬁ.lcr"‘71L -
———
e
-_,..--’
l _h
32 1 vRg
Ur

Figure 1.2: Neoclassical transport. (8]

1.5.1 Pfirsch-Schliter transport

The radial decrease of plasma pressure causes the hoop force that acts outward
along the major radius of the tokamak. This is the important difference between
cylinder and toroidal plasma. On each magnetic flux surface (Fig. in which
the magnetic filed lines lie, the plasma pressure p is constant and decrease with
increasing minor radius coordinate because of the equation

Vn=j x B. (1.18)

The hoop force per unit volume is approximately
Fy~——=—, (1.19)

where r is the minor radius coordinate and R is the major radius coordinate.
This radial force must be balanced by a j x B per unit volume with essentially
vertical current j;, perpendicular to the magnetic field. His vertical component is

r dp

Iy ~ ————. 1.2
Jhv BR dr ( O)
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To prevent the charge accumulation in the lower and upper parts of the plasma
there must be another return current. This another current was discovered by
Pfirsch and Shliuter who showed it is parallel current jpg along the magnetic
field. His vertical component jj, must be equal and opposite to j,v as illustrated
in Fig[l.4 Therefore the Pfirsch-Schliter parallel current is

] B . r dp
~ 2P 1.21
Ips ™~ g I B,R dr (1.21)

jhv+j ||v=0

Jly

\“B

Figure 1.3: Mag-
netic flux surfaces
forming a set of
nested toroids. |8

Figure 1.4: The balancing of the vertical compo-
nents of the Pfirsch-Schliiter parallel current and
the hoop force perpendicular current. |8]

The fluid equations used for description the classical diffusion in a cylinder
plasma can be used also for the torus plasma if the temperature of the plasma
is low enough and the collisions are frequent enough. The sufficiently frequent
collisions means that a trapping of particles in the region of lower magnetic field on
the outer side of the torus is negligible. But we must take into account the Pfirsch-
Schliiter parallel current which gives one extra term in transport equation [1.14]
called Pfirsch-Schliter diffusion. The resultant perpendicular diffusion coefficient
is then

Dpsy = (Dcy)(1 + 2q2:77—), (1.22)
1

where 7, is the parallel component of the specific resistivity of the plasma and
q is the safety factor. In an axisymmetric equilibrium the value of ¢ has each
magnetic field line and all magnetic field lines on a certain magnetic flux surface
have the same ¢. If the field line which follows a helical path on its associated
magnetic flux surface returns to the same position in the poloidal cross section
after change of toroidal angle §® the ¢ is defined by

L

=5 (1.23)

q

1.5.2 Banana regime transport

The guiding centre is the centre about which the particle gyrates. The trajectory
formed by the guiding centre is called guiding centre orbit or drift trajectory. If
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the temperature of the plasma is higher and hence collisionality smaller the fluid
equations cease to be applicable. The particles can be in inhomogeneous magnetic
field trapped due to "mirror effect” in the lower magnetic field on the outer side
of the torus. Particles with a parallel velocity

/7‘
UH Z }—%Ul. (124)

circulate continually around the torus and are called passing particles. The re-
maining particles with parallel velocity

v S Veul, (1.25)

where € = r/R is the inverse aspect-ratio of the magnetic surface and r, R are mi-
nor and major radius coordinate respectively. are trapped and are called trapped
particles. The guiding centre orbit of the trapped particles are called banana

orbits because its projection onto a poloidal cross-section look as a banana as
illustrated in Figll.5

Magnetic surface

Cx

~

N
A
Al
/|
’
s
s

Guiding centre orbit

Passing TraBped
Projection on to poloidal plane /
Figure 1.5: The banana or- Figure 1.6: The poloidal cross-section of
bit and its projection onto a the orbits of a passing and a trapped par-
poloidal plane. |§] ticle. |§]

Both types of orbits lie within a small distance (order of the Larmor radius)
of a magnetic flux surface as we can see in Fig[l.0] due to the conservation of the
angular momentum. The width of the banana orbits is

wy = % p. (1.26)
It is larger than the Larmor radius and hence allow a greater diffusion with bigger
step-length as in case of classical diffusion.

The fraction of the trapped particles is v /v, ~ /e but at small collisional-
ity these particles dominate the transport. The transport is in the banana regime
when the collisionality is such low that trapped particles complete at least one
bounce orbit before they suffering a collision which cause a detrapping. Or a
bounce frequency v, is higher than effective collision frequency v, for detrapping
otherwise there are not the banana orbits. The particles step across the flux sur-
face by the step length ~ w, with the effective collision frequency v.¢. Only a

14



fraction ~ 4/e of the particles are trapped. We can estimate the perpendicular
diffusion coefficient for the banana regime as

2 q2

v q
DBJ_ ~ \/El/efwz ~ \/E€p2 ~ Vp2m ~ DCJ‘@W (127)
where v is the collision frequency. The condition for the v in banana regime is

€32

qgR

v < ey, = (1.28)

where vr is the thermal velocity of the particle. Near the magnetic axis, where
wy is comparable to the distance from the magnetic axis, the width of the orbit
of the trapped particle is

q _ q 3 2 2
Whot ~ p= p =/ ¢Rp>. (1.29)
b \ €pot \/ wpot/R

The orbit is called potato orbit, because of the shape of the orbit, wp, > wy. The
larger width of the orbit means larger step length and it means larger diffusion
transport near the magnetic axis.

Like the Pfirsch-Schliuter parallel current is consistent with the Pfirsch-
Schliter diffusion the additional friction in the higher banana regime transport
implies the toroidal bootstrap current. This current exists independently of the
current driven by an induced toroidal electric field. It can be maintained by steady
radial diffusion. Due to possibility to provide part of the poloidal magnetic field
by them there is the term "bootstrap”. The trapped ions and trapped electrons
in the presence of a density gradient carry a parallel current analogous to the
diamagnetic current of untrapped particles. As they are passing each other there
is a transfer of momentum between them and their velocities are changed. The
resultant current is the bootstrap current

, edp

o ~ —Bid—, (1.30)
, dr

where dp/dr is radial plasma pressure gradient. In contrast to the electromagnet-

ically induced current this current peaks off-axis and equals zero at the plasma

centre.

1.5.3 Plateau transport
For the collision frequency v of the particles

3/2
L P (1.31)

qR qR

the transport is dominated by a particles with low v)|. This domain is During a
one transit round the torus the change of the parallel velocity is small, dv)| ~ vj.
The effective collision frequency for the collisions resulting in dv)| is

Ve ~ —L. (1.32)



In the time between two collisions the particle move around the torus and drifts
a radial random walk step with the length

dNUd/Vef, (133)
where vy is the magnitude of the magnetic drift velocity v,

v+ Bx VB

Vg
We B2 7

(1.34)

w,. is the cyclotron frequency of the particle. The fraction of the diffusing particles
is ~ v)|/vL ~ v)/vr and hence we can again heuristic estimate the perpendicular
diffusion coefficient for a plateau regime as

Gl

2 2 2 2
Do~ U2y, o U0 VLV /R®  qur ,
Ur ¢

= 1.35
vr vy vr v)/Rq R ( )

The transport is called plateau because the Dp, is not a function of v and the
graph Dp, (v) is flat as we can see in Fig[l1.2] We assumed the large aspect-ratio
but in real tokamaks is not true that e < 1 and the plateau domain exists only
on a very narrow region of collisionality.

The neoclassical perpendicular diffusion coefficients was derived by consid-
ering the random walk behaviour of the particles and they are proportional p?v.
Since p ~ y/m and v ~ 1/sqrtm and hence p*v ~ \/m the diffusion coefficient for
ions is larger than for electrons. But in an axisymmetric configuration it should be
equal. In fact the experimentally founded diffusion coefficients are still few times
larger than the neoclassical diffusion coefficients for ions. This fact indicates that
the electron diffusion is not neoclassical. We obviously must take the turbulent
diffusion/transport caused by fluctuations in the plasma into account.

1.6 Turbulent transport [8], [42]

In the next text the temperature of the plasma is in eV, or k = 1. In the
plasma the electrostatic or electromagnetic fluctuations are expected to appear as
the non-linearly saturated state of microinstabilities in the plasma. Any oscillating
quantity 6g can be written as

dg = 0go expli(kr — wt)], (1.36)

where dgq is the complex amplitude and exp[i(kr — wt)| is the phase of the os-
cillating quantity dg. If we have the density fluctuations dn, the temperature
fluctuations 67T or the electric field fluctuations 0E in the plasma then it gives a
radial particle flux

oFE
T, = (5nf>, (1.37)
or a radial energy flux
3 oF
gL = §no<5T—BL>, (1.38)
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where ng is the equilibrium density and () is an average over a flux surface. Or the
radial magnetic fluctuations 0B combines with the parallel velocity fluctuations
dv)| to give a particle flux

Bo <5v||(5B ) (1.39)
where By is the equilibrium magnetic field. The amplitudes and phases of fluc-
tuations on, §7" and electric potential fluctuations d¢ at the plasma edge (see
chapter 3) can be measured by Langmuir probes (see chapter 4). The relative
fluctuations dn/n, 6T, /T, and edp /T, rise rapidly towards the plasma edge where
reaches values = 0.5. The magnetic fluctuations are negligible at the plasma edge.
The edge value 6 B/ B is typically ~ 0.0001. This fluctuations have a characteristic
frequencies ~ 100k H z.

If this fluctuations are account for the observed plasma transport there
should be a correlation between the level of fluctuations and confinement time 7.
At the edge of the plasma we can compare the fluxes calculated from the fluctua-
tion measurements and a measured fluxes. By using the probes a precise analysis
of the relationship between electrostatic fluctuations and observed transport is
possible. A magnitudes and scalings followed from particle fluxes calculated from
the fluctuation measurements have agreed with the observed transport for exam-
ple in tokamak TEXT (USA) [8] and it indicates that electrostatic fluctuations
provide the dominant transport mechanism.

The turbulent-induced transport can be described like this. A instability
release the free energy. This energy drives a steady level of fluctuations. And this
fluctuations results in a radial perpendicular transport of particles and energy.
(The plasma is in a state of turbulence if it is so strongly excited that a continu-
ous spectrum of frequencies is present.)

Transport due to electrostatic potential fluctuations d¢: The oscillating quan-
tity can be written in terms of their Fourier components

00(t) =), (004(t) = Y _ (§0u0(t) exp(ikr)). (1.40)

where k is the wave vector. Because of E' x B drift, there is

kiogy

56k =

(1.41)

—Véoor x B k X B
B2

5ULk = |5'ULk| = ‘

For the correlation time 7, for which the dv |, persists a displacement of part of the
plasma is dv,;7x. Thus we can do a random walk estimate for the perpendicular
(cross-field) turbulent diffusion coefficient

Dri=Y" ( (9v.x7s) ) =" (o). (1.42)

T, is the shortest time from different possible times :the time for collisions to
change the particle orbit, the time for drifts to carry particles over a perpendicular
wavelength, the time for a particle to move along a parallel wavelength of the
fluctuations, or the time variation of the fluctuation. If it is the time for E' x B
drift to carry particle over a perpendicular wavelength 7, ~ 1/wy = 1/(0v k)
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then the perpendicular turbulent diffusion coefficient becomes linear in electric
potential fluctuations

Dy, ~ Z( MMM):Zk (%) (1.43)

Transport due to magnetic fluctuations dB: The magnetic fluctuations 6B
can destroy the set of nested toroidal flux surfaces and then the magnetic field
lines no longer map out flux surface but follow a space filling trajectory. Then
thermal motion of particles along this magnetic field lines can lead to perpendic-
ular (radial) transport of particles and energy.

Velocity shear and reduction of the turbulent transport: It is experimental-
ly observed that improved confinement in tokamaks is associated with a strongly
radially varying radial electric field Egrqq. It is evident mainly in the vicinity of
the spontaneously generated edge transport barriers during the H-mode or inter-
nal transport barriers. This varying radial electric field can be also generated by
applying a voltage to the electrodes 77 at the SOL or applying additional heating
or by flows driven by the turbulence itself. The varying electric field causes the
E x B drift velocity shear dvpy/dr as is illustrated in Fig.(1.7).
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Figure 1.7: A demonstration of the destruction of turbulent plasma structures
by radial shear of the poloidal (or toroidal) velocity. The arrows does not mean
the movement of the structures they means the time evolution of them. The
movement of the structures is also radial. [42] (modified)

It is generally agreed that turbulent radial transport of plasma is closely
connected with existence of turbulent structures (they are called blobs and they
will be described later in . Due to this velocity shear the turbulent structures
elongate in the poloidal or toroidal direction and their radial correlation length
is shorten. This way the radial turbulent transport is reduced and confinement of
the particle and thermal energy improved. In principle the shear of the toroidal
velocity dwj|/dr can also destroy the turbulent structures but in this direction the
structures are &~ 100 times longer [10] and speeds are larger only ~ 10 times. For
example in the tokamak MAST in United Kingdom the typical values of poloidal
velocities was [18] (2009) ~ 5 — 10km/s and toroidal velocities of 100 — 200km/s
in the plasma core . Therefore this effect is much weaker than that in case of the
shear of the poloidal velocity. The radially varying radial electric field can also
modify classical and neoclassical transport.
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1.7 Plasma-surface interaction

One of the most important phenomena in the edge of the plasma is inter-
action of the plasma and a surface. This releases impurities from the material
surfaces facing the plasma (or the helium in a reactor). The most easily released
impurities are those adsorbed on the surfaces but there are also bulk impurities
migrated to the surface. and desorbed thermally or by impact of particles from
the plasma. The most problematic are the impurities of high atomic number.
During the plasma start-up phase at low temperatures they become excited and
due to subsequent line radiation there is the significant radiative power loss (up
to 100 %). After further increase of the temperature they become highly ionized
and produce many electrons which dilute the fuel. At high concentrations the
impurities prevent the plasma heating.

The tokamak plasma is confined within closed magnetic flux surfaces. The
Last Closed Flux Surface (LCFS) determines a boundary. The plasma in the
boundary layer outside the LCFS flows along the B and then interacts with a
solid surface where the ions may be neutralized and released back to the plasma
with subsequent repeated ionization. The shape of the LCFS is determined by
the external magnetic fields. With a divertor the solid surface is not in contact
with the LCFS, but with limiter without divertor the solid surface is directly in
contact with the LCFS as illustrated in Fig[I.8 Therefore by using the divertor
the plasma impurity level is lower than by using only the limiter.

