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4 AIMS OF THE THESIS

The understanding of plasma turbulence in magnetic con nemedevices is believed
to be one of the key elements leading to practical exploitatn of fusion as an ultimate
energy source for mankind. As is mentioned in the introductiochapters, turbulence
is responsible for anomalously high losses of particles and eyemgthe plasma edge.
In order to control the e®ects caused by turbulence, proper derstanding of the
phenomena occurring at the edge plasma is required.

In spite of the need for detailed knowledge about the physics thfe plasma edge,
it still remains an open issue for the fusion community. The Instiite of Plasma
Physics in Prague contributes to this research by taking advéage of the small
CASTOR tokamak. Relatively cold plasma and short discharges eble a detailed
studies of radial and poloidal pro les of important plasma pameters in the edge
plasma region. Several arrays of Langmuir probes with high dps and temporal
resolution are being developed as well as designs of advancedbps which are
directly tested and improved for large fusion facilities. Last bt not least is the role
of the CASTOR tokamak for the education of new scientists in fusioresearch.

The aims of my PhD thesis can be concluded in several items:

2 Participation in experiments and development of new diagrstic methods

{ domestic and international campaigns at the CASTOR tokamak

{ measurements at the TJ-II stellarator

{ measurements at the RFX-mod reversed eld pinch

{ contribute to development of the Ball-pen probe - a new elet probe
designed in IPP Prague

2 Develop programmes for evaluating big packages of expermted data by
means of statistical methods

{ correlation analysis
{ Fourier methods for calculating of frequency spectra
{ other modern statistical methods

2 Analyse experimental data in the standard regimes as well as irgimes with
improved con nement

2 Contribute to the programme for education of new scientists

The thesis is organised in the following way: In the rst part, anintroduction to
the fusion research with focus on the edge plasma of fusion desicegiven together
with a description of the CASTOR tokamak and its diagnostic tod. The second
part brie°y presents my work in the “eld of investigation of turbulence at the plasma
edge of the CASTOR tokamak, the TJ-II stellarator, and the RFX-nod reversed
“eld pinch. The third part exposes my contribution to the devdopment of the Ball-
pen probe. In the last (fourth) part, the conclusions are giverand a list of my
publications is appended.



Chapter 2

Introduction to nuclear fusion

A brief introduction to fusion research as well as the basic ipr
ciple of the plasma con nement in the experimental device mad
tokamak is given in this chapter.

5



6 INTRODUCTION TO NUCLEAR FUSION

2.1 Fusion

Pollution as well as increasing demand of energy is one amorige tmost serious
problems of current civilization. Realization of controkd nuclear fusion reactor on
the Earth aims to solve the second one.

The concept of fusion research is to make a reactor where hydeognuclei get
synthetized together to produce helium and energy in a contted manner. Similar
reactions occurring in the sun and other stars produce requdesnergy to support
life on Earth.

The problem of nuclear fusion is that the input is formed by twopositively
charged particles, which repel each other due to the Coulonehiiorce. They need to
meet for a distance of 10'° m where the strong nuclei force asserts itself and bounds
the nuclei together. This can be achieved by high energetioltsions, generated
either by accelerators or by heating ionized fuel. It was showthat the injection of
accelerated nuclei into a hydrogen target is not excient engh thus the research is
focused to the second option: heating the fuel.

2.1.1 Nuclear fusion reactions

There are several fusion reactions involving various hydrogesotopes and helium
with di®erent cross-sections, as shown in gure 2.1. The highesbss-section at
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Figure 2.1: Cross-sections of fusion reactions as a function of the eggrof nuclei.

reasonable energy has the reaction with heavy isotopes deitien (D = 2H) and
tritum ( T = 3H):

D+ T! “He (3:52 MeV) +n (14:1 MeV): (2.1)

Deuterium is a common element on earth as it occurs in all cormpnds containing
hydrogen in the rate of 1:6500 (0.015%) to théH and it is easy to be separated.
On the other hand, Tritium is a radioactive gas with half-lie of 12.4 years and is
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not readily avialable or present in nature. It needs to be syn#tized from Lithium,
directly from the inner wall of the reactor by the reaction wih fusion neutrons:

n+®Li ! “He (221 MeV)+T (2:7 MeV): (2.2)

The cross-sections shown in gure 2.1 come from the calculatiookthe energy
needed for overcoming the potential barrier for one nucleus approach another for
a suzxcient time to fuse. Although this barrier is 500 keV, for our most interesting
case (the D-T reaction), nuclei with lower energies can fusegether due to the
tunnel e®ect. This tunnel e®ect is considered while calcufeg the energy values
shown in gure 2.1.

2.1.2 Lawson criterion

Plasma is not a group of individual nuclei, but a set of particke with the Maxwell
distribution of velocities. The rate coezcient for the D-T reation as a function of
temperature is plotted in gure 2.2. It is obtained by averamg the cross-section
(plotted in "gure 2.1) over the velocity distribution.
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Figure 2.2: Rate coezxcient of the D-T reaction as a function of temperate.

For using fusion as a source of energy, a relation among plasma graeters,
termed the Lawson criterion, must be ful Tled [1]:

L=n¢T, Cuit (2.3)

wheren is the ion density, T is the ion temperature and the de nition ofé depends
on the approach to the fusion (see in the following); roughly is the time when the
thermonuclear reactions can take place. The productsez as a function of tempera-
ture is plotted in "gure 2.3. Forthe D j T reaction, thecy; » 5¢10? skeVdmi 3. In
order to build up a fusion reactor, we are looking for a comprase among density,
energy con nement time, and temperature.
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Figure 2.3: Product n¢ée as the function of temperature.

2.1.3 Approaches to nuclear fusion

Two concepts are being developed to ful Il the Lawson critesih: low density con-
“ned for a long time in magnetic traps and high density kept fora short time.

2 Magnetic con nement

As the name suggests, this approach is to con ne the hot plasma fortieme

long enough to let the fast ions from the tail of the Boltzmann wtribution

overcome the Coulomb batrrier, fuse, and sustain the reaction lopvering the
energy losses. The Lawson criterion for the magnetic fusion is= n¢ T

where ¢z represents the energy con nement timex 5 s) and the ion density
n takes values» 107° mi 3.

From the cross-section in gure 2.2, it seems that the optimal teperature T
(which means the temperature of the highest cross-section) istime range of
50 to 100 keV. For a fusion reactor, the energy balance betwedmetpower
losses and the heating by-particles (the products of the nuclear reactions)
must be considered. Power losses and tl@particle heating as functions of
temperature are presented in gure 2.4. This gure is importat to realize that
the optimal temperature for the plasma in fusion reactor is annd 15 keV.

Plasma is con ned in magnetic traps of di®erent con gurati The most
advanced are the toroidal devices: tokamaks, stellarators, amdversed eld
pinches.

2 |pertial fusion

On the contrary, the second approach uses high densities andywshort time of

con nement. This method is based on micro-explosions of pefi€frozen fuel)

heated by high-energy laser or ion beams. The outer shell of thellet, made

usually from plastics, explodes and by the inertial force, it copresses the fuel
inside which consequently reaches the required temperaturedadensity.



INTRODUCTION TO NUCLEAR FUSION 9

Additional heating /—q

0

Power loss \ i a-particle heating
» 35

0 ' 10 ‘ 20

Figure 2.4: Power losses and th@-particle heating as functions of temperature. The
additional heating is necessary for temperatures outsideet range of the power gain.

Typical con guration of an inertial fusion device is limitedby achievable densi-
ties» 10°° mi . Burning time of the pellet for such compressionig » 10 °s
and the temperature takes values o 30 keV.

2.2 Tokamaks

The most promising reactor arrangement in current fusion resedr is the tokamak.
It is a ring-shaped vacuum vessel placed as the secondary ciraniita transformer.
Plasma is con ned inside by a strong magnetic eld along the chdrar and it is
heated by electric current.

2.2.1 Magnetic eld of tokamak

A scheme of a tokamak is shown in "gure 2.5. Tokamaks take advagfe of the fact
that the charged particles cannot move across magnetic eldubthey follow the eld
lines [1]. The vacuum chamber is wrapped by poloidal coils mgrating magnetic
“eld along the torus (in the toroidal direction). This eld is usually around 1 T for
small tokamaks and up to 4 T for large facilities (JET). The topidal magnetic eld
decreases with increasing major radiud, By, » 1=R due to the toroidal geometry.
As a consequence, the grad B drift B £ B separates ions and electrons and creates
an electric eld perpendicular toBy,. The resulting E.oq £ By drift causes a
collective motion of charged particles, making the plasma ursdtle.

A signi cant feature of tokamak con guration is the plasma curent. It °ows in
the toroidal direction having two important tasks: it heats the plasma and simul-
taneously it eliminates ther B £ B instability by giving the current its poloidal
component. The ring of fully ionized plasma is placed as the sexlary winding of
a transformer as shown in "gure 2.5. At the beginning of the diselnge, the plasma
current ionizes and heats the working gas by so-called ohmiedting (details are
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Transformer core

Primary winding
of the transformer 7
Vertical field coils1~ i

Poloidal
cross-section

Helical field lines

Diagnostic port Poloidal coils

Figure 2.5: Principle of tokamak.

given in section 3.2). Simultaneously, it generates a poloidanagnetic eld, which
twists the magnetic eld lines giving the resulting magnetic eld a helical shape.
The magnetic eld lines lay on nested surfaces centred on the greetic axis as
shown in gure 2.6. These layers are termenhagnetic °ux surfaces The poloidal
component of the tokamak magnetic eld is> 10 times lower than the toroidal one.
Thus, the helicity of the magnetic eld is low and one eld lineneeds several turns
in the toroidal direction in order to intersect the poloidal ¢oss-section at the same
point. This number is termed thesafety factorand is described in section 3.2.7.

I
tokamak

axisi

poloidal
direction

toroidal :

direction !
1
nested surfaces

Figure 2.6: Magnetic surfaces.



Chapter 3

CASTOR tokamak and diagnostic
tools

This chapter gives a description of the CASTOR tokamak, gene
ating the discharge, the main plasma parameters and diagnost

11



12 CASTOR TOKAMAK AND DIAGNOSTIC TOOLS

Most of the experiments presented in this thesis were performed the CASTOR

tokamak which was operated in the Institute of Plasma Physics PIP), AS CR in

Prague. This tokamak was brought to the IPP Prague in 1977 fro Kurchatov

Institute in Moscow, Russia. The name TM-1-MH was substituted by te acronym
CASTOR: Czech Academy of Science TORus after reconstruction i®85. During
its operation in Prague, CASTOR underwent several innovatics) e.g., the vacuum
chamber replacement and a complete rebuild of the detecti@ystem. The appear-
ance of CASTOR just before its disassembly at the end of 2006 is shoimn gure

3.1. After the shut down, CASTOR was transported to the Faculty ofNuclear Sci-
ences and Physical Engineering of the Czech Technical Univéysin Prague and
recently it is being reinstalled. It shall be operated under aew name GOLEM.
Since | started writing the thesis when CASTOR was still in operabn, it is in the

present tense; some of the technical details may become irr@letvfor GOLEM.