(b) Single null
divertor operation

(a) Limiter operation

Wall

Scrape-off Wall

layer

_Last closed
flux surface

Limiter Scrape-off layer

Last closed -
| flux surface hy
) .
i

Divertor target

Figure 1.8: Poloidal cross-section of the LCFS (a) with a limiter and (b) with a
divertor. [§]

1.8 The plasma sheath

The electrons in the plasma have higher mobility than ions, therefore a
material inserted into the vicinity of the plasma charge negatively. This negative
charge creates a drop of the plasma potential called the plasma sheath. The
plasma sheath is a narrow area near the surface, its width being several Debye
lengths. There is an electric field which equalize the electron flow and the ion flow
(let’s suppose a single charged ions, for example in the deuterium plasma). And
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hence the total current density to material surface equals zero
ji + je = ENimVUim — ENemUem = O, (144)

where N, Vin and ney,, Ve, are the ion density, mean ion velocity, electron
density and mean electron velocity at the material surface respectively and e is
the proton charge.

Only a small part of the potential drop extends further into the plasma
beyond the sheath and this area is called presheath. A typical spatial variation
of electric potential, ion velocity and the ion and electron densities across the
plasma sheath (and presheath) is illustrated in Fig|1.9

Sheath Sheath
Sheath

Figure 1.9: Spatial variation of electric potential, ion velocity and the ion and
electron densities across the plasma sheath. |§]

Let’s now compute the size of the potential drop in the vicinity of the surface
and express the temperature in eV, that is the Boltzman constant £ = 1, and
eV ~ 1.6 - 10719J. Defining the electric potential to be zero at the sheath edge
¢s = 0, the electron density as a function of electric potential ¢ in the plasma is

1e(@) = e exp (%) | (1.45)

where n.g is the electron density at the sheath edge. We find it by integrating the
electron distribution function f(v) = Aexp|[—(mv?/2—e¢p)/T.] over all v. For the
ions we have the energy conservation law

1 1

émﬂ}? + €¢ = §mﬂ}is + O, (146)

where v;5 is the mean ion velocity at the sheath edge. From this equation we can
express the v;. The ion flux is constant n;v; = n;v;s, therefore n;(¢) is given by

1 2
v; 21, V3

m(@ = Nys g Nis 1 2 21 = 5 (147)
v; 3Miv;, — e

where n;, is the ion density at the sheath edge which is approximately equal to
the ion density outside the sheath and presheath. Substituting for n. and n; in
the Poisson’s equation we have

dp e Njs€ ed %mivizs
A0 _ € oy = Tt N - (2 ] 1.4
dl’ €0 (n K ) €0 [exp (Te) \/(%mﬂ)?s — 6¢ ( 8)

where ¢y is permittivity of free space. In the immediate vicinity of the sheath
edge the electric potential ¢ — 0. Thus by using the first two terms of the Taylor
series of the exponential and square root function, equation ((1.48) becomes

do _ nye ep 1 ep o L/mi ¢
i (G R G ) R (o o YR

s
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where
EOTe
AD &\ —, 1.50
P nise? (1.50)
is the Debye length at the sheath edge where n;s ~ n.s. In the immediate vicinity
of the sheath edge is the electric potential almost equal to the plasma potential

outside the sheath and preseath and d¢/dx — 0. It requires

T,
oo (1.51)

The generalization of equation (1.51]) with considering the ion temperature is

T.+ T,
Vi = €y o 4 | AL (1.52)

m;

where ¢, is the sound speed in the plasma and the plasma enters the sheath at
this speed.

The ion or electron current density into the sheath is equal to the ion or
electron current density at the material surface.

Ji = €NimUim = €N;sCs, (1.53)

1 8T,

e = —€NemVemn = —€=Ne(Op, 5 1.54
Jo = —enanton = —epngm)y | 0 (154

where ¢,, is the electric potential at the material surface. The electrons are in
the sheath in a retarding electric field and their velocity distribution remains
Maxwellian but with a reduced density and temperature. From this Maxwellian
distribution in the immediate vicinity of the material surface only the high energy
tail of the electrons arrives at the surface. On the other hand the electric field
in the sheath is accelerating for the ions and substantially disturbs Maxwellian
velocity distribution. The ion velocity distribution in the immediate vicinity of
the material surface is non-Maxwellian and we can consider it very approximately
as accelerated and truncated Maxwellian velocity distribution.
Substitution of equations ([1.53)) and ((1.54)) into the equation gives

lexp (equ) \/m Tetdi (1.55)

and so ¢,, is given by

¢m = _211 mi/me

e 2 [m] Te in eV. (1.56)

For a deuterium plasma and 7, = T;, we have ¢,, ~ —2.8(T./e), T, in eV. The
difference between the electric potential at the material surface and the electric
potential at the sheath edge ¢, — ¢s = ¢y, is called the floating potential V; .
Electron and mainly ion impact on the surface cause the secondary electron emis-
sion from the surface with the total secondary electron emission coefficient §.
Considering it the floating potential is (7, in eV).

- i () (7)) o
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Because of space charge effects the effective value of § cannot exceed the value
~ 0.8. If the plasma is in contact with a surface at a fixed potential, the plasma
potential ¢, is determined by the floating potential. Often we consider ¢, ~ ¢s.
The electric field in the boundary can have a significant effect on transport in the
plasma.

The plasma sheath also influences the energy flux P from the plasma to the
surface. Considering the Maxwellian ion and electron velocity distribution (the
kinetic energy per one particle is ~ 2T, or 27;) we have

P = 2Te (nemvem) + 2,—Tz (nlmvzm> + er (nlmvzm> =~

1
1—90
1
= 2Te(nescs)1—5 + 27—%(”6505) + evf(nescs) =
TZ' i 2 GVf
T. 1-6 T,

2
(]
|
|

(Nescs)Te >~ vsI'Te, (1.58)

where I' is the incident particle flux and -, is the sheath heat transmission factor,
for T; =T, 6 = 0 and hydrogen plasma 7, = 6.5.

1.9 The scrape-off layer

The scrape-off layer (SOL) is the region outboard of the LCFS. The parallel
convective flux I in the SOL along the open magnetic field lines towards the lim-
iter or divertor is balanced by perpendicular diffusive flux I'; from the confined
plasma into the SOL across the magnetic field lines. The diffusion along the mag-
netic field lines can be neglected. This is schematically illustrated in Fig[1.10] L.
is called the connection length, D is perpendicular turbulent diffusion coefficient
and ¢, is the sound speed in the plasma. The distance along the magnetic field
in the SOL between two points of contacts with the solid surface is then 2L..

In the steady state, provided there are not any sources or sinks for particles
in the SOL we can write [61]

d dn n

— |-D,— — =0 1.59
dr [ Lar +m&] * al ’ (1.59)
where parallel loss time 7); can be estimated as 7| ~ 2Ln/(2nescs) ~ 2L./cs.
Assuming the experimentally observed exponential decay,

n(r) = n(a) exp {—r; a} , (1.60)

n

where ), is the scrape off thickness for density and a is the minor radius at the
limiter or LCFS, and assuming that D, v, and ¢, are independent of radius,
leads after solving the resulting differential equation for A, to expression:

)\i—AnULTH —DJ_TH =0. (1.61)

Equation (1.61]) has a general solution:

2
A== \/DJ + (A1) (1.62)
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Figure 1.10: Schematic diagram of the SOL which has been straightened out. In
place of the limiter there can be divertor. V|| ~ c,. [§]

For purely diffusive perpendicular/radial transport equation ((1.62)) leads to the
often employed equation:
2L.D |

Cs

Ap = (1.63)

Similarly we can obtain the electron temperature profile from the electron
heat balance

T.(r) = To(a) exp {— L A_Tﬂ , (1.64)

and A7, is the scrape off thickness for electron temperature. We can measure the
scrape off thickness for density and electron temperature with electrical probes,
if the impurity content is small. Their typical values are ~ 10mm. Then we can
deduce D, from the equation (1.62).

We can also estimate the expected value of the density at the LCFS n(a).
The total particle flux diffusing out from the confined plasma to the SOL between
two limiters is

T, ~ , (1.65)

where 7, is a particle replacement time, (n) is the average plasma density and V,,
is the plasma volume. It is equal to the total particle flux I'y, to both limiters in
the area between them

[, ~Tp~2 (27m/ n(a) exp {_7“)\— a} csdr> = 4ra n(a)\,cs, (1.66)

n

thus [8]

) 1.67
T, 4mal,cs ( )

Such a calculations are valid only for limiter tokamaks. For divertor tokamaks it
is more complex.
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1.10 Goals of the thesis

An understanding of the physics governing transport at the boundary of

magnetized plasmas is crucial because the transport (which is mainly turbulent)
in the outermost plasma region in contact with material surfaces regulates the
particle and heat loads on the plasma-facing components. And the control of
this transport is very important for particle and heat confinements in tokamaks
and other magnetized plasma experiments (linear devices, reversed field pinches,
stellarators). Only the intermittent turbulent structures account for more than
50% [11] of the radial plasma transport towards the material surfaces.
The turbulences cause the losses of the particles and heat from the central plas-
ma, thus feature very high risk of damaging tokamak first wall, and other plasma-
facing components. In the same time, impurities released by these components
spread through the boundary region into central plasma, cooling it down by their
radiation and decreasing the fusion rate due to dilution of the fuel.

Turbulence is all around us. The wind gusted down the streets or air flow-

ing in and out of our legs is turbulent. Also the liquid core of the earth is tur-
bulent. Turbulence dictates the weather, controls the drag on aeroplanes, cars
and bridges. Richard Feynman called turbulence ”"the most important unsolved
problem of classical physics” [4].
The mathematical description of turbulence is complex. Even though the gov-
erning equations have been known since 1845 , we can still predict with relative
certainty only a little. We can take a non-statistical approach with deterministic
governing equations but the variables it predicts are chaotic. Or we can take a sta-
tistical approach, then the quantities we are interested are non-random and they
are well reproducible in any experiment. However in this case we cannot find a
closed set of equations for describing them. There always is more unknowns than
equations and to close the equation system we need to introduce some addition-
al 7ad hoc” (for a specific problem) information. This is the closure problem of
turbulence [9].

The main targets of the thesis are:
- to describe the turbulent transport in the boundary of tokamak plasma;

- to describe the Langmuir and Ball-pen probes which measure that turbulent
transport;

- to describe the numerical code ESEL (ElectroStatic Edge-soL; SOL means
Scrape Off Layer) which simulate that turbulent transport;

- to use the results acquired from the ESEL and the probes and process them;
- to compare and discuss the results and make a conclusions.

Specially this thesis should provide a current picture of the possibilities of the
numerical code ESEL to describe the transport in the scrape-off layer of the
tokamak plasma. In present this numerical code is very popular in plasma physics
but his development is not at the end because the understanding of particle and
energy transport in tokamak boundary is still not complete. The first part of the
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thesis deals with the little detailed description of the physics beyond the ESEL
code and measurements using the Langmuir and ball-pen probes.
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2. The fast reciprocating Probes

2.1 The reciprocating manipulator [38]

Probes have been extensively used in magnetic confinement devices in the
past 50 years , and also the experimental data used in this thesis are mainly
acquired by a probes. As the performance of the devices increased, fast recipro-
cating probe manipulators in the 1980s were developed to cope with the big heat
and particle loads. If the movement of the probe pins into the plasma is fast, the
damage of the probe pins due to the high heat fluxes experienced in the plasma is
reduced. Originally the fast probe systems were all steel or tungsten construction
with tungsten tips. The metal erodes by chemical or physical sputtering and re-
sults in the release of high Z (the proton number) atoms into the plasma core what
reduces device performance. Therefore ceramic and graphite designs with low Z
atoms were developed. Design for ASDEX tokamak is mostly graphite and boron
nitride construction. Because of great varying of the density and temperature of
the plasma across the SOL plasma the probe measurements require high spatial
resolution which can be provided by probes. The reciprocating manipulators has
many requirements such as:

remote operation due to the presence of radiation, high voltage, time con-
straints and radio frequency field during tokamak operations;

easy design, ease of maintenance and tips and head replacement;

high speed reciprocation (up to 3m/s);

high heat flux capability (up to 10MW /m?);

enough internal connections due to large amount of probe pins.

The probe assembly consists of two main parts: the probe (in this subhead
for the probes in common meaning the word pins is used) itself and slow and
fast drive mechanism, all mounted on some mechanical support (to prevent a
mechanical vibrations) as shown in Fig.(2.1]). Bellows absorb machine vibration
and expansion.

Drive mechanism:

The slow and fast drive mechanism is a two-stage pneumatic system and it is il-
lustrated in Fig.(2.1). By the slow drive mechanism the probe moves to a stand-by
position, close to the plasma while not exposed to it. Then, during the discharge
the probe reciprocates from this position into the plasma and back rapidly by the
fast drive mechanism. In the case of the COMPASS tokamak the slow motion is
powered by a compressed air driven motor (or manually) and his extent is around
61cm and the fast reciprocating motion is driven by a pneumatic piston under
helium pressure and his extend is no more than 6cm [43]. The all motion slow
and fast can be fully programmed from the control system. The speed of the fast
motion is determined by a sound speed in the used drive gas. In the case of the
COMPASS tokamak this speed is no more than about 1.3m/s with maximum
acceleration 5 times gravimetric acceleration [43].
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Geometry of the horizontal reciprocating manipulator on COMPASS

VACUUM

WINDOW
Bellow - 980

Zastntti o

600 mm

—TABLE

Table - flexible:

TURBOMOLECULAR
'PUMPING UNIT

355

Figure 2.1: Horizontal reciprocating manipulator on COMPASS. @]

The probe itself is composed of the probe head, shaft and rear feedthrough
as shown in Fig.(2.2). The whole probe should be lightweight to maximize accel-
eration and to reduce forces generated during operation.

c) Feedthrough Assembly

Figure 2.2: Head and shaft assembly used for NSTX tokamak. @/

Probe head:
The purpose of the probe head (shown in Fig.(2.3) and Fig.(2.4) ) is to shield
and hold tips. The tips which were used for obtaining experimental data used
in this thesis are known as Langmuir probes and Ball-pen probes and they will
be described in next two subheads. The probe head should be replaceable due
to erosion, arcing damage and thermal stress after each exposing to the plas-
ma. The whole probe head except a small boron nitride front cover is protected
against high heat fluxes by a graphite shroud which is screwed onto the shaft.
The graphite is conductor and boron nitride front cover is not protected by it to
prevent graphite from short circuiting the plasma. The front boron nitride piece
is often heavily damaged by the plasma so it should be easily extracted often
merely removing the graphite shroud and unscrewing it. Tip replacement is gen-
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erally achieved by removing the front boron nitride cover and unscrewing the tips
from the rods. The probe head is held by screws and graphite shroud. Electrical
connection in the probe head are made via pin-socket pairs held in the back and
front Vespel matrix (Fig.(2.4)). This Vespel matrices foms back and front connec-
tors. Vespel is generally made from polyimide. Polyimide is lightweight, strong,
high temperature (= 300°C) resistive slightly hygroscopic (water from the air is
released during bakeout) polymer which has very low outgassing rate.
Shaft and feedthroughs:

The purpose of the shaft is to transmit the signal from the pins traditionally
using coaxial cables. The common material for the shaft is Inconel. The shaft is
electrically and mechanically integrated unit and can be easily rotated at the rear
end by loosening the screws.