Figure 3.1: Top view of the CASTOR tokamak. The North port is at the bottoraf
the picture, with connected lower hybrid grill. Microwave dgnostics is on the left
from the grill. On the top ports, several probe manipulatorare mounted.

3.1 Basic parameters

CASTOR is a small size tokamak. It does not enable reaching thentperature
and con nement time high enough to ignite the fusion reactian Nevertheless, for
investigation the hot plasma, devices of CASTOR size have a capltlp of bringing
a valuable contribution. The main advantage is their high °ibility. Testing new
diagnostic tools is much more feasible and cheaper in these tiglely simple facilities.
Due to the low temperature, plasma enables us to immerse the dreostic probes
deep inside, thus a very detailed investigation of the edge gl@ma may be performed.
The importance of such devices for education is also worth méming. A number of
students of di®erent degrees (bachelor, master, PhD) werergag their experience
with fusion facilities at the CASTOR tokamak department in the scope of their
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studies, several Summer schools for students and young scientisesevorganized by
the CASTOR team.

CASTOR is a limiter tokamak with circular poloidal cross-sectia and with an
iron transformer core. It has 18 diagnostic ports, which are oagized in six groups
of three ports as shown in gure 3.2. Each group consists of a topottom and a
mid plane port. The main (.e., the largest) ports are located on the North and
on the South side of the torus; 45from them to each side, are the other groups:
South-East, South-West, North-East and North-West. The poloidalimiter made of
molybdenum is located 40to the West from the North port.

Figure 3.2: Diagnostic ports of the CASTOR tokamak. The picture was madwgy
Pavel Stejskal.

Main parameters of the CASTOR tokamak:

Major radius 04 m
Minor radius (vacuum vessel) | 0.1 m
Plasma radius (limiter radius) | 0:085 m

Toroidal magnetic eld 05 15T
Plasma current 5i 20 kA

Length of the discharge < 50 ms

Central electron density 05 3£ 10 mi 3
Central electron temperature | 100; 300 eV
Edge electron density 1£10%8 mi 3

Edge electron temperature 10j 40 eV




14 CASTOR TOKAMAK AND DIAGNOSTIC TOOLS

3.2 Discharge in the CASTOR tokamak

3.2.1 Plasma generation

Temporal evolution of a typical discharge of the CASTOR tokamla is shown in
“gure 3.3. Before discharge, the vacuum vessel is evacuated dotw the pressure
of 10 # Pa and Tled by working gas (hydrogen). After that, the power spplies
are connected to the toroidal magnetic eld coils. Since nowhe toroidal magnetic
“eld By, starts increasing (detailed behaviour is described in appemxdh-1). When
Bir reaches the range of 0.8 { 1 T (which is usually 10 { 25 ms after gehing
it on), the primary transformer winding is automatically comected to its power
supplies (capacitor banks) [2, 3] and the toroidal electric Td E,, is induced within
the vacuum vessel. TheBy, is measured by an open loop xed at the top of the
vessel. The measured voltage is termed a loop voltagg,, its temporal evolution
is shown in the second panel of gure 3.3. ThE,, = Up=2¥2Rstarts to accelerate
free electrons, which are produced by an electron gun placedthe limiter shadow.
Some free electrons are always present due to the cosmic raidiat but their amount
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Figure 3.3: Temporal evolution of a typical CASTOR discharge, with paraeters:
toroidal magnetic eld (B ), loop voltage Uioop), Plasma current (1), line averaged
electron density f.). The whole discharge is plotted in left panels, the zoomed i
start-up phase is shown in the right ones. Blue vertical liagleft panels) indicate
the beginning and the end of the discharge. Green verticalds (right panels) denote
the breakdown.
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is not suxcient for a fast and reproducible breakdown (the monm of ignition of
the discharge). After breakdown, the electron density increases exponentially,
as shown in gure 3.3, right bottom panel. After» 1 ms from breakdown, the
working gas is completely ionized. Simultaneously, the plasnturrent |, increases
to the rate of 2 MA=s, which is determined by the primary circuit parameters. The
slopedl,=d has to be kept relatively low to negate the skin e®ect, whichoald
drive the current only on the surface of the plasma column. In B case, the radial
pro le of plasma current and plasma current density gets a hollo shape, plasma
gets unstable and consequently disrupts.

After the plasma current reaches values of 10 kA, it tends to remain constant
for the next 20; 30 ms. During this quasistationary phase of discharge, the loop
voltage is 2j 3V, as shown in gure 3.3. It is interesting to realize that the @sma
current in the range of 10 kA is driven by toroidal electric éd 1 V=m only. The
guasistationary phase is exploited for physical measurements. Aftthe 20; 30 ms,
the primary winding of the transformer is set to be short circugd. The plasma
current exponentially decays. This is called a soft terminatn of discharge or a
\soft landing".