Vespel Feedthough
Assembly ~— \ 0.8"(2.cm)

P a) Partly Assembled Head Tips and
\k 2 | BN Cover
Rear | — i
‘Feedthrough Kl

= Nitride O ——

-
33
]

E:
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1”(2.5 cm) Vacuu uit Board b) Open Head

Boron Nitride

& =
Body Cover /253 Attachment

Screws

Tip Assembly A 3

% 2
@ 22
~N

. AT R TR T
Figure 2.3: Computer generated Figure 2.4: (Color online) Probe head as-
graphics showing a probe head sembly: (a) closed probe head and (b)
overview. @] open probe head. @]

2.2 Langmuir probes [8]

In it’s simplest form the Langmuir probe consist of a single electrode. If
we apply a voltage V' to the probe with respect to the vessel and measure the
current I, to a probe we can obtain the current-voltage (I-V) characteristic. One
example of such characteristic is illustrated in Fig[2.5

V= ¢p7‘ - gbvesseb (21>

where ¢, = V is the electric potential at the probe surface and ¢yesser is the
electric potential at the vessel surface.

The theory of Langmuir probes is based on the theory of the plasma sheath
(see section [L.8). The mentioned surface is now the surface of the probe. From

the equations (1.44)), (1.53), (1.54) we have (T, in V)
jip(¢pr = V) = jis = jip(¢pr = Vf) = _jep(¢pr - Vf) -

1 STe GVf
= e Mesy / p— exp ( T ) : (2.2)

, 1 eV 8T,
Jep(Ppr =V) = €7 Tes OXD (f) m——
1 T, —
= —e—Tg 81 exp eV = V) exp vy . (2.3)
4 T e Te e



Figure 2.5: Single Langmuir probe I-V characteristic . [§]

V-V,
IPT = (]w - jep)A = (]zsA) (1 — €Xp (M)) , (24)
Vo= Vit Vi < ¢y,

where ji,, jep is the density of the ion and electron current respectively to a
probe, j;s is the density of the ion saturation current to a probe, A is the the
effective projected surface area of the probe for electron and ions (it is assumed
it is the same for electrons and for ions ) and ¢, is the plasma potential. If the
probe dimensions are sufficiently large compared to the gyro-radii of the ions and
electrons and to the Debye length, we can approximately write

1
A /)EBdS (2.5)
S

probe

If the probe is biased sufficiently negatively the electron current equals zero and
I, = jisA = I;5 as we can see from equation for V.— —o0. I;, is independent
of voltage because the ion flux to the probe is simply determined by the ion flux
across the sheath edge at the ion sound speed. For V' =V}, I, = 0. The equation
is applicable only for V' < ¢,. In the case that V' = ¢, there is no plasma
sheath and

1 [8T; 1 | 8T, 1 8T,
I, = |-enj/— — —en, “ | A~ —-en, “A=1, (26
P <4 n mm; 4 n TMe ) 4" TMe (26)

V:¢pa

where I, is the electron saturation current. The electrons flow to the probe with
a thermal velocity. When the probe is biased more positively, the electrons are
attracted and I,, < I.; but not much because of space charge effects. We can
derive the electron temperature (and also the Vy and I;5) from the fit of the ion
branch (V,, < V}) of a I-V characteristic according to equation . And then
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we can derive the electron density at the sheath edge from the equation ([1.53]),
(2.2) and the assumption T, = T; as

I; [ My
Nes = Nys = 63/2A 2_7-,6- (27)

The electron (and ion) density far away from the material surface and the plasma
sheath equals n, ~ 0.5n.4 , thus for general T; and T, and isothermal electrons
Te+Ti )

and ions (the sound speed is simply we have

Ii my;
e ™2 , 2.8
n 63/214,/T6+Ti (2.8)

where T,, T; are in eV. Langmuir probes can be mounted on fast reciprocating
drives but their use is limited to the plasma edge because of the large power fluxes
in the confined plasma.

For a cylindrical Langmuir probe in a deuterium plasma with 7, = T; we
can write

T.

e Ies
Vi=¢,~~In

T .
R ¢, —2.8—, T, in eV. (2.9)
e

S

And thus we can derive the plasma potential.

2.3 Ball-pen probes |53

The Ball-pen probe is similar to the Katsumata probe . It is simple
modification of a Langmuir probe in strongly magnetized plasma. The ration
R = |I.s/I;s| in the equation (2.10) can not be directly experimentally obtained
and it depends on many quantities. It would be suitable if this ratio was equal
to one. In this case it would be possible to measure plasma potential directly,
because then Vy = ¢,. And it is almost possible with the ball-pen probe which is

illustrated in Fig.(2.6]).

corundum-plasma spraying

~_Corundum

collector \ Stainless steel

Stainless steel

Boron nitride
./’

collector-stainless steel

Figure 2.6: Photograph of the ball-pen probe (left) and her scheme (right).

The conically shaped conducting collector is inserted inside an isolating tube
made often of boron nitride. The isolating tube provides a magnetic shadow for
the conducting collector and also protection from high energy flux. The magnetic
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field is perpendicular to both collector and tube. The collector is movable inside
the tube. It can be completely shielded or partially exposed to the plasma (and
act as Langmuir probe). In the ideal case when the collector is hidden inside the
tube, only ions can reach the collector surface because they have a sufficiently
large Larmor radius. The electron current is almost equal to zero and R << 1.
When the collector is close to the plasma, the electron current and the ratio R
is larger than in the previous case. At a certain position of the collector, it is
expected to be I.s = —I;5, R = 1 and V} = ¢,. But it is ideal case. The reality
is a little different. As we can see from the experimental results performed at the
GOLEM tokamak (previously CASTOR) in Czech Republic in Fig.([2.7).
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Figure 2.7: IV characteristic for 2 different collector positions (left). The collector
position h is negative if the collector is hidden inside the shielding tube. And the
In(R) and V; as a function of the h (right). Vfl is the floating potential measured
in the operation as a Langmuir probe. When the collector is hidden the probe
potential (= ¢, = ¢) is approximately constant. The reason is not clear. [53]

The absolute value of the electron current is always higher than the ion
current even when the collector is deeply inside the shielding tube. The electrons
are present even in the shadow of the shielding tube. It is probably due to E x B
drift. Nevertheless the In(R) can attain a value close to zero (= 0.1 in Fig.(2.7),
for h = —0.5mm) and the difference between the plasma potential ¢, and float-
ing potential V; of the probe is small. It was found experimentally [54] from a
measurements in the tokamak ASDEX Upgrade that for the ball-pen probe

T
V= ¢, — (0.6 £ 0.5)

e
)
(&

T, in eV. (2.10)

The comparison with the data obtained by edge Thomson scattering [54] demon-
strated such functionality.
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3. ESEL code and other codes

3.1 Interchange instability [60]

An instability is motion which decreases the free energy available in the
plasma and brings the plasma closer to true thermodynamic equilibrium. In the
true or perfect thermodynamic equilibrium in the plasma there is no free energy
available, the entropy is maximal and waves in the plasma are not self-excited
only excited by external effects. So instabilities are only in the plasma which is not
in the stable equilibrium. In the unstable equilibrium all forces are in balance and
a time-independent solution is possible but there is free energy available which
can cause self-excited waves in the plasma.

The interchange instability is type of the Rayleigh-Taylor instability and grows
at the expense of potential energy in the field of the centrifugal force due to
curvature of the magnetic field. It significantly influences the evolution of a wide
range of plasma systems. Let’s assume the electrostatic situation E = —V¢,
purely toroidal magnetic field and isotropic pressure distribution and a random
thermal fluctuation which caused a small sinusoidal pressure perturbation as is
illustrated in Fig.. The over-tildes denotes the perturbations of the quantities.

5 E‘pol
poloidal
POSITIVE ‘
f
B
NEGATIVE ‘
V]U

______ ISO- POTENTIAL CURVE

ISO- PRESSURE CURVE

Figure 3.1: Illustration of the physical mechanism of the interchange instability.
The ion gradient-B and curvature drift and also the diamagnetic drift are along
the negative poloidal direction. The magnetic field strength decrease with major
radius R. [42]. We can see on the right side of the picture the rotation of the
turbulent structure due to Kelvin-Helmoltz instability. |63]

The gradient-B and curvature drift in the particle description or the dia-
magnetic drift in the fluid description are charge dependent and lead to a vertical/
poloidal charge polarization. It is readily shown that they lead to an electrostat-
ic potential fluctuation which lags the pressure fluctuation by a phase 7/2 [32].
It is also shown in Fig.. As a charge is built up on the sides of the ripple
the electric field develops and changes sign as one goes from trough to crest in
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the ripple. The resulting radial E x B drift is always directed outwards in those
regions where the iso-pressure curve has moved outwards and inwards where the
iso-pressure curve has moved inwards. The net result is a temporal growth of the
initial pressure perturbation and it causes an instability. This instability causes a
positive nonlinear radial transport which ruins the confined plasma equilibrium.
However this situation corresponds only to the LFS of the tokamak where the
magnetic field gradient VB and the equilibrium pressure gradient Vp have same
direction. On the HFS (high-field side) of the tokamak this gradients have oppo-
site directions and the perturbations are stable.

The E x B drift tends to reduce the fluctuation amplitudes that is this has a
stabilizing influence. For a weakly inhomogeneous pressure profile it can even
completely stop the instability.

3.2 Blobs

The interchange instability results in generation of magnetic-field-aligned
turbulent structures called blobs (Fig.(3.2)) in the vicinity of LCFS. Simulta-
neously there are also so called holes, that is low-density and low-temperature
structures moving in opposite direction inwards into the region of central/confined
plasma. The blobs have amplitudes significantly exceeding that of the ambient
plasma and propagate radially outwards from the confined plasma. They results
in a bursty transport events. Such an intermittent SOL transport due to the
coherent plasma structures and corresponding instability mechanism seems to
be a universal phenomenon independent of the details of magnetic field. It was
found not only in the tokamaks [13] but also in stellarators [10], reversed field
pinches |14] (RFX in Italy) and linear devices with no closed field lines and no
curvature [12] (PISCES in USA).

For tokamak boundary plasmas they have a radial size a few centimeters
and radial velocity around one-tenth of the ion sound speed ( (units of km/s) close
to the LCFS. Due to the particle losses along the open magnetic field lines their
radial size, fluctuation amplitudes and radial velocity decay as they propagate
through the SOL. For example in the T-10 tokamak in Moscow the blobs with
1.5 — 2.5 times higher density than the background density was observed. Their
radial velocity was reducing from 1km/s near the LCFS to 0.2km/s at the wall of
the vacuum chamber. Their radial size was also decreasing with radius from 3cm
to 0.5cm. The poloidal velocity directed towards an ion diamagnetic drif velocity
was equal to 1.0 — 1.3km/s and their poloidal size was 2 — 3cm. The blobs was
responsible for more than 50% of the total radial turbulent particle flux. In the
vicinity of the LCFS the relative level of positive fluctuations was decreasing and
the total turbulent flux of the particles was essentially lower than that in the far
SOL. [47] (2004). Thus the intermittent transport due to the blobs defines the
cross-field transport rather than cross-field diffusion.

The radial propagation is for blobs typical and make them different from
for example a large scale vortex structures propagating in poloidal direction with
the local E x B drift velocity and with the relatively long life time of ~ 100us [15].
The edge localized modes (ELMs) seem to share the defining characteristics of the
blobs. During the ELMs substructures in the SOL with sizes of 2 — 5cm, lifetimes
of the order of 20 — 50us, their poloidal and radial transport was observed in
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the ASDEX and JET tokamaks [30]. According to [19] the blob as a filament of
plasma should satisfies four theoretical properties:

- it has a single-peaked density distribution with a peak value much high-
er (typically 2 — 3 times higher) than the surroundings root mean square
fluctuations of the background plasma;

- its variation is much weaker and size much smaller in parallel direction than

in the transverse direction;

- it has a dominant convective E x B velocity component in the direction of
a charge-polarizing force (centrifugal force in tokamaks;

- it has a potential and vorticity (2 = V x vg) with a dipole structure in the
direction transverse to its propagation,

where vg = (E x B)/B? is the E x B drift velocity.
As the blobs move radially towards the wall a Kelvin-Helmholtz instability causes
a rotation of upper and lower (in vertical direction) part of the blob - each in
opposite direction as is illustrated in the right part of the Fig.(3.1]).

The magnetic-field-aligned blobs have been explicitly observed by advanced
imaging techniques [17] [16] in a wide range of confinement states as we can see

in Fig.(3.3) and Fig.(3.4). In Fig.(3.4) we can see for the blobs typical tail left

behind the mushroomlike front.

Wall
/

Plasma Blob

Figure 3.2: Sketch of a blob and
charge polarization mechanism
responsible for the radial trans-
port. |19]

poloidal [cm)]

5 10 15
toroidal [cm]

Figure 3.3: Camera snapshot (exposure
time 6ums) of D, intensity striations
from an emission of a deuterium gas puff
in a toroidal-poloidal cross- section at
the outer midplane. A magnetic field line
is superimposed at the radial position of
maximum D, emission intensity. (Color
online). [17]

The nonlinear evolution and the radial propagation of the blobs were also
demonstrated by numerical simulations. About this there are three next subheads.
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Figure 3.4: Formation and propagation of a blob observed during H-mode with
the gas puff imaging diagnostic. Fach box shows a 24 x 24cm portion of the
edge plasma just above the outer midplane in NSTX tokamak. The inter-frame is
7.0us. The yelow solid line indicates the LCFS position as determined by LRDFIT
equilibrium reconstruction. The dotted line represents the limiter shadow . [16]

3.3 ESEL code

ESEL (ElectroStatic Edge-soL) is 2D (two-dimensional) drift-fluid turbulent
computer code (written at present in programming language C). It has been de-
veloped in the RisgNational Laboratory in Denmark by O.E.Garcia, A.H.Nielsen,
V. Naulin and J. Juul Rasmussen. ESEL is based on interchange and Bellan in-
stability [63] (it is outside the scope of this thesis). It simulate plasma transport
in the SOL at the outboard midplane of a toroidally magnetized plasma. In order
to perform possible long-run simulations producing sufficient data for detailed
statistical analysis it is reduced to 2D and ignores parallel drift wave dynamics
and magnetic shear. It considers only electrostatic perturbations, that is pertur-
bations of electric potential, relevant to the low pressure plasma in the SOL. The
magnetic field is not evolving in time. Parallel transport along open magnetic
field lines acts are included only as simple linear damping terms. It also assumes
cold ions (7; = 0) in some parameters and neglects electron inertia effects, finite
Larmor radius and ion heat dynamics (more precisely the ion temperature equals
in some equation terms nonzero but in some constants it equals zero). But it
retain the fully nonlinear structure of the flow compression terms (derivatives),
which is mandatory for the particle and energy conservation. This allows to de-
scribe the profile evolution and perturbations.

The 2D simulation domain features a region with particle and heat sources
spatially localized in the edge region inside (and close to) the LCFS. The loss-
es are mainly due to the radial motion along the open magnetic field lines in
the SOL outside the LCFS and also due to collisional diffusion. Thus the time-
averaged particle density and temperature radial profiles are peaked in the edge
region inside the LCFS and relatively flat during the whole SOL. The resulting
pressure gradient drives interchange mechanism in the edge region close to the
LCFS, leading to the radial propagation of the blobs from the edge region close
to the LCFS far into the SOL. In the process there are self-sustained sheared
poloidal flows generated. These flows improve the confinement properties of the
system but also lead to intermittent eruptions of hot plasma from the edge region
close to the LCF'S.

Equations of the ESEL code:
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We have a fundamental Boltzmann equation

of

ot

+v-Vf+— (E+'v><B) of = (?}{) (3.1)

where f = f(r,v,t) is the velocity distribution function for particles with charge
q and mass m, 4+ v x B is the electromagnetic force acting on the particles and
(Of /Ot). is the time rate of change of f due to collisions. The symbol V and V,
stands for the gradient in (z,y, z) space and in velocity space that is:

_(9.9 9
S \oz’ oy’ 0z )

o 0 0
Vo=|5-5"15"]"
Ov,” Ovy, Ov,
Now we can multiply the equation (3.1)) by 1 and integrate over dv and obtain
the fluid equation of continuity for particle density n:

88—7;+v V(nu) = (g—?)c, (3.2)

where u is the average or fluid velocity and (On/0t). is the time rate of change
of n due to collisions.

Multiplying the equation by mwv and integrate over dv we can obtain the
fluid equation of motion:

mn(%+u-V)u:nq(E+uxB)—V-?%—R, (3.3)

where ? = pT + ﬁ is the complete pressure tensor for a given particles which
can be divided into diagonal part which represents scalar pressure p and non-
diagonal stress tensor I, 1 is the unit tensor and R is the mean change in the
momentum of the given particles due to collisions with all other particles.

And similarly, multiplying the equation by (1/2)mv? and integrate over dv
we can obtain the energy transport equation:

d /nm nm —
5% (—u2~|—e> +V- <7u2u+eu+ P -u+q) =enE-u+R-u+Q, (34)
where nmu?/2 is the kinetic energy per unit volume, e internal energy per unit
volume, nmu? / 2u macroscopic kinetic energy flux, eu the macroscopic internal

energy flux, P -u total pressure flux which represents work done by the total
pressure forces , ¢ microscopic energy flux or heat flux, enE - u Joule power per
unit volume, R - u represents work done during collisions with all other particles
and () is the power per unit volume generated as a consequence of collisions with
all other particles.

By using , , the equation of state p = nT for scalar pressure p and
equipartition theorem (3/2)nT for internal energy e (temperature 7" is in eV) we
can obtain from the (I have verified it) the heat balance equation:

3 (gt+u V) —nTV-u+ﬁV-u+V-q:Q. (3.5)
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Let’s denote the unit vector along the magnetic field B/B as b. Neglecting the

ﬁ and R in 1} and taking the vector product with b/(gnB) on both sides of
equation (3.3) yields an expression for the fluid drift cross-field velocity:

1 1 0
uL:uE+ud+up:bev¢+qn—Bbep+q%bx (a%—u-V)u, (3.6)

where up is the E x B drift or simply electric drift, u, diamagnetic drift and u,
polarization drift. The polarization drift is a function of total cross-field velocity.
It is treated iteratively and some its lowest order terms are neglected. In the
governing equations of the ESEL code the Bohm normalization is used, that is

the dimensionless quantities marked with line 7 7 are used:
/ n / T, / €¢
n =—, T = ==, = , 3.7
no e TeO qb Teo ( )
B T
B' = —, t' = t.weio, =,
By “ Ps0

where zero subscript indicates typical dimensional values of the quantities, usual-
ly chosen at the LCFS on the outboard midplane (in the ESEL simulations used
in this thesis it indicates values at the LCFS only By means value at the plasma
centre - that is at the minor axis of the plasma ) of the tokamak, and the ion gyro-
frequency w9 = eBy/m; and the hybrid thermal gyro-radius pso = ¢50/weio Tepre-
sents characteristic temporal and spatial scaling of the problem. cyg = /Teo/m;
is the cold ion plasma sound speed.

In the code there are used a slab coordinates (z,y,z) with z along the mag-
netic field. Using the Bohm normalization and substituting the cross-field drift
velocity into fluid equation of continuity for particle density we can
obtain the governing equation for low-frequency (i.e. drift ordered, or with fre-
quency below the ion Larmor frequency) dynamics of plasma density n. Sub-
stituting the cross-field drift velocity into heat balance equation and
using the Bohm normalization we can obtain the second governing equation for
low-frequency dynamics of electron temperature 7,. The heat flux q is used in
the dimensional form as the closed form of the collective cross-field heat flux
q. = (5nT.b x VT.)/(2¢B) [44] . And finally we can rewrite quasineutrality con-
dition V - (J, + J4 — J};) = 0 with using the vorticity definition Q = |V X ug|
and Bohm normalization as the third governing equation for low-frequency dy-
namics of plasma electric potential ¢. The quasineutrality condition follows from
the (3.2)) multiplying by charge ¢ and considering the total charge density equals
zero and expresses the balance of density of parallel electric current J)|, density
of diamagnetic electric current J; and density of polarization electric current J,.
The equations are simplified using the drift approximation (i.e. averaging over
ion Larmor orbits). So we have three reduced fluid equations for low-frequency
dynamics of three quantities n, T,, ¢. Here they are [45]:

d ! !
d—’z, + O — C'(W'T!) = D), V' — 1, (3.8)

[l
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where the operators marked with line are operators in slab dimensionless
coordinates (z’,y’,2’). The vorticity €', the advective derivative d/dt#’ and the
curvature operator C’ due to the non-uniform magnetic field B’ are, respectively,
defined by

= V¢
d 0 , , 0 1 ,
E—%—f—ue'v %—i——ZXngﬁV
1 o + pso’
1y 0T PO
BT R
o P O
Roay'.

Ry is major radius and ry is minor radius. For dimensional operators and quan-
tities it stands Q = V%¢/B, B(r) = By/(1 + rcosf/Ry) (r and 6 are polar
coordinates in the minor cross-section ), d/dt = 9/0t +u. -V, C =V(1/B) -b x
V+(1/B)V xb-V.

The terms on the right-hand side of three governing equations ({3.8§] . -
represents dissipation as a result of perpendlcular collisional dlffuswn D\ NV"%d
and parallel losses to the divertor targets a'/7), (with a'= n', T/, V', and a=n,
T., Q) |45]:

D/ . DJJ’I / . DLTe D . DLQ
iln — 2 ) 1T, — 2 ) 1Q — 9 )
PsoWeio ¢ Psoteid PsoWeio

/ — . / — . / — .
THn = T||n-Wcio, 7-||T€ = T||T.-Wci0s THQ = T||-Wcio-

D,,, D1, D, q are neoclassical Pfirsch-Schliiter perpendicular collisional
diffusion coefficients for particles, electron heat and momentum respectively. 7,,
7||1., T)|o are the corresponding parallel loss times. The relations for their compu-
tation are shown in [45].

The density n and electron temperature T, are in the SOL damped to a constant
background level which is by definition unity in the nondimensional ESEL model.
On the other hand, the vorticity is damped to zero because there is no vorticity
source.

The terms in the equations ,, have in the dimensional form this
meaning:

C(¢) =V ug, C(p)=C(nT.)=V-Jg, Qxb-V3¢, dQ/dt = —(BV-J,)/nm,
C(T.) = 2V -q.)/(5nT.) + (b Vi x VT.)/(nB).

The parallel terms are apparently the weakest point of the ESEL and recent-
ly there has been a lot of effort to develop some more sophisticated model of par-
allel transport. Recently, about 2012, J. Seidl in Prague in Czech Republic added
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one extra (sheath dissipation) term on the right-hand side of the equation (3.10)).
With this change the governing equation of the ESEL code for low-frequency
dynamics of plasma electric potential ¢ looks like this:

dgy’ 94 1 Ly /
T C'(n'T)) = D' o,V — % + %m [1 — exp (a - %)} , (3.11)

where « is the coefficient for the floating potential from the equation [1.57
for 6 = 1 which is ~ 2.8 for T, = T; , M), = v)|/c; is the parallel Mach number
as the ratio of the parallel flow velocity v and the warm (7; # 0) ion sound
speed c¢s. In most simulations presented in this thesis is the ratio T; /T, = Ty /Tvo-
Sometimes T; = Tjy. Ljq is the parallel connection length for SOL between mid-
plane and divertor and L, is the parallel connection length for SOL between one
divertor and second divertor. This last term on the right-hand side of has
in the dimensional form meaning of the average over the parallel direction with a
connection length Ly, of the divergence of the parallel electric current (V- J)) ~
b- V) = (V(enc,[l — exp(=eVia/Toa)])) = (encs/Lyn)[L — exp(—ea/Tea)),
where ¢ is the warm (7; # 0) ion sound speed, T.q =~ T, is the electron tempera-
ture in vicinity of the divertor and —Vy; = ¢ — a(T./e) is the floating potential
on the divertor (compare it with (2.5])).

The computational domain is illustrated in Fig.. It forms a 2D box
whose sides have an extent zj .  in radial 2’ direction and y; . in poloidal gy’
direction. It is about hundred of ps. This box simulate SOL plasma in the neigh-
bourhood of the outer midplane. For the poloidal direction periodic boundary
conditions are invoked that is a/(2',0,t") = d'(2/, ¢ 0, t'), Y € (0520 ,.) (with
a'=n’, T!, ¢, ). In order to control the collective and collisional fluxes of
particles and heat through the radial boundaries there are also radial bound-
ary conditions for da’/0z’ (Neumann boundary conditions) and for a’ (Dirichlet
boundary conditions) that is the values da’(0)/0x', 0d’(2),,,)/0x', a'(0), o' (x,,.)
which are generally different for different simulations. For the vorticity Q' there
are a stress-free boundary conditions used in most of simulations used in this
thesis (their meaning is outside the scope of this thesis).

The computational domain consists from the edge area (z € (0;2,,.)) repre-
senting the central plasma, the SOL area (r € (g4} T50r)) representing the
SOL plasma and the wall shadow area (x € (x§gp; T, ) Tepresenting the plasma
outside a midplane wall major radius (Fig.). The definition of the computa-
tional domain is nz x ny (in most simulations used in this thesis it is 948 x 512).
Each 5000th time step dt’ are data storaged in all this nxz x ny points and we
can create figure as Fig.. Each 10th time step are data poloidally averaged
in radial locations representing a model probes (the black dots in Fig.(3.5)) and

put into the ESEL output.

The demonstration video of the ESEL simulation matching the TCV toka-
mak plasma is on CD enclosed with this diploma thesis (provided by courtesy of

J. Seidl).
For the ESEL the single-point probability distribution function (PDF) with
increasingly non-Gaussian form and developing exponential tails at movement
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Figure 3.5: The 2D computational domain of the ESEL simulation with job num-
ber 438 (it will be used in chapter 4). The black dots represents the locations of
the model probes which I used. We can also clearly see the blobs simulated by
the ESEL.

from the LCFS further to the SOL [48] [44] and asymmetric conditional wave
forms with a steep front and trailing wake are typical [44]. The conditional aver-
aged wave forms or shortly CAV are averages of many time signals corresponding

with the blob crossings through a certain location. It will be verified in the next
chapter [

3.4 Time development of comparisons between
ESEL and experiment

In this thesis the experimental data measured by the fast reciprocating
probes in the tokamaks ASDEX Upgrade and COMPASS and the output data
of the code ESEL are compared. In the past the similar comparisons was made.
From the comparisons for tokamak JET there was conclusion that the SOL ra-
dial transport in JET ohmic plasma is dominated by electrostatic interchange
turbulence characterized by radially propagating blobs [39] (2006). Another com-
parisons was made for tokamak TCV [42] in 2006, for tokamak TEXTOR [40] in
2011 or for tokamak MAST [41] in 2012. Also a comparisons for tokamak ASDEX
Upgrade was made, the last by P. Vondracek in his diploma thesis [43] in 2011
and 2012. In the meantime the ESEL from Danish group (in the RispNational
Laboratory in Denmark) was used. Except the Danish group the ESEL is devel-
oped also by J. Seidl in Prague. From him the newest attempts for improvement
of the ESEL was made and they are analysed in this thesis.

. Initially the ESEL was used by Danish group for comparisons between it
and the tokamak TCV in Switzerland for the plasma with high collisionality
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and it was very successful. The fluctuations of density in the ESEL was in
good agreement with experiment data from Langmuir probes (Fig. and

Fig. - year 2006.
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Figure 3.6: Radial variation of average (a) particle density normalized to the
separatrix value and (b) relative density fluctuations from probe reciprocations
at high particle density in TC'V, compared with results from the ESEL matching
the SOL conditions during this probe reciprocations. The broken line in (a) shows
exponential fit to the experimental data points. [46]
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Figure 3.7: Radial variation of (a) average particle flux normalized to its acoustic
value at the separatrix position and (b) the conditionally averaged wave forms
at the wall radius from probe reciprocations at high particle density in TCV,
compared with results from the ESEL matching the SOL conditions during this
probe reciprocations. The conditionally average is taken over all particle density
bursts exceeding 2.5 times the standard deviation. [46]

Also other quantitative good agreements of ESEL output with experimen-
tal data from Langmuir probes in tokamak TCV was observed concerning
mainly density fluctuations and particle cross-field transport [49-51].

. Then the Danish group made comparisons between ESEL and the toka-
mak ASDEX Upgrade in Germany. The tokamak ASDEX Upgrade is more
ITER relevant than TCV and his plasma has higher temperature and there-
fore lower collisionality than TCV. In this tokamak also temperature and
potential was measured with high spatial (2 — 4mm) and temporal (1us)
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resolution using except Langmuir probes also ball-pen probes. Then it was
compared to ESEL simulation and there was big discrepancies. The radial
profile of averaged density in the ESEL was too flat contrary to the exper-
imental profile. The radial profile of averaged electric potential from the
ESEL was also very different from the experimental profile. The averaged
relative temperature and electric potential fluctuations in the ESEL was
too large as we can see in one ESEL simulation with the job number 137 in

Fig[3.§)- year 2011.
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Figure 3.8: Radial variation of average (left) particle density, temperature and
electric potential and (right) relative density, temperature and electric poten-
tial fluctuations from probe reciprocations in ASDEX Upgrade (dotted lines),
compared with results from the ESEL simulation with number 137 (solid lines)
matching the SOL conditions during this probe reciprocations.