3.2.2 Electron density, gas Tlling

Before the working gas (hydrogen) is injected into the vacum vessel, it is puri ed by
passing through a heated nickel tube as schematically shown inuge 3.4. A thin
nickel nger is immersed into a reservoir of hydrogen with pressal of about 3
atmospheres. It is heated by electric current. For a certain teperature, the nger
walls become permeable for hydrogen only.

tokamak nickel finger
h

heating voltage

b

weld
[~ e/z
pressure \\j
cylinder
with
hydrogen hydrogen

Figure 3.4: Scheme of a nickel nger for purifying hydrogen.
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The working pressure is» 10j 20 mPa. The stationary Iling continues during
the whole discharge but it is too slow to compensate losses of chedgarticles caused
by the nite particle con nement time » 1j 2 ms. These losses are compensated
by an additional injection of hydrogen during the stationaryphase of the discharge
controlled by a piezoelectric valve (\gas puzng").

The electron density is measured by a microwave interferometplaced on the
top of the North-East port. It is line averaged over a chord comig through the
geometric centre of the vessel, and normalized to show the avged electron density
in the whole plasma volume. The temporal evolution of the resu(line averaged
electron densityne) is shown in gure 3.3, bottom panel. A detailed calculation b
the central electron density and averaged electron density given in appendix A-2.

3.2.3 Plasma current

Plasma current is measured by a Rogowski coil [4], enlacing thekamak chamber.
The active area of the colil is perpendicular to the directionf the poloidal magnetic
“eld. The coil is outside the stainless steel chamber, thus it meares not only the
plasma current, but also the current through the tokamak lined ji,er . Hence, the
plasma currentl ,; should be determined as

IpI = I'measured i liiner : (3.1)

At the beginning of the discharge - before breakdown (avalaine phase of the
discharge), the plasma resistivity is in nite, thus the whole crrent °ows through
the liner, which has resistivity» 10 m-:

U|Oop 10 V
ljrar = v,
ner = Riner  10¢10 3 -

=1 KA: (3.2)

After breakdown, the resistivity of plasma drops. During the quastationary part
of the discharge, the resistivity of plasma i® 0:2 m-, U, has values of 3 3 V
while liner becomes

_ U|00p 1, 25V

liner = =250 A; 3.3
liner Rliner 4 10¢10 3 - ’ ( )

which is a negligible value compared to thé, » 10 kA. The starting phase of the
discharge is shown in detail in gure 3.3, right panels.

3.2.4 Plasma resistivity, ohmic power

The resistivity of plasma R in the quasistationary part of discharge becomes
0:2 m- as illustrated in the top panel of gure 3.5. R is calculated as

R= Joor, (3.4)

The ohmic power
Pon = UIoop ¢l pl (3.5)

is between 20 and 30 kW (see gure 3.5, bottom panel).
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Figure 3.5: Temporal evolution of the resistivity and the ohmic power gflasma for
a typical CASTOR discharge.

3.2.5 Equilibrium position of plasma column

The plasma ring tends to expand in the horizontal direction de to a magnetic
pressure. In order to compensate this e®ect, a quadrupole ofgadal magnetic eld
coils generates a vertical magnetic eld, which pushes thegsima back. A schematic
illustration is shown in gure 3.6. The quadrupole of the vertal magnetic eld coils
(pink colour) is placed in between the vacuum chamber and a moer shell. 1t is
connected in series with the primary transformer winding.

The equilibrium position of plasma is controlled by a feed backystem [5, 6].
The plasma position is detected by two couples of Mirnov coilsop with bottom,
and HFS with LFS. These coils are located inside the chamber inghimiter shadow
as depicted in gure 3.6.

Signal of the two probes in each couple is summed and presented e (top
and bottom coils) andU,,q (LFS and HFS ones). If the plasma position is stable,
Uvert @and U,5¢ are equal to zero. Once the plasma moves, it induces di®erennsilg
in the Mirnov coils. The U,e¢ and U, Signals are lead via feed back system into a
transistor ampli er and further into the stabilization quadrupole toroidal coils (blue
and green colour in gure 3.6), which produce vertical or ha@ontal magnetic eld,
pushing the plasma back, as schematically demonstrated in guB7. The temporal
evolution of the signals relevant to the feed back system is shown gure 3.8.
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ce
Sa

Figure 3.7: The feed back principle. When the plasma moves up, the codpidted as
Bhor generate a horizontal magnetic eld, which pushes the plasimack downwards
by the Lorenz force. Similar e®ect happens in the horizontdtettion. The green

circles imply the magnetic eld generated by individual witings of By, .
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Figure 3.8: Signals of the feed back systert,,q collects information about the radial
position of plasma and controls the current into the verticahagnetic eld coils! e

via the feed back system. In a similar way, tHe,,; controls the horizontal magnetic
“eld by adjustingl,,. The beginning and the end of the discharge is denoted by the
vertical blue lines. The feed back currents start at about 2 msadvance in order to
compensate stray magnetic elds generated by toroidal curteand primary windings
current.
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3.2.6 Plasma radiation

Plasma radiates in a broad range of wavelengths from microweathrough the visible
light up to hard X-rays (HXR). Measurements of the visible radiaton can show the
density of neutral hydrogen (K line intensity) or of the impurities such as carbon
(Clil'line). The HXR provides information on the behaviour of mn-away electrons
[7].