. It was necessary to develop the ESEL further. Those days around year 2011
J. Seidl suggested the last term on the right-hand side of the equation .
The new simulations around year 2012 with this extra term was created by
the Danish group. For example we can see the results from a simulation with
job number 002 in Fig[3.9 The radial profil of average electric potential was
finally in agreement with the ASDEX data and also the radial profil of
average particle density was more consistent with the ASDEX data. But
the average relative density, temperature and electric potential fluctuations
was even larger than those in previous simulations.

. Then in 2012 I began to compare the ESEL and ASDEX Upgrade data.
I began to investigate a possibilities of interpretations of the experimental
data with the help of the interchange turbulence paradigm in ESEL. As will
be discussed in the next chapter, after a small change in approximation of
the last extra term on the right side of equation [3.11] a simulations with
job number 051 and 050 was created. The last sheath dissipation term in

(3.11)) had still linear form.

. In 2013 J. Seidl in Czech Republic undertook the improvement of the ES-
EL. He created ESEL simulations matching the ASDEX Upgrade plasma
with job numbers 338, 438, 448, 462, 505, 546, 557, 655, 656, 665, 675, 771
and 772 (and many others). The last sheath dissipation term in had
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Figure 3.9: Radial variation of average (a) particle density, temperature and elec-
tric potential and (b) relative density, temperature and electric potential fluctu-
ations from probe reciprocations in ASDEX Upgrade (dotted lines), compared
with results from the ESEL simulation with number 002 (solid lines) matching
the SOL conditions during this probe reciprocations. [43]

exponential form. Finally he created ESEL simulation matching the COM-
PASS plasma with job number 6092_2.58 (and many others). The number
6092 is the number of the corresponding charge in the tokamak COMPAS
which was used for comparison. The results are presented in the next two
chapters.

3.5 Other codes

During 2008 an 2D extend version of the ESEL model with name BESEL

has been developed [20]. It his version the electron pressure instead of electron
temperature is used as dependent variable, to ensure energy conservation (in the
ESEL the energy is not well conserved). Another 2D extend version of the ESEL
is GESEL which use a gyrofluid approach (finite Larmor radius) instead of fluid
approach.
There is also 3D extension of the ESEL with name DiESEL [20]. DiESEL solves
interchange model in 3D toroidal geometry with tokamak like magnetic field.
Toroidal direction is divided into a number of drift planes. On each drift plane
the equations are solved on a disk domain and communicate parallel with the
nearest drift planes the ion sound speed ¢, for the density equation and the Alfvén
speed v4 for the vorticity equation. The DiESEL treats mainly the simple parallel
dynamics and boundary conditions used in the ESEL. There is also possibility to
join ESEL with 1D model SOLF1D [21] from which the information about ion
temperature and parallel dynamics can be obtained.

In the next Table the comparisons between some SOL turbulence codes
and experimental data relevant to blobs are summarized. (Aditya is medium size
tokamak in India. DITI-D, NSTX and C-Mod are tokamaks in USA.)

Generally two-dimensional (2D) simulations often rely on the thin layer ap-
proximation and assumed a local turbulence drive within the SOL. But they can
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2D codes ESEL ESEL ESEL FDET SOLT —

Experiment ASDEX-| JET TCV Aditya | NSTX Helimak
Upgrade

Fluctuation levels V V Vi Vv

Turbulent spectra Vv

Correlation  times | y/ V vV

or lengths

PDFs, Skewness V Vi Vv Vv

2D imaging Vv Vv vV

Radial profiles V vV Vi vV Vi

Blob properties V Vv vV

References [34], [45], [42], | [22] [23], | [25]
[43] [39] [49], [46] [24]

3D codes BOUT | BOUT |BOUT |BOUT | NLET GEMR

Experiment DIII-D | C-Mod | NSTX MAST C-Mod | C-Mod

Fluctuation levels Vv V vV vV

Turbulent spectra V Vi vV

Correlation  times vV vV Vv V

or lengths

PDFs, Skewness V

2D imaging V Vi

Radial profiles V

Blob properties V vV Vi N

Parallel mode Vv Vv

structure

References [26] [26], | [26] [36] [29], | [27]

/5], B7 £s

Table 3.1: Comparisons of SOL simulations and experimental data. A sign ”y/”
means that indicated comparison was attempted (not necessarily with good agree-

ment). Comparisons were both qualitative and quantitative. |19] (modified)
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be run over a wide range to identify physical trends and obtain optimal com-
parisons with data. Three-dimensional (3D) simulations usually assume frozen
profiles, are time-consuming and are not easy controllable for long integration
times in order to make advanced statistical analysis.
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4. Comparison: ASDEX vs ESEL

4.1 ASDEX Upgrade data and their processing

The experimental data from the ASDEX Upgrade used in this thesis were
measured in 2009. They were used in [34] and but here in this thesis they
are processed again using some more general assumption (for example ion tem-
perature is different from electron temperature as will be discussed later). When
measuring there was obtained a high enough spatial (2 — 4 mm) and temporal
(1 us) resolution of temperature to observe details of individual turbulence struc-
tures (blobs). The plasma potential ¢, was measured almost directly by using
ball-pen probes. The measurements were made in the SOL on the low field side
(LFS) around the outboard midplane of the tokamak vessel (median plane with
cylindrical coordinate z = 0) where the plasma pressure gradient is larger than
toroidal magnetic field gradient and the plasma is very unstable. In this part
of the tokamak plasma the ESEL simulates the plasma transport thus we can
compare it. The experiment was performed using the reciprocating horizontal
manipulator located just above (z = 0.3125m ) the LFS midplane in the SOL of
ASDEX Upgrade. The probe head with a 6cm diameter mounted on the end of
the manipulator contained 4 Langmuir probes and 4 ball-pen probes. They are
labeled as LP1, LP2, LP3, LP4, BPP1, BPP2, BPP3, BPP4. It is illustrated in

Fig 1]

BPPO, float BPP1, float BPP2, float BPP3, float
h=-1mm h=-1mm h=-1mm h=-2mm

LLP3, ij :
OOHOH® -
P2 ey =k
4

10 (mm)

LP1 (1 mm),swept
LP2 (1 mm), float

LP3 (1.5 mm), swept . :
LP4 (1 mm), float graphite shield

22¢ 200 (b)

(a)° 118 182 188

Figure 4.1: (a) Plasma geometry of the ASDEX Upgrade tokamak. The recipro-
cating probe reaches the LCFS above the LFS midplane z = 0.3125m . (b) A
photograph of the reciprocating probe head with 4 Langmuir pins (LPs) and 4
ball-pen probes (BPPs). The vertical axis of the image corresponds to the parallel
direction in the tokamak and the horizontal axis of the image corresponds to the
poloidal direction in the tokamak.

The ball-pen probes consisted of stainless steel collectors and of boron ni-
tride shielding tubes. The diameter of collectors was 4mm and the interior di-
ameter of shielding tubes was 6mm. The Langmuir probes was made of graphite
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pins with 0.9mm diameter. In poloidal direction none of the probes shielded an-
other. The BPPs and LPs are located in different radial position. It is good due
to inclination of the magnetic flux surface with respect to the probe head surface
~ 12°. All probes except for LP1 and LP3 were connected as floating. LP3 was
swept (connected on changeable voltage ) to measure the I-V characteristic and
LP1 was set to measure the ion saturation current I . The time resolution of
the measurements was limited only by the sampling frequency of the data ac-
quisition system which was 2MHz. The analysed data come from the discharge
#24349, with a reproducibility verified in data from the discharge #24348. The
measurements were performed during the radial motion of the manipulator un-
der this conditions :deuterium plasma, L-mode with the neutral beam injection
(NBI) power of ~ IMW, the plasma current ~ 800kA, the line averaged density
~ 3-10"m™3, and the toroidal magnetic field ~ 2.5T in the plasma centre and
~ 1.9T in the SOL.

The data from the probes LP1, LP2, BPP1, BPP2 were used. The next
values of the potentials and temperature are in V and eV respectively.
BPP1 was floating and it measured

VBPPL o gBPPL _ ¢ o (4.1)
f ~ D . e . .
BPP2 was floating and it measured
VBPP2 ~ ¢BPP2 -0 6T€BPP2 (4 2)
f ~~ p . e . .

LP1 was biased sufficiently negatively (with less than —100V") to measure the I;;.
LP2 was floating and it measured

LP2

T,
Vi m grt? — a=t—,. (4.3)

VfBPPl, VfBPPQ, VP2 is the floating potential of the probe BPP1, BPP2 and LP2
respectively, o7 PP ¢LP2 is the plasma potential in vicinity of the BPP1,
BPP2 and LP2 respectively and TBPPL TBPP2Z TLP2 ig the electron temperature
in the vicinity of the BPP1, BPP2 and LP2 respectively. The coefficient a (in
the equation (1.57))) equals ~ 2.8 for T;/T. = 1. But the ratio of the ion and
electron temperature 7;/7T, decays in the SOL exponentially from ~ 10 to ~ 5
as it follows from results in [55] or |62]. Subsequently the o can be equal only
~ 2 - for T;/T. ~ 10. It was used the main value of the temperature ratio as
T;/T. = 2, because for such value was ESEL simulations running, and range of
the ratio from T; /T, = 1 to T;/T. = 10 was used for calculation of an uncertainty
of the coefficient «.

The plasma potential ¢, (in V), the electron temperature 7. (in eV) and the
electron density n. (in m™3) were calculated as following:

BPP1 L.P2
Vit Vi)

a—06
since (¢)P"! — ¢pF?) ~ 0 and TMF? ~ TPPPD =~ TPPPIIP2 ) gee Fig. (b).

T eBppl_L%? is the electron temperature in the area between the probes BPP1
and LP2.

TBPP1-LP2 _ (
&

(4.4)
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(VfBPP2 _ VfLPQ)

TBPP2-LP2 _ A5
¢ a—0.6 ’ (45)
since ( EPPQ — ¢i"?) = 0 and T["? ~ TPPP? =~ TPPP27EP2 ) see Fig. (b).
TBPP2-LP2 ig the electron temperature in the area between the probes BPP2

and LP2.

TBPP1-LP2 | TBPP2-LP2
T, = =< i , (4.6)
2
L 13-10"¥m=3v/2 I;

ne = nt = ngv/2 A mV2 (4.7)

VLT, 0.014 VI.+ T,

where 13-10'®*m =3 is the calibration factor (in units m=?(eV)/2) for electron
density acquired by lithium beam diagnostic measurement at the deepest location
reached by the probe head. The electron temperature value at this point assumed
equal to ion temperature at LCFS needed for its calculation was calculated from
probes signals. At this location the I3 was [;; = 0.014A. As it was found out
later the deepest location of the probe head was immediate vicinity of the LCFS

BPP1 BPP2
Vit

= 4.8
¢p 2 ( )
It would be better define ¢, as
\/BPPL | 1/BPP2 TBPP1 | TBPP2
<¢p _ . L 10.6=¢ ;e e :

It was used the main value of the temperature ratio as 7;/T., = 2, because for
such value was ESEL simulations running, and range of the ratio from 7; /7T, = 1
to T;/T. = 10 was used for calculation of an uncertainty of the coefficient . but
TBPPL and TBPP? were not known. The consequences of this simplification are
specifically commented in the [34]. Small frequencies originating from the back-
ground were identified and removed from the signal.

During the discharge #24349 the motion of the probe head lasted for
174.8ms (it is about the time the used data was measured). This time corresponds
to the movement from the radial position 73.1066mm from the LCFS to the radial
position —0.3308mm from the LCFS (0.3308mm behind LCFS) and back to the
radial position 74.1788mm from the LCFS. During the discharge #24348 the total
time of the movement was 168.2ms, the starting position 78.6515mm, the deep-
est position 6.3118mm and the ending position 80.3593mm. This motion and the
data from the probes LP1, LP2, BPP1, BPP2 for discharge #24349 are shown in
Fig.(4.2)). For the discharge #24348 it is similar. The data from the probes LP1,
LP2, BPP1, BPP2 and also the locations of the probe head with respect to the
LCFS and appropriate record times were divided into 60 sets each corresponding
to a time interval 2.9ms for the discharge #24349 and 2.8ms for the discharge
#24348. This time intervals are short enough to treat probes as steady because
they corresponds to the radial probe motion less than 2.9mm/ 2.8mm (second
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is for the discharge #24348 ) which is much shorter than the typical scrape off
thickness (1.9). This sets contains 5826/5610 values that is sufficient for basic
statistic. It was verified ( [34]) that the choice of this time intervals influences
only the values in the wall shadow beyond 50mm from LCFS, where the ratio sig-
nal/noise is too small. For each of these 60 sets the average location of the probe
head and the average record time were calculated (red crosses in the Fig.(4.2)).
Also a statistical moments (mainly arithmetic mean and relative deviation) of
each measured quantity for each of these 60 sets were calculated. These 60 values
at appropriate 60 positions represent as 60 time average values measured by a fic-
tiv It was used the main value of the temperature ratio as T; /T, = 2, because for
such value was ESEL simulations running, and range of the ratio from T;/T, = 1
to T;/T. = 10 was used for calculation of an uncertainty of the coefficient «.e
steady probes deployed in the SOL. The temporal average position of the LCFS
was first determined from the EFIT (Equilibrium fitting code). Then I shifted it
(because the EFIT is generally not very reliable) about lem deeper according to
a comparison between experimental and model (ESEL) radial profile of plasma
potential.
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Figure 4.2: Temporal evolution of the data from the probes LP1, LP2, BPPI,
BPP2 (left vertical axis) and the probe head motion with respect to the LCFS
(right vertical axis) during the probe head reciprocation in discharge #24349 in
ASDEX Upgrade. The red crosses mark the average probe head location and
record time of the 60 used data sets.

From these 60 time sets of data the radial profiles of mean [(a)](r), radi-
al profiles of relative fluctuations [oa/(a)](r), relative profiles of mean divided
by negative radial derivative of mean A(r) = —[(a)/(d(a))/dr]|(r), conditionally
averaged waveforms (CAVs) and probability density functions (PDFs) were cal-
culated. Where a = n, T, or ¢ and ( ) means time average over 5826/5610 values
for each of 60 radial positions. It was calculated for three quantities : plasma den-
sity, electron temperature and plasma potential. The program Matlab was used.
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The functions [(a)|(r), [ca/{a)](r) and A(r) = —[{a)/(d{(a))/dr|(r) were
computed directly from 60 arithmetic means and relative deviations for each ra-
dial position. The derivative in computing of A(r) was computed numerically in
each of 59 radial position only from a two It was used the main value of the
temperature ratio as T;/7T, = 2, because for such value was ESEL simulations
running, and range of the ratio from 7;/T, = 1 to T;/T, = 10 was used for calcu-
lation of an uncertainty of the coefficient «. neighbouring values.