To monitor the plasma radiation, several detectors are instatl. There are two
photomultipliers equipped by interference Tters measurig the intensity of Hg line
at the CASTOR tokamak: one is at the position of the limiter (Norh-West), and
the other is placed 180 toroidally from the rst one (South-East) as depicted in
“gure 3.9. Both of them are mounted at the top of the vessel. Theatlector of the
ClllI line is located from the bottom of the North-Eastern port. The HXR detector
is a photomultiplier with a Nal(TIl) scintillator located at th e toroidal position of
the limiter (North-West), from the top, two meters above the tckamak vessel.

Biasin
HXR dgtector, North ellectlrc?de (top)
Ha limiter (top), Clll detector
gas pufing

(bottgm) (bottom)

transformer
core

diagnostic

ports Ha chamber

South (top)

Figure 3.9: Layout of the detectors of plasma radiation, top view. The HXRnd
the Hg line detector are located at the North-West port from the toghe second H
line detector is located in the South-East port from the topThe CIII line detector
is located from the bottom of North-Eastern port.

The Hg line is the rst of the Balmer series for neutral hydrogen, theransition
from n = 3 to n = 2 where n is the principal quantum number. The wavelength of
the Hp line is 656.28 nm, which falls into the red part of the visible sgtrum. The
intensity of the Hg line can be expressed as

1 . . . :
lhe = 4—1/n3A32 [photons¢s' t ¢mi 3 ¢sr; mi 3; s 1] (3.6)
4
where Az, is the probability of transition between the states 3 2 and n; is the
density of the atoms excited to the staten = 3.
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Figure 3.10: Plasma radiation. Left panels: Temporal evolution of ele@n density
Ne, He line emission at the limiter position, Hy line emission on the opposite side
toroidally from the limiter, CllI line emission and HXR signal. The vertical blue line
marks the end of the discharge, when the primary circuit is@tied. Right panel top:
The Hg line intensity at the limiter position with emphasized scalshows periodical
increasing of intensity corresponding to the gas puxng. Rig bottom panel: Plasma
density during the start-up phase of the discharge (blackitiwthe Hg chamber line
intensity. The time when the K reaches its maximum is marked by a vertical blue
line. It corresponds to the half-ionization of the plasma,e., half of the maximum
of the electron density.

The Hg line detectors give an information about the amount of atonai hydrogen.
The temporal evolution of their signals are shown in gure 3.1Gecond and third
panel from the top, left. The Hg chamberdetector is looking directly into the
chamber, thus it can see only neutrals knocked out from the vessell (recycling)
or from the surface of probe inserted at the same toroidal positio The Hg limiter
detector is located above the gas-puxng valve, which is instel in the bottom part
of the same port. We can clearly observe periodical increasinigtioe Hg intensity in
this detector signal as emphasized in gure 3.10, the top rigipanel, by enlarging the
scale. The pattern is not observable in the §l chambersignal, because the neutral
gas ionizes close to the region of gas injection and it does me&ch the place visible
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by the Hg chamberdetector.

The full ionization of the working gas as well as the maxwetlation of plasma,
takes place during a thermal ionization phase of the dischard@IP) [8]. From
the experimental point of view, the TIP starts when a measurabl value of the H,
line intensity and the electron density can be observed. It endshen the electron
density reaches its maximal value,e., at the beginning of the quasistationary phase
of discharge. The maximum of the K intensity corresponds to the ionization of 50%
of the working gas (half of then,), as shown in gure 3.10 in the right bottom panel
and demonstrated in [8].

The Clll line (, = 464:7 nm) is emitted by twice ionized carbon atom € . The
main source of carbon impurities are the walls, eventually theiasing electrode,
immersed into the plasma from the top just opposite to the CllII dedctor. A typical
temporal evolution of the CllI detector signal is shown in gue 3.10.

The HXR detector collects radiation produced mainly by interation of run-away
electrons [9] with the limiter. The run-away electrons are @&lveloped from the high
energy part > 60 keV) of the velocity distribution function. The cross sectiomf the
coulomb collisions decreases with rising velocity, thus thedtelectrons are acceler-
ated by Ei;. The run-away electrons are generated during the avalanciphase of
the discharge,i.e. before the electron density starts to increase [8]. Typicallyfter
» 15 ms, they start leaving the con nement region and they hit thdéimiter, mostly
at the LFS close to the mid-plane. Temporal evolution of the HXR gnal is shown
in gure 3.10. Generation of run-away electrons depends alsm plasma density:
for low density discharges, the amount of run-aways is highegrfvery low densities,
they can carry a signi cant fraction of the plasma current, ancconsequently also a
signi cant fraction of the ohmic energy.

3.2.7 Safety factor (¢

Magnetic eld in tokamak is not purely toroidal as it has a hatal shape. The strong
toroidal current adds a poloidal component to the magneticeld. Thus, a particular
magnetic eld line does not come into the same poloidal positicafter one toroidal
turn, but after several of them, after it covers a toroidal antg ¢' . The helicity of
tokamak magnetic eld can be accurately described by de ning safety factorq as
¢
= Sy (3.7)

If gis irrational, one magnetic eld line covers the whole magtie surface and any
°uctuation can spread quickly and homogeneously. On the coutry, if qis a small
rational or even a natural number, individual parts of the mgnetic surface do not
communicate and instabilities like magnetic islands can arise

The safety factor depends on the geometry of the machine andviaries along
the minor radius. For large aspect ratio tokamaks?(= R=a) with circular poloidal
cross-section (as in the case of CASTORY, can be written as [4]

I Bior

ar) = 5

R Bpol(r) (38)
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wherer and R are the minor and major radii, whileBy, and B, are the toroidal
and poloidal magnetic elds.Bp, can be expressed as

2 A | 3

: 1

Polp(M) _ tolpi(@) 4, r2 P

BpOI(r): ?V4 r 2 r : 1i ? ° (3.9)

where | is the plasma current which is driven within the radiusr. Substituting
(3.9) into (3.8), q(r) can be written as

)= o) (3.10)
A= RV =y '
whereq(a) is the edge safety factor:
2]/43,2 Btor
a= —— : 3.11
0@ = R (3.11)

A radial pro Te of the normalized safety factory(r)=g(a) is shown in gure 3.11.