PDFs in this thesis describes the relative likelihood for random variable [a(t) —
(a(t))]/oa(t) to take on a given value. The time ¢ is the time of the one from 60
probe head motion sections (it was calculated for any of the 60 radial positions).

CAVs
The conditionally averaged waveforms describe a typical behaviour of a = n, T,
or ¢ as the blob passes across the probe head. They are average of these little
pieces of the function a(t) when a blob is very probably on the probe head. The
time ¢ is again as in the case of the PDFs the time of the one from 60 probe
head motion sections (it was again calculated for any one of the 60 radial po-
sitions ). That ’very probably’ is however difficult to determine. In this thesis
these events were triggered (determined) by large peaks on I;;. For time event
when [;5(t) > (l;s(t)) + ol;s(t) in a sufficiently wide time interval (as is shown
in Fig.(d.3)), the time data a(t) around this event was extracted and averaged.
CAVs (let’s denote it CAV(dt) where 2dt is time interval over which the time
data was averaged) obtained in such a way are normalized to mean value and
standard deviation in this thesis (that is [CAV(dt) — (a(2dt))]/ca(2dt) ).
Two successive (blob-like) events also had to be separated by at last 1 autocor-
relation time 7, of I;5(t) to distinguish individual blobs.
A sufficiently wide time interval satisfying the condition I;5(t) > (L;5(t)) + o1;s(%)
was used as 1/47, to avoid false signals.
The autocorrelation time 7. of [;5(t) in certain averaged radial probe head loca-
tion was determined as time lag for which the cross-correlation function of 7;4(t)
decreases on 1/e its maximum value (for zero time lag).

4.2 ESEL data and their processing

The two simulations from Danish group and the more than 13 simulations
from J. Seidl in Prague was processed . The Danish simulations has time series
of the density, electron temperature and plasma potential in hdf5 (hierarchical
data format) files and the remaining have it in text files. Both have also as output
2D matrices of density, electron temperature and plasma potential (or vorticity)
and they were used only to create a video in CD enclosed with this diploma thesis .

The most important output data were time series of the dimensionless densi-
ty, electron temperature and plasma potential values that was gained by poloidal
averaging (over the computing area shown in Fig.) in a certain number of
radial locations representing a model probes (the black dots in Fig.) In most
of the simulations there was 30 radial locations representing a 30 model probes.
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Figure 4.3: The I, as function of time at position around 25mm from LCFS. The
yellow colour marks the peak satisfying the condition I;5(t) > (I;s(t)) + o l;s(t) in
a time interval greater than 1/4 of the autocorrelation time 7. of I;s(t).

For each radial location the data was poloidally averaged and written to the out-
put text file each 10th time step of the ESEL. So we had a time data sets for
each from 30 radial locations similarly as in the case of the experimental data.
It was only needed to multiply it with appropriate ESEL parameters in order to
obtain the corresponding dimensional values. Further the data were processed in
a similar manner as in the case of the experimental data. That is the [(a)](r),
loa/(a)](r) and A(r) = —[{a)/(d(a))/dr](r) (@ = n, T, or ¢), CAVs and PDFs
were calculated using by the program Matlab .

4.3 Comparison and discussion

We examined 15 different ESEL turbulence simulations matching ASDEX Up-
grade tokamak plasma during the discharge #24349 (or #24348). First 2 simu-
lations considers the last term in in linear form (slower changes of plasma
potential). They come from Danish group. Remaining 13 simulations had this
term in exponential form (faster changes of plasma potential). They come from
J. Seidl and they result from changing mainly the boundary conditions, neoclas-
sical Pfirsch-Schliter perpendicular collisional diffusion coefficient for particles
D'}, and parallel loss time for particles 7. The impact on the ESEL dynamic
was observed and discussed [4.3.1] and some more general conclusions was claimed
4.3.2

For clarity in the next results A(r) is not shown, it can be derived from
[(a)](r). A(r) however gave us a valuable information. Also for clarity only the
data from the discharge #24349 are shown - they are labeled ”ASDEX9” in fig-
ures. The data from the discharge #24348 (same conditions as in the case of
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the discharge #24349 ) are not shown because they are very similar to the data
from the discharge #24349. They served mainly for verification of data from the
discharge #24349.

The comparison results are shown on the figures. The experimental data as
well as the ESEL data were computed for the ratio T;/T, = 2. The error bars
in the figures of radial profiles of means represent the range of the ratio from
T;/T. =1 to T;/T. = 10. When comparing the ESEL and experiment I used the
words as "good” and "bad”, they are in meaning in comparison with experiment.
The ”good” means more in agreement with experiment and the "bad” means less
in agreement with experiment. In the figures the first (from the left) vertical black
dash line represents the LCFS and the second vertical black dash line represent
the boundary between SOL and wall shadow. It is important to note that the
plasma potential in the ESEL can be shifted by the constant that is there is not
zero level of the electric potential energy. Therefore we can shift the radial profiles
of means up or down. We can also add to it some of its derivative with respect to
radial distance. It is because of absence a zero or first derivative (with respect to
the space coordinates) of the plasma potential ¢ in the ESEL governing equations
8.3 It is also important to note that the CAVs in this and next chapter are not
compared in the completely same locations in the SOL plasma. I verified the same
conclusions we can say about the compared CAVs in more closer locations in the
SOL plasma. In the figures the following labels were used:

o LE — Left Edge of the ESEl computation domain, e.g. ¢'(LE) is the value
of the plasma potential on the left edge of the ESEL computation domain;

e ASDEX9 — the data obtained from the probes during the discharge #24349;

e Doppler9 — the data obtained from the Doppler reflectometer during the
discharge #24349;

e Thomson — the data obtained from the Thomson scattering during the
discharge #24349;

e Thomson-fit — the fit of the Thomson scattering data;

e ASDEX9-gaussfit - the gaussian fit of the PDFs calculated from the AS-
DEX9 data

e F,(LE) means dimensionless E/(LE).
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4.3.1 Changing of the ESEL boundary conditions or pa-
rameters

In each of the following sections one or two important changes are present-
ed and the corresponding simulations are described (I chose only a few essential
parameters and boundary conditions). The all simulations match the ASDEX
Upgrade tokamak plasma. For each change in the ESEL code it is shown for clar-
ity only more significant impact on the ESEL dynamic.

Change of the form of the sheath dissipation (3.11]) term from linear to exponential
The 3 simulations were used. They are labeled ”lin.” | "lin., average” and ”¢/(LE) =
—40”.

- 7lin.” is the Danish simulation with job number 050. It has the sheet dissi-
pation term in (3.11)) in this linear form

A Ly [
T M) 12L1 0 LT ’

and the following parameters and boundary conditions: T,y = T;y = 30eV,
no = 1.5-10%m™3, M =1, E/(LE) = d¢'/dz'(LE) = 0, '(LE) = 2,
T!(LE) = 2.

- 7lin., average” is also the Danish simulation with job number 051. It has
the sheet dissipation term in (3.11)) in this averaged linear form

2]

T M) 2Ljm
where () means average over the parallel direction 3’ of the ESEL compu-
tational domain, and the following parameters and boundary conditions:
Ty = Ty = 30eV, ng = 1.5 - 10m=3, M, =1, E(LE) =0, n/(LE) = 2,
T!(LE) = 2.

- 7¢/(LE) = —40” is the Prague simulation with job number 438. It has
the sheet dissipation term in exponential form as we can see in (the
last term) and the all following simulations in this chapter are also Prague
simulations with exponential form of the sheath dissipation term shown
in (3.11). It has the following parameters and boundary conditions: T,y =
30eV, T;p = 60eV, ng = 1.25-10"m™=? | M}, = 0.5, ¢/(LE) = —40, n/(LE) =
1.75, T{(LE) = 13.5, D', is multiplied by factor 2, 1/7/,, is multiplied by
factor 1.

e [(n)](r) is still too flat (in comparison with experiment);

o [(T,)](r) is slightly worse, but still good enough;

o [(#)](r) is better, almost as in experiment;
e [on/(n)](r) is better;
o [0T./(T.)](r) is still bad;
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Radial profiles of time and poloidal means
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Figure 4.4: The radial profiles of the mean density. The simulations labeled ”lin.”
and ”lin., average” have linear form of the sheath dissipation term and the sim-
ulation labeled "¢/(LE) = —40” has exponential form of the sheath dissipation
term.

e [0o/(®)](r) is still bad;
e CAVs of n and T, remains relatively good;

e CAVs of ¢ are much better;

In the case of the CAVs of electron temperature 7, and plasma potential
¢ however we can not pronounce a decisive conclusion, because the ex-
perimental results obtained from the discharge #24349 (or #24348) are
probably wrong (CAVs of electron temperature have a negative peak
and CAV of plasma potential has one positive and one negative peak in the
area far from the LCFS . This problem, mainly about CAVs of the T, is
discussed in [42] where the same experimental data were used. The CAVs of
the T, should surely have a positive peak. And the experimental CAV of the
¢ (as show ESEL provided that there is the sheath dissipation term) should
have according to us also a one positive peak without negative peak. This
view is substantiated by other experimental results from ASDEX Upgrade
tokamak as we can see in [64].

e PDEFs of n are better, mainly far from the LCFS;

e PDFs of T, and ¢ are still relatively good, mainly far from the LCFS.

The Change of the form of the sheath dissipation term from linear to ex-
ponential produces better results without worse results. Therefore further in this
chapter only Prague simulations with exponential form of the sheath dissipation
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Figure 4.5: The radial profiles of the relative density fluctuations.

term are shown.
Changes of ¢/(LE) and T)(LE))

The 6 simulations were used. They are labeled "¢/(LE) = —40/T.(LE) =
13.57, "¢/(LE) = —36/T/(LE) = 13.5", "¢/(LE) = —40/T'(LE) = 20" and
"¢ (LE) = —36/T.(LE) = 20”.

- "¢/(LE) = —40/T.(LE) = 13.5” is the simulation ¢'(LE) = —40 with job
number 438 described above. It has the following parameters and boundary
conditions: T,y = 30eV, T;p = 60eV, ny = 1.25-10”m™* | M) = 0.5,
¢'(LE) = —40, n/(LE) = 1.75, T/(LFE) = 13.5, D' ,, is multiplied by factor
2, 1/7'|’|n is multiplied by factor 1.

- "¢/(LE) = —=36/T.(LE) = 13.5” is the Prague simulation with job number
338. It has the following parameters and boundary conditions: T,y = 30eV,
Ty = 60eV, ng = 1.25-10"m™? | M| = 0.5, ¢/(LE) = =36, n/(LE) = 1.75,
T!/(LE) = 13.5, D', is multiplied by factor 2, 1/ T|’|n is multiplied by factor
1.

- "¢/(LE) = —40/T.(LE) = 20” is the Prague simulation with job number
462. It has the following parameters and boundary conditions: T,y = 30eV,
Ty = 60eV, ng = 1.25-10¥m=3 | M, = 0.5, ¢/(LE) = —40, n/(LE) = 1.75,
T:(LE) = 20, D', is multiplied by factor 2, 1/7/,, is multiplied by factor 1.

- "¢/(LE) = —40/T.(LE) = 20” is the Prague simulation with job number
448. Tt has the following parameters and boundary conditions: T,y = 30eV,
Ty = 60eV, ng = 1.25-10"m=? , M} = 0.5, ¢/(LE) = =36, n/(LE) = 1.75,
T!(LE) = 20, D' ,, is multiplied by factor 2, 1/ 7-|"n is multiplied by factor 1.
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Figure 4.6: Conditional average (CAV) of the plasma potential ¢ computed near
the LCFS (left) and far from the LCFS (right). Far from the LCFS has experi-
mental CAV one negative and one positive peak, but model CAV has only one

positive peak.
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Figure 4.7: Conditional average (CAV) of the electron temperature T, computed

near the LCFS (left) and far from the LCFES (right). Far from the LCFS has

experimental CAV one negative peak, but model CAV has one positive peak.

These changes of ¢'(LE) and T!(LE) was too small to observe a significant
impact on the ESEL dynamic. However we can see a trend in the drop of the

radial density profile if the ¢/(LE) increase
But one change, the change of T/(LE) at E/(LE = 1.25 had a significant

impact on the ESEL dynamic. For this change the 2 simulations were used. They
are labeled "T!(LE) = 13.5” and "T/(LE) = 20".

- "T/(LE) = 13.5” is the Prague simulation with job number 505. It has the
following parameters and boundary conditions: T,y = 30eV, Ty = 60eV,
np = 1.25-10m=3 | M| = 0.5, E(LE) = 1.25, n'(LE) = 1.75, T/(LE) =
13.5, D', is multiplied by factor 2, 1/ 7"/|n is multiplied by factor 1.

- "T)(LE) = 20” is the Prague simulation with job number 557. It has the
following parameters and boundary conditions: T,y = 30eV, T;y = 60eV,

ng = 1.25-10°m=3 | M = 0.5, E.(LE) = 1.25, n/(LE) = 1.75, T/(LE) =
20, D', is multiplied by factor 2, 1/7,, is multiplied by factor 1.

The increase in T (LE) results in the following:
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Figure 4.8: PDF of the density n calculated near the LCFS (left) and far from
the LCFS (right). The exponential form of the sheath dissipation term results
in good agreement with experiment in the location far from the LCFS.

-3 -2

o o o

0
10 ¢

C":'I_| [

= N S
SE ...........

Q L -

:. 1

= ASDEX9 ARETEE e OGN ]

A —0'(LE)=-40/T" (LE)=13.5
c ; e

Vv

10" _¢'(LE)=-36 /T (LE)=13.5 ~ |
O(LE)=-40/T (LE)=20
—¢'(LE) = - 36 / T"_(LE) = 20

-20 -10 0 10 20

30
F-fcps MM

Figure 4.9: The radial profiles of the mean density (n). If the ¢/(LE) increase,
the profiles drop.

e [(n)](r) becomes much more flatter and raises - less in agreement with
experiment; [4.10]

[(T.)](r) becomes more flatter and raises - more in agreement with experi-

ment; [4.17]
[(#)](r) raises - less in agreement with experiment;

[on/{n)](r) becomes too small compared to the experiment;

PDFs of n become better near the LCFS but worse far from the LCFS.[4.14]
Change of E}(LE)

The 2 simulations were used. They are labeled "E,.(LE) = 1.25” and
"E,(LE) = 1.20".
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Figure 4.10: The radial profiles of the mean density (n). Increase in T.(LE) at
E!(LE = 1.25 results in much more flatter and high placed profile.

- "E.(LE) = 1.25” is the simulation T/(LE) = 13.5 with job number 505
described above. It has the following parameters and boundary conditions:
T.o = 30eV, Tjp = 60eV, ng = 1.25-10"m=* | M), = 0.5, E/(LE) = 1.25,
n'(LE) = 1.75, T/(LE) = 13.5, D', is multiplied by factor 2, 1/7/, is
multiplied by factor 1.

- "E,(LE) = 1.20” is the Prague simulation with job number 546. It has the
following parameters and boundary conditions: T,, = 30eV, Ty = 60eV,
np = 1.25-10m=3 | M| = 0.5, E.(LE) = 1.20, n'(LE) = 1.75, T/(LE) =
13.5, D', is multiplied by factor 2, 1/ T‘lln is multiplied by factor 1.

This change at T/(LE) = 13.5 has again only negligible impact on the ESEL
dynamic (probably within the statistical error). Again we can see the trend in
the drop of the radial mean density profile if the E/(LE increase. [4.17]

Changes of D', ,,

The 4 simulations were used. They are labeled "1.5 x D' 7, "3 x D' .7
"6 x D', and 712 x D' 7.

?

- 71.5 x D', is the Prague simulation with job number 655. It has the
following parameters and boundary conditions: T,y = 30eV, T;y = 60eV,
ng = 1.25-10"m=* , M, = 0.5, E/(LE) = 1.20, /(LE) = 1.75, T)(LE) =
13.5, D', is multiplied by factor 1.5, 1/ T|/|n is multiplied by factor 1.

- 71.5 x D', is the Prague simulation with job number 656. It has the
following parameters and boundary conditions: T,y = 30eV, Ty = 60eV,
ng = 1.25-10"m=* | M), = 0.5, E.(LE) = 1.20, n'(LE) = 1.75, T!(LE) =
13.5, D', is multiplied by factor 3, 1/ T‘lln is multiplied by factor 1.
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Figure 4.11: The radial profiles of the mean electron temperature (T,). Increase
in T/(LE) at E!/(LE = 1.25 results in more flatter and higher placed profile.

- "1.5 x D', is the Prague simulation with job number 665. It has the
following parameters and boundary conditions: T, = 30eV, T;y = 60eV,
ng = 1.25-10°m=2 , M = 0.5, E.(LE) = 1.20, n/(LE) = 1.75, T\(LE) =
13.5, D', is multiplied by factor 6, 1/ T|/|n is multiplied by factor 1.

- 715 x D', is the Prague simulation with job number 675. It has the
following parameters and boundary conditions: T, = 30eV, T;y = 60eV,
ng = 1.25-10"m=* | M), = 0.5, E.(LE) = 1.20, n'(LE) = 1.75, T)(LE) =
13.5, D', is multiplied by factor 12, 1/ T‘/‘n is multiplied by factor 1.

Extent of the changes of I, ,, was large enough to observe significant impact
on the ESEL dynamic. The increase in D', results in the following:

(n)](r) becomes steeper and drops - more in agreement with experiment;
o [(T.)](r) and [(¢)](r) drops - less in agreement with the experiment;

e [on/(n)](r) becomes too small compared to the experiment;

o [0T./(T.)|(r) and [0¢/{¢)](r) becomes smaller - more in agreement with
the experiment : [4.20]

The simulation 12 x D', has finally almost as steep mean density profile
4.16| as we can seen in the experiment - it can be shifted up by the choice of the
greater value of density ny at the LCFS. But we have seen that this simulation
is very probably not good. It corresponds to a SOL plasma almost without blobs
("bubbling plasma”) as we can see in CAVs of n (3 events near the LCFS and
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Figure 4.12: The radial profiles of the mean plasma potential (¢). Increase in
T!(LE) at El(LE = 1.25 results in higher placed profile.

1 event far from the LCFS) or for example in PDFs of T, (almost Gaussian
probability distribution corresponding to the state without blobs).

Changes of 1/7,
The 2 simulations were used. They are labeled 71.5/7,,” and ”3/7/,,”.

71.5/ T|’|n” is the Prague simulation with job number 771. It has the following
parameters and boundary conditions: T,y = 30eV, T;y = 60eV, ng = 1.25 -
10¥m=* | M = 0.5, E.(LE) = 1.20, n/(LE) = 1.75, T)(LE) = 13.5, D',
is multiplied by factor 2, 1/ T|’|n is multiplied by factor 1.5.

73/ T‘/ln” is the Prague simulation with job number 772. It has the following
parameters and boundary conditions: T,y = 30eV, Ty = 60eV, ng = 1.25 -
10¥m=* | M = 0.5, E.(LE) = 1.20, n/(LE) = 1.75, T)(LE) = 13.5, D',
is multiplied by factor 2, 1/ 7'|’|n is multiplied by factor 3.

The change of 1 /T|/|n was not large enough to observe some significant (be-

yond the extend of the statistical error) impact on the radial profiles of means
()] (1), (T)](r), [{¢)](r), CAVSs of n, T., ¢ or PDFs of n, T., ¢. But we can see
that decrease in parallel loss times for particle density 1/ 7'|’|n (increase in parallel
losses of particle density) results in the following:

e [on/(n)](r) becomes too big compared to the experiment ;

o [0T./(T.)|(r) and [o¢/(4)](r) becomes bigger - less in agreement with ex-

periment : [4.25] [4.206]
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Figure 4.13: The radial profiles of the relative density fluctuations. Increase in
T!(LE) at E/(LE = 1.25 results in too small fluctuations.
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Figure 4.14: PDF of the density n calculated near the LCFS (left) and far from
the LCF'S (right). Increase in T(LE) at E/(LE = 1.25 results in good PDF near

the LCFS but bad PDF far from the LCFS.
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Figure 4.16: The radial profiles of the mean density (n). Increase in D', results
in steeper and dropped profile.
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Figure 4.17: The radial profiles of the mean electron temperature (T,). Increase
in D', results in dropped profile.
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Figure 4.18: The radial profiles of the mean plasma potential (¢). Increase in D',
results in dropped profile.
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Figure 4.19: The radial profiles of the relative density fluctuations. Increase in
D', results in too small fluctuations.
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Figure 4.20: The radial profiles of the relative electron temperature fluctuations.
Increase in D', results in smaller fluctuations.
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Figure 4.21: The radial profiles of the relative plasma potential fluctuations. In-
crease in D', results in smaller fluctuations.

F-F cps = 5mm (ASDEX9) / 11mm (ESEL) r = 25mm (ASDEX9) /42mm (ESEL)

“Tlors =
T ©ASDEX9 (5 events)
=1.6x D‘l n (25 events)

-

" ©ASDEX9 (14 events)
=1.5x D'L n (68 events) 5|

~3x D‘l n (17 events)

-~ .3xD" _ (42 events)

3 . g 4 6xD' (4 events)
= 6xD' = (88events) = Ln
8 " I —12xD'|  (1events)
vV 2 -12xD", n (3 events) v n

c s 2+
>
< 2 A
$) o 1

R o
e

g t[ 1]0 20 30 40 50 ) -30 -2‘0 -1‘0 66 t[ 1‘0] 2‘0 3‘0 4:0 5‘0
s us

Figure 4.22: Conditional average (CAV) of the density n computed near the
LCFS (left) and far from the LCFS (right). Excessive increase in D', results in

SOL plasma almost without blobs.
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Figure 4.24: The radial profiles of the relative density fluctuations. Increase in
parallel losses of particle density results in too big fluctuations.
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Figure 4.25: The radial profiles of the relative electron temperature fluctuations.
Increase in parallel losses of particle density results in bigger fluctuations.
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Figure 4.26: The radial profiles of the relative plasma potential fluctuations. In-
crease in parallel losses of particle density results in bigger fluctuations.
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4.3.2 General conclusions

On the basis of the comparisons in [4.3.1] corresponding to the ASDEX Up-
grade tokamak we also can say some more general conclusions about the current
ESEL model with exponential form of sheath dissipation term (the last term in
(3.11) )matching the ASDEX Upgrade tokamak plasma. The claims are support-
ed by a figures. For clarity I chose always only one (only in one case two) most
representative simulation for each claim. The conclusions are checked with results
of 3 the ESEL simulations matching the COMPASS tokamak plasma in the next
chapter [5

ESEL simulations with exponential form of the sheath dissipation term
matching the ASDEX Upgrade tokamak plasma are in general able to well describe
(relatively) the following:

e the radial profiles of the mean electron temperature; [£.27]
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Figure 4.27: The radial profiles of the mean electron temperature (T.). Good
agreement with experiment.

the radial profiles of the mean plasma potential (¢); 4.28

e except the are near and far from the LCFS, the radial profiles of the relative
density fluctuations;

e the normalized (on mean and standard deviation) CAVs of density provided
that neoclassical perpendicular collisional diffusion coefficient for particles

D' is not large enough;

e the normalized PDFs of density n, electron temperature 7, and plasma

potential ¢ in far SOL plasma. [4.30}
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Figure 4.28: The radial profiles of the mean plasma potential {(¢). Good agreement
with experiment.

But it is at the cost of other discrepancies. ESEL simulations with exponen-
tial form of the sheath dissipation term matching the ASDEX Upgrade tokamak
plasma in general badly describe the following:

e the radial profiles of the mean density (n); 4.16
e the radial profiles of the relative electron temperature fluctuations ; 4.25
e the radial profiles of the relative plasma potential fluctuations; |4.21

e near the LCFS, the normalized PDF's of density n, electron temperature 7,
and plasma potential ¢. [4.20],

The fact that ESEL poorly describes the normalized PDFs of density n,
electron temperature T, and plasma potential ¢ near the LCFS can be due to the
presence of a Gaussian noise in the experimental data and also due to the fact
that in the vicinity of the LCFS a drift waves and other aspects neglected by the
ESEL model play a role.

As mentioned before in the case of the CAVs of electron temperature
T, and plasma potential ¢ we can not pronounce a decisive conclusion, because
the experimental results obtained from the discharge #24349 (or #24348) are
probably wrong.
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Figure 4.29: The radial profiles of the relative density fluctuations. Good agree-
ment with experiment in the middle of the SOL.
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Figure 4.30: PDF' of the density n (left) and electron temperature T, (right)
calculated far from the LCFS. Good agreement with experiment.
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Figure 4.31: PDF of the plasma potential ¢ calculated far from the LCFS . Good

agreement with experiment.
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calculated near the LCFS . Greater skewness in the ESEL PDFs than in the
experimental PDFs.
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5. Comparison: COMPASS vs
ESEL

5.1 Data and their processing

The experimental data from the COMPASS tokamak were obtained in Novem-
ber 2013 during the discharge #6092. The probe head shown in Fig.(5.1]) was
inserted into COMPASS plasma by the fast reciprocating horizontal midplane

manipulator in position of the outboard midplane of the vessel (cylindrical coor-
dinate z = 0) on the low field side (LFS) as we can see in Fig.(5.2)).

The probe hea:ld
Figure 5.1: The probe head used in COM-
PASS midplane reciprocating manipulator.
Its mouth has diameter 3cm. There was
3 ball-pen probes (BPPs) and 2 Langmuir
probes (LPs). The vertical direction of the Figure 5.2: The location
image parallel to the probe head surface cor- of the probe head against
responds to the toroidal direction in the toka- the COMPASS chamber
mak and the horizontal direction of the im- (the poloidal cross-section is
age parallel to the probe head surface corre- shown in the schema ). [@]

sponds to the poloidal direction in the toka-
mak. The poloidal distance between LPs and
BPPs is ~ 4mm

[56].

The probe head contained 3 ball-pen probes BPP1, BPP2, BPP3 consisting
of stainless steel collectors and alumina shielding and 2 Langmuir probes LP1,
LP2 was made of graphite pins (the same as on ASDEX Upgrade tokamak). Ball-
pen collectors had diameters of 2mm and ball-pen shielding had interior diameter
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S5mm. Langmuir pins had diameters of 0.9mm and was protruding 1.5mm into
the plasma.

The measurements were performed in D-shaped plasma under this condi-
tions: L-mode, ohmic heating, typical value of toroidal magnetic field in minor
axis of the tokamak (at R ~ 0.56m) By ~ 1.155T, plasma current Ip ~ 110kA
and space and temporal averaged electron (and also ion) density n, ~ 5-10m 3.
Shot duration was ~ 311ms (from ~ 958ms to ~ 1269ms) - it was determined from
the time progress of the toroidal plasma current. Vacuum pressure was ~ 7.4uPa.
T. in the plasma centre varied between ~ 600eV and ~ 1000eV (obtained from
the Thomson scattering). The sampling frequency of the data acquisition system
was HHz.

The data processing was similar as in the case of ASDEX Upgrade. The
data from the probes LP1, LP2, BPP2, BPP3 were used. Again the values of the
potentials are in V and the values of the temperatures are in eV.

BPP2 was floating and it measured

VBPP2 ~ ¢BPP2 -0 GTEPPQ <5 1)
f ~ ¥p : )
BPP3 was floating and it measured
VBPPS ~ ¢BPP3 -0 6T6BPP3 (5 2)
f ~~ p . e . .
LP2 was floating and it measured
VIP2 o gLP2 _ aTeLPQ (5.3)
T e )

where a &~ 2.8 for T, = T; (see equation (1.57))). The indexes has the same mean-
ing as in the case of ASDEX Upgrade data processing in [£.1} The voltage on the
probes is always with respect to the tokamak vessel /chamber and tokamak vessel

is grounded (@yesses = 0V).

The signals from the probes LP1, LP2, BPP2, BPP3 during the probe head
motion and the probe head location as a function of time are shown in Fig..
LP1 was biased sufficiently negatively (=~ —240V when the probe head moved in
and ~ —190V when the probe head moved out of the plasma ) to measure the I;,.

The plasma potential ¢, (in V), the electron temperature 7, (in eV) and
the electron density n. (in m—3) were calculated as following:

T, ~ TBPP2-LP2 _ (VfBPP2 _ Vprz) (5.4)
¢ a—0.6 ’
is the electron temperature in the area between the probes BPP2
and LP2. a =~ 2.8 (see (1.57))) for T; /T, = 1, as in the case of the ASDEX Upgrade
it was used the main value of the temperature ratio as T;/T, = 2 and range of
the ratio from T; /T, = 1 to T; /T, = 10 was used for calculation of an uncertainty
of the coefficient a.