1.2

1.0

o 0.4f ]

0.2 .
limiter
0.0i\ Il Il Il Il \7

O 20 40 60 80 100

radius [mm]

Figure 3.11: Radial pro le of the normalized safety factor. The vertical bk line
indicates the limiter position.

For the edge of CASTOR tokamak & = 85 mm), we can write
BtOI’

g(a) =90:3¢ [T;KkA]: (3.12)
This is true in an ideal case when the plasma column is centradid with the poloidal
circumferencea = 85 mm. If the plasma is shifted, the constant in the formula (3.2)
has to be modi ed.

Temporal evolution ofq(a) during a typical discharge is shown in gure 3.12.
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Figure 3.12: Temporal evolution of the safety factog(a) (bottom panel). In the top
panel, the toroidal magnetic eldBy, is shown. The discharge is depicted by the
plasma currentl, (red line). The calculation was performed fora = 78 mm.

3.2.8 Determination of electron temperature and density
Electron temperature

The electron temperature pro IeT¢(r) is used in many calculations but not routinely
measured at the CASTOR tokamak. Experimental measurements veeperformed
at the plasma edge only, by swept Langmuir probes [10]. The retng pro les are
presented in section 4.3.5.

An estimation of the central electron temperatureT¢(0) can be obtained from
the following considerations: The current density of plasma is

] = EC¢¥ (3.13)
where ¥is the speci ¢ conductivity of plasma given by

e\ — 1 - Te(r)*2 i Lomi 1.
Y(r) = 1:544¢10° ¢ > ; [-*mi 1 eV] (3.14)
eff

and the electric eld E is assumed constant in the poloidal cross-section:

(3.15)

Plasma current is obtained by integrating current density ovethe plasma column:

7a
lpp = E ¢¥r)2%rdr: (3.16)
0
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Using (3.14) and (3.15) in (3.16) we can write

Za

o go1,Re_2e"

= Ty(r)%P2Vardr: 3.17
Uioop 1544010 1) 2% (3.17)

For the electron temperature, we assume a polynomial pro e
A '®
r2

Te(r) = Te(0) 1 o (3.18)

where a is the minor radius andTe(0) is the electron temperature in the centre of
the plasma column. We assum® = 2, thus the integral on the right side of equation
(3.17) can be calculated as

za A '3
_ r2 L, al
Te(0)%2 1 ~ 2Y4rdr = 2Y40T(0)2 ¢§: (3.19)
0

Substituting (3.19) into (3.17) gives us the formula for the entral electron temper-
ature X X
A o3 A e
= R8s T e
¢ a2 1:544¢10C° Uioop

For the CASTOR tokamak geometry witha = 78 mm (plasma shift is 7 mm down-
wards, see section 4.3.1):

(3.20)

A [
I [kA] 22

loop

T.(0) = 89:8¢ 1,230€V: (3.21)

The e®ective ion charge is assumed Zg; = 2:5. The result is over-estimated in
comparison to previous evaluations from gl measurements Te ¥4 150; 200 eV)
[11]. The di®erence may be caused by neglecting energy lossethénpresented
calculation.

The temporal evolution of T¢(0) is shown in gure 3.13 in the top panel.

Electron density

The line averaged density is measured by a microwave interfemeter, its temporal
evolution during a typical discharge is shown in gure 3.3. Assumg parabolic
density pro le (A-21), we can express the relation between the easuredneg meas
and the central electron densityng(0) as

3
ne(o) = éne meas: (3.22)

Detailed calculation is given in appendix A-2.
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Figure 3.13: Temporal evolution of the central electron temperatur&.(0) (top panel)
and of the energy con nement time;, (bottom panel) for a typical CASTOR dis-
charge.

3.2.9 Electron con nement time

The electron con nement time¢, can be estimated as the ratio of the energy stored
in the electron component of the plasm&. and of the ohmic powerPg:

Qe
= —— 3.23
ée Por ( )
The total energy stored in the electron component of the plasmean be obtained

from
3 . )
Qe = éhTe(r)ne(r)ld:\/tOr Te; Ne; Vior [J; M3, m) (3.24)

where Vi = Y& ¢2YRis the plasma volume andiTe(r)ne(r)i is the product of
electron temperature and density

.1
ATe(r)ne(r)i = ZTE(O) ¢ne(0) (3.25)
as shown in appendix A-2. Introducing (3.25) into (3.24), we dain
3
Qe = gVior €Te(0) €ne(0): (3.26)

Finally, the energy con nement time¢, derived from equation (3.23) by substituting
equation (3.26) and (3.5) (page 16), can be written as

. _ 3, Te(0) ¢ne(0)
e — 8 tor Uloop ¢l "
Temporal evolution obtained from experimental data is showim gure 3.13, bottom
panel.
This was a rough estimation of these. A proper calculation requires to include
the radiative power loss and the energy stored in ion componers is described in

[12] and [13]. Similar results { ' 0:3 ms) were obtained from measurements of
plasma diamagnetism [14].

Y4 0:25 ms Te; o [J; KA]: (3.27)
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3.3 Diagnostics

Tokamak CASTOR is equipped by a set of basic diagnostics for measarents of the

main plasma parameters such as the loop voltage, the plasma @nt, and the aver-

aged plasma density as well as the plasma radiation and magnepioperties. The

main emphasis of the physical programme of the facility is on rmasurements of the
edge plasma. For this purpose, several arrays with high space aedporal resolu-

tion were constructed and several advanced probes were depeld. In this section,

we focus on the most important diagnostic tools for the turbulece measurements,
used in this work.

3.3.1 Langmuir probe arrays

Several arrays of Langmuir probes were developed for measneats in the edge
region of the CASTOR tokamak. The required spatial resolutionsiin the order of
millimetres, the temporal resolution should be 1 s, if not indicated otherwise. The
probes work either in the °oating potential regime, or they ollect the ion saturation
current. An electronic circuit of an individual probe is shownin gure 3.14.

0 0%C B Lamey,  vessel

I

Figure 3.14: Circuit of the connection of one Langmuir probe. The blue anckd
lines depict connection for measuring the °oating potentizand the ion saturation
current, respectively. The resistors ardR; = 620k- ; R, = 6:2k- .

Rake probe

The rake probe is a radial array of 16 Langmuir tips made of mgbdenum, spaced
by 2.5 mm. A picture of the probe is shown in gure 3.15 in the lefpanel. The

support is inserted into a quartz sleeve. The probe is immersedtonthe plasma
from the top of the chamber in most of the experiments, in some ofi¢m from the

LFS at the mid plane.
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Figure 3.15: Arrays of Langmuir probes. Left panel: the single rake probegntral
panel: the double rake probe. Right panel: the 2D probe arrélye bottom part shows
the Langmuir probe tips, the blue top part contains connecsofor the conductors
leading the signal out from the vacuum vessel. This part is the diagnostic port.

Double rake probe

The double rake probe is a radial array of 24 Langmuir tips (tev rows each of 12
tips). They are made of molybdenum, spaced by 2.5 mm in the radiias well as in
the poloidal direction, as shown in gure 3.15 in the middle pzel. The support is
made of machinable ceramics (boron-nitride). The probe isnmersed into plasma
from the top of the chamber, facing the upstream with respect tthe magnetic eld

lines (and the plasma current).

2D probe array

The 2D probe array [15] is a two-dimensional matrix of 64 graje tips (8 £ 8) with
spacing of 6 mm in the poloidal direction and 4.5 mm in the radialirection as shown
in gure 3.15, right panel. The tips are held by a support madefdoron-nitride.

The 2D matrix is inserted into the plasma from the top of the charer, oriented
either upstream, or downstream with respect to the magnetic dllines.

Poloidal ring

The poloidal ring [16, 18] consists of 124 Langmuir probes madé molybdenum,
located on a circumference of a stainless steel ring with the fad of 58 mm, as
shown in gure 3.16. The probes have the length of 2.5 mm and tlidameter of
0.6 mm, their poloidal distance is 3 mm. This ring plays the rel of an additional
limiter.
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Figure 3.16: Poloidal ring.

SK ring

Another poloidal array named \SK ring" [17] consists of 96 Languir probes, more-
over 16 magnetic coils are added as apparent from gure 3.1This ring is placed

slightly behind the limiter (r = 87 mm), the individual Langmuir probes are made
of molybdenum wire with the length of 2 mm and the diameter of .6 mm. Their

poloidal distances are thus 5.7 mm. The probes can measure loglactric parame-
ters, while the coils detect changes in the magnetic eld, caad by magnetic islands
in the plasma core.

pick up coils

Figure 3.17: SK ring. The white segments are covers of the 16 magnetic solil
while the Langmuir tips are embedded in a PTFE ring protectdoly a stainless steel
diaphragm.
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3.3.2 Advanced probes
Ball-pen probe

The Ball-pen probe is a novel type of probe, which was develeg in IPP Prague
to measure directly the plasma potential [19, 20]. This probeyhich is based on
the Katsumata probe concept [21], consists of a movable collectvith a conical tip
housed inside an insulating boron-nitride shielding, as shown igure 11.1. The
collector can be moved radially, and adjusted in order to celtt equal °uxes of ions
and electrons, due to the shadowing e®ect of the shielding. Whsich condition
is reached, and the collector is °oating, the collector potgial will be equal to the
plasma potential.

Another application of the probe is to study the spatial decay athe °uctuation
power spectrum inside the shaft for di®erent collector positisn From these data, the
plasma di®usion coexcient is derived. Part Il is devoted to th detailed description
of the method as well as of the probe itself.

Gundestrup probe

The Gundestrup probe [22] is designed for direction-sensitiveeasurements of ion
°ows. It consists of eight segments, placed on an insulating boraitride housing,
facing all sides as shown in gure 3.18. The segments are made ocbpper cylindrical
conductor with the diameter of 11.7 mm, divided into the segnms, which are
separated by a gap of 0.2 mm. The whole probe is covered by a duasleeve
which determines the radial extent of the active area of the gements. Thus, each
segment has the active area 11.4 mi#h 2.2 mm. The segments are biased at the

quartz sleeve

(transparent)
bor(ér;;/nétrrlde A active
{5 Gundestrup
Langmuir probe—£ probe area

Figure 3.18: Gundestrup probe. Left panel: Orientation of the probe wittespect to
the tokamak vessel, top view. Right panel: A photo; the quasteeve is emphasized
by the black frame.
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ion saturation current. Moreover, a single Langmuir probe (25 mm length and
0.6 mm diameter) is located on the top of the Gundestrup probensulated by a
boron-nitride cover (1.8 mm thick). The Langmuir probe is swat by a triangular
voltage in order to get the voltage current characteristicsa determine the local
electron temperature and density in front of the Gundestrup pbe.