BPP2—-LP2
Te
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_ _LP1 _ walls I;
Tem e = (25e3/2) VT T (5:5)

([2.10). S is a Langmuir probe effective collection area calculated as

2

d
S = T + wdh, (5.6)

where d ~ 0.9mm is the diameter of the probe and h ~ 1.5mm is the length
of a part of the probe which is protruding into the plasma. The ions have much
bigger Larmor radius than electrons and they fall down at probe surface from all
sides not only from the direction of the magnetic field. For these reason the whole
visible probe area was considered as effective collection area.

p = VPPP? 4 0.6T,. (5.7)

Small frequencies originating from the background were identified and re-
moved from the signals.

When the probe head reached the deepest location there was sudden drop
of voltage of the probe LP1 to 0V as we can see in Fig. and the probe LP2
became probably self-emitting as we have seen from their signal (it is also some-
what visible in Fig.— the brown signal). That was probably because of an
electric arc. We can see in Fig. that the arc did not relate to the probe BPP2
and maybe also to BPP3. But it influenced the signal from Langmuir probes. It
could be the electric arc between the probes LP1 and LP2. The corresponding
data (between time ~ 1095ms) to ~ 1160ms) were not considered. They are not
very important because during the movement of the probe head into the plasma
all data was used. We had data from all radial probe head locations and missing
data from the movement out of the plasma would be only for a confirmation of
the data from the movement into the plasma. We can see the used signals from
the probes LP1, LP2, BPP2, BPP3 in Fig.. In Fig. there is also the
probe head location as a function of time.

All this data was obtained from the WebCDB on tokamak COMPASS home-
page [58]. First we had only the probe head location in the major radius coordi-
nates. It was needed to calculate the position of LCFS (at LFS of the midplane of
the vessel) in the major radius coordinates from the EFIT data and subsequent-
ly the probe head location with respect to the LCFS (in mm). But the EFIT
very likely did not compute the LCFS location correctly. There was assumptions
from some other discharges that the EFIT compute the LCFS size about 2cm
smaller. It is obvious from comparisons between LCFS midplane position gained
from EFIT and LCFS midplane position gained from BPP2 signal. The ball-pen
probes measure almost the plasma potential and their signal such as the plasma
potential should be maximal in time the probes reach the LCFS. The agreement
between the LCFS position determined by the ball-pen probe and LCFS position
determined by a Doppler reflectometry is shown for example in [57]. We can see
such peaks in signals from the probes BPP2 and BPP3 in Fig.. Therefore
the LCFS position was determined by the signal of the BPP2.
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Figure 5.3: The all data from the probes LP1 (I;,), LP2 (V*?), BPP2 (VFPP?),
BPP3(V/PP?) during the probe head motion and the probe head location in

major radius coordinate. The two pink crosses correspond to the position of the
LCFS determined by the ping signal of the probe BPP2.

According to the EFIT the position of the LCFS at LFS of the midplane
was fluctuating. The fluctuation of the LCFS position gained from EFIT could
be shifted by a value determined from the BPP2 signal. But that shift surely was
not the same during the all probe head motion. Therefore I did not consider the
fluctuation of the position of the LCFS and considered it constant during the all
probe head motion.

The data from the probes BPP2, LP1, LP2 (BPP3 was not essential for
further calculation) obtained before the electric arc and appropriate record times
were divided into 62 sets, each corresponding to a time interval ~ 2.016ms. This
time interval is short enough to treat probes as steady because it corresponds
to the radial probe move less than 2mm which is much shorter than the typical
scrape off thickness . These sets contain 10080 values and that is sufficient
for a basic statistic. For each of these 62 sets the corresponding location of the
probe head and record time were calculated. Also a statistical moments (mainly
arithmetic mean and relative deviation) of each measured quantity for each of
these 62 sets were calculated. These 62 values at appropriate 62 positions repre-

sent as 62 time average values measured by a fictive steady probes deployed in
the SOL.

As in the case of the ASDEX Upgrade data processing in the radi-
al profiles of mean [(a)](r), radial profiles of relative fluctuations [ca/{a)](r),
relative profiles of mean divided by negative radial derivative of mean \(r) =
—[{a)/(d{a))/dr](r), conditionally averaged waveforms (CAVs) and probability
density functions (PDFs) were calculated, where a = n, T, or ¢ and ( ) means
time average over 10080 values for each of 62 radial positions. It was calculated
again for three quantities : plasma density, electron temperature and plasma po-
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Figure 5.4: (Left) The original voltage and current data from the probe LP1
which measured the ion saturation current. (Right) The data after cutting off the
unsuitable data represented very probably an electric arc.

tential and again using the program Matlab.

The ESEL data was processed as in the case of the ASDEX Upgrade using
the program Matlab. Only small corrections in Matlab scripts and functions were
needed.

5.2 Comparison and discussion

For clarity as in the case of the ASDEX Upgrade data in previous chapter
[ \(r) and the data from the discharge #24348 are not shown. The experimental
data as well as the ESEL data were again computed for the ratio T;/T, = 2 and
the error bars in the figures of radial profiles of means represent the range of
the ratio from 7;/T, = 1 to T;/T, = 10. I also did not show the CAVs because
they are not very plausible. It depends on criterion for width and separation
length of events [4.1] and there is also on more reason. As mentioned before in [4.3]
we can add to plasma potential ¢ some of its derivative with respect to radial
distance which results in optional poloidal velocity. It can together with poloidal
boundary conditions lead to a repeated recording of the same blob. In the figures
the following labels were used:

e COMPASS — the COMPASS data obtained from the probes during the
discharge #6092;

e COMPASS-gaussfit - the gaussian fit of the PDFs calculated from the COM-
PASS data

In this chapter the general conclusions about the ESEL simulations match-
ing the ASDEX Upgrade tokamak plasma claimed in are checked for the
ESEL simulations matching the COMPASS tokamak plasma.

The 3 simulations were used. They are labeled ”without, greater”, ”without, low-
er” and "lin.”
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Figure 5.5: The data from the probes LP1 (I;,), LP2 (V}*?), BPP2 (V/PF?),
BPPB(VfBP P3) after cutting of an area representing electric arc and the probe
head location in major radius coordinate. The data plotted in are only from
first part representing the time before the electric arc , second part was not used
because LP2 was probably self-emitting after the electric arc.

- "without, greater” is the Prague simulation with job number 4.112. It has
not the sheet dissipation term in (without it). It has the following
parameters and boundary conditions: T.q = 25eV, Ty = 50eV, nyg = 1.2 -
109m=3 | My = 0.5, ¢/(LE) = 0, n/(LE) = 2.95, T/(LE) = 86.7, D',,, is
multiplied by factor 2, 1/7/,, is multiplied by factor 1.

- "without, lower” is the Prague simulation with job number 4.118. It has
not the sheet dissipation term in (without it). It has the following
parameters and boundary conditions: T,q = 25eV, Ty = 50eV, ng = 1.2 -
10m=3 | M, = 0.5, ¢'(LE) = 0, /(LE) = 2.0 (lower than in the case
of the previous simulation), T/(LE) = 2.0, D', is multiplied by factor 2,
1/7/,, is multiplied by factor 1.

- 7lin.” is the Prague simulation with job number 4.137. It has the sheet
dissipation term in (3.11)) in this linear form

]

T M2Ljm
where () means average over the time 7, and the following parameters
and boundary conditions: T,g = 25eV, Tjy = 30eV, ng = 1.5 - 10¥m=3 |
M, =05, E/(LE) = 0.5, n'(LE) = 2.0, T(LE) = 2.0, D',,, is multiplied
by factor 2, 1/ T|’|n is multiplied by factor 1.

I observed the ESEL simulation with linear form of the sheath dissipation
term matching the COMPASS tokamak plasma, is able to relatively well describe
the following: repeated recording of the same
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e the radial profiles of the mean density ; Due to the computational time
demands the value ng = 1.5 - 10*m~2 was chosen greater than it was cal-
culated from the experiment (= 1.2 - 10m™3). Therefore the model radial
profile of the mean density in 5.6 should be slightly lower.

10 - L — —
: ; i ' i . <=COMPASS
E —without, greater
i without, lower
o =lin,
& 0 e '
‘= 10 | ! E
E |
> i
=) + LT
= -
é 10-15 __:l l :
Voo _ ;
10'2 I ! I I i K I I
-10 -5 0 10 15 20 25 30 35
F-Ticps (MM

Figure 5.6: The radial profiles of the mean density (n). The simulation "lin.” with
the sheath dissipation term is in relatively good agreement with experiment.

It is remarkable observation. The ESEL is not able to well describe too
steep radial profile of the mean density in the case of the ASDEX Upgrade
tokamak plasma but it is able to relatively well describe flatter radial profile
of the mean density in the case of the COMPASS tokamak plasma (and also
TCV tokamak plasma).

e the radial profiles of the relative density and plasma potential fluctuations.
b7 B3

repeated recording of the same

e the normalized PDFs of density n, electron temperature 7, and plasma

potential ¢; 5.9} [5.10)

But it is again at the cost of other discrepancies. The ESEL simulation
with linear form of the sheath dissipation term matching the COMPASS tokamak
plasma badly describes the following:

e the radial profiles of the mean electron temperature (7) ; [5.12
e the radial profiles of the mean plasma potential (¢) ;|5.13

e the radial profiles of the relative electron temperature fluctuations.

The two ESEL simulations with without sheath dissipation term matching
the COMPASS tokamak plasma generally badly describe the radial profile of
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Figure 5.7: The radial profiles of the relative density fluctuations. The simula-
tion ”lin.” with the sheath dissipation term is in relatively good agreement with
experiment.

mean density n [5.6] electron temperature 7T, [5.12] plasma potential ¢ and
the radial profile of the relative density and plasma potential fluctuations.
But they well describe the PDFs of the n [5.9] 7. [5.10, ¢ and surprisingly
finally also the relative electron temperature fluctuations except the area near the
LCFS (where, as mentioned before, a drift waves and other aspects neglected
by the ESEL model play a role ).

We can see that only claim about well description of the relative density
fluctuations and PDF's was verified. But this fact may not be generally true due
to the fact that I used only 3 different simulations in the case of the COMPASS
tokamak plasma.
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Figure 5.8: The radial profiles of the relative plasma potential fluctuations. The
simulation ”lin.” with the sheath dissipation term is in relatively good agreement
with experiment.
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Figure 5.9: PDFs of the density n calculated near (left) and far (right) from the
LCFS. Good agreement with experiment.
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Figure 5.10: PDFs of the electron temperature T, calculated near (left) and far
(right) from the LCFS. Good agreement with experiment.

relative density and plasma potential fluctuations
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Figure 5.11: PDFs of the plasma potential ¢ calculated near (left) and far (right)

from the LCFS. Good agreement with experiment.

relative density and plasma potential fluctuations
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Figure 5.12: The radial profiles of the mean electron temperature.
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Radial profils of the time and poloidal averaged mean values
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Figure 5.13: The radial profiles of the mean plasma potential.
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Figure 5.14: The radial profiles of the relative electron temperature fluctuations.
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6. Summary and Conclusions

This thesis shows direct comparison between turbulent model ESEL and
experimental data, probing plasma in two tokamaks ASDEX Upgrade and COM-
PASS. This thesis is the first time usage of a tubulence simulation for the COM-
PASS tokamak. In addition, it shows uniquely detailed comparison of experimen-
tal data with lots of simulations with systematically varying several free param-
eters and the boundary conditions.

The principal findings are:

e 2D ESEL simulation produces turbulence plasma with statistical character-
istics quite similar to experimental measurements. This model is based on
first physics principles; all the input parameters are based on well-known ge-
ometry, measurements of density and temperature at magnetic separatrix
and relatively simple physics of ambipolar diffusion along magnetic field
lines. It produces turbulence blobs with typical sizes of 1cm and life-times
of ~ 0.1ms, propagating with radial speed of ~ 1km/s and thus responsible
for plasma-wall interaction.

Generally the quantitative modelling of SOL turbulence and blobs in ex-
periments is difficult and not accurate for a number of reasons such as:

e All of the inputs to such code as ESEL cannot be experimentally measured
and setting these necessary additional parameters requires very good judg-
ment. For example boundary conditions, diffusion coefficients or parallel
loss times. And the inputs which are experimentally measured such as ion
temperature are measured only in some specific locations of the plasma and
their functionality in space is not known therefore ESEL uses approxima-
tion for it. It is particularly true for modelling 3D plasma with only 2D
model ESEL. There are input uncertainties and certain model sensitivity.

e [t is important to process the experimental data and simulation data with
exactly same approximations and algorithms. It is not always possible to
fulfil this condition in the case of the ESEL. Example is computing of the
density using by geometry of the probe pins in the case of experimental
data. Such approach is not used for the ESEL. Another example is different
time step for ESEL data and for the experimental data.

e ESEL and other codes neglect many facts which are not omitted in reality
: the LCFS motion, magnetic inhomogeneity (space and temporal), finite
Larmor radius, ion heat dynamics, many other possible instabilities and
waves in the SOL plasma or central plasma (mainly drift waves) close to
the LCFS, and so on.

e The importance of the sheath dissipation term in the governing equation of
the ESEL code for the vorticity was verified.

e this thesis demonstrates that ESEL output indeed well describes particu-
lar discharges on ASDEX Upgrade (and COMPASS), in particular radial
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profiles of temperature and electrostatic potential, together with density
fluctuation level. It was demonstrated along with previous publications,
that the profile of mean density in the case of the ASDEX Upgrade toka-
mak plasma is correctly modeled only if the cross-field diffusion coefficient is
strongly increased (6—12x) with respect to the well-established neoclassical
Pfirsch-Schliter diffusion. The reason for so high increase is yet unknown.
But increase in this diffusion coefficient results in worse radial profile of
the mean electron temperature and plasma potential and too small relative
density fluctuations. In the case of the COMPASS tokamak the experimen-
tal profile of mean density is flatter and therefore more in agreement with
the ESEL model.

The ESEL still in all cases badly describes the relative electron temperature fluc-
tuations and it is apparently still not able to fully describe the tokamak SOL
plasma.

The model should be able to describe the behaviour of the tokamak plasma,
and predict the plasma parameters for good confinement of the tokamak plasma.
The ESEL conforms to the former but not to the latter. At present it is not able
to make a good prediction for current tokamaks not to mention the future ITER
tokamak.
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List of Abbreviations

ITER — International Thermonuclear Experimental Reactor
JET — Joint European Torus

SOL —  Scrape Off Layer

LCFS — Last Closed Flux Surface

NBI — Neutral Beam Injection

LP — Langmuir Probe

BPP — Ball-Pen Probe

LFS — Low Field Side

HF'S — High Field Side

ESEL —  ElectroStatic Edge-soLL

v —  Current-Voltage

EFIT —  Equilibrium fitting (code)

LRDFIT — LR (inductance and resistance) circuit model with Data FITing capabilities
ELM — Edge Localized Mode

2D — two-dimensional

3D — three-dimensional

CAV — Conditionally AVeraged wave form

PDF — Probability Distribution Function

LE — Left Edge
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