Segmented tunnel probe

The segmented tunnel probe (STP) [23, 24] was developed fonitemperature
measurements. It consists of two hollow tunnels with axis parall to the By, : one
is upstream (facing the ion current) and the second one is downsam oriented
(facing the opposite side). One tunnel has the diameter and dépof 5 mm. It is
ended with a copper back plate, the inner sides are made of twopper rings as
depicted in gure 3.19 in the left panel. Each of this part is agatively charged
to measure the ion saturation current. In the proximity of the pobe ori ce, four
Langmuir probes are installed to measure the °oating potentiaAn overview picture
is in “gure 3.19 in the right panel.

The segmented tunnel probe is inserted from the top of the chamb The ions
°owing into the probe are demagnetized by a strong electric e and redistributed
among the back plate and the rings. The ratio of the currents wing to the segments
(the inner copper rings) and to the back plate is a function oflectron temperature.
The sum of the currents to the individual conductors divided ¥ the area of STP
ori ce gives the parallel ion current density. The ratio of tke current °owing to the
“rst and to the second inner ring is proportional to the paralléion temperature.

5mm
Back plate
incident flux

Figure 3.19: The segmented tunnel probe. Left panel: Schema of one tunmight
panel: Picture of the whole probe.



Chapter 4

Edge plasma

In this chapter, we give a brief description of a basic informain
about two kinds of geometry of Scrape O® Layer in tokamaks and
about transport in this region. The speci ¢ geometry of the &£S-
TOR edge plasma is described and the most important paranrste
characterizing the CASTOR edge plasma are shown.

33
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The concept of magnetic con nement is to keep plasma inside acvmm chamber
with a help of a strong magnetic eld. In reality, the plasma wil always escape
from the trap due to various drifts, di®usion processes and turlance. The plasma
column will decay to the vessel inner walls and the particles dhe plasma will
interact with the wall.

The plasma-surface interaction (PSI) is an important issue in #amagnetic fusion
research since it is responsible for:

1. recycling of the fuel (hydrogen) atoms,
2. bringing impurities into the plasma,
3. erosion of the inner vessel walls,

4. cooling the edge plasma.

As noted in section 2.2.1, the helical magnetic eld creates meentric mag-
netic °ux surfaces (see gure 2.6). The surfaces which are notremected with any
solid material are calledclosedwhile the magnetic surfaces which come through
solid surfaces (wall, limiter) are calledbpen The Last Closed(magnetic) Flux Sur-
face (LCFS) is important in the edge plasma physics terminology: idivides the
plasma boundary into the con nement region with closed °ux suafces (inwards of
the LCFS), and the Scrape O® Layel(SOL) with open °ux surfaces.

4.1 Scrape O® Layer

The shape of the edge plasma region is di®erent for di®erent metic con nement
devices. In general we distinguish two main types: thémiter and the divertor
con guration. The limiter as well as the divertor act as gplasma sink

4.1.1 Limiter con guration

The simplest con guration is made by using some kind of limiter.niserting a limiter
into the chamber enables to determine the shape of the plasmadatihe connection
length in the SOL and in the limiter shadow. Using a limiter also esbles to in°uence
the plasma-wall interaction by choosing a suitable material. df example, in the case
of the CASTOR tokamak, the limiter is made of molybdenum. If tle limiter was
not there, the plasma would pollute itself by massive sputteringhte iron walls.

The most often used shapes of limiters are the poloidal or tor@t A poloidal
limiter is a metal annulus placed in one or more poloidal positions. Isiused
in devices with circular cross-sections such as the CASTOR tokakar the FTU
tokamak. A typical distance, which a particle has to travel inthe SOL before hitting
the limiter, is termed the connection lengthand it is equal to

ViR
Niim
where nji,, is the number of poloidal limiters. The distance in between twaolid

surfaces of the limiter(s) is 2. A picture of a poloidal limiter of the FTU tokamak
is shown in gure 4.1.

L Va

(4.1)
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Figure 4.1: Poloidal limiter of the FTU tokamak pointed up by red lines.

A toroidal limiter is a rail, covered by protecting plates, inserted into the plasen
in the toroidal direction, usually from the bottom of the vesselas in the tokamaks
Tore Supra or TEXTOR. The toroidal limiter of Tore Supra is show in gure 4.2.
The connection lengthL is longer with this con guration, as the particles need to
go around the chamber several times before hitting the solid gace. L depends on
the pitch angle via the safety factorg and we can be expressed it as

L = YRq: (4.2)

Any object inserted into plasma can play the role of a limiter, ifit is large
enough to close the magnetic eld lines on itself. Another typef ¢imiter is so-called
wall-limiter, means that the plasma touches directly the walls. Advantage dhis
con guration is the distribution of power to a large surface.

Figure 4.2: Toroidal limiter of the Tore Supra tokamak placed at the baitn of the
chamber.
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4.1.2 Divertor con guration

The characteristic feature of the arrangement using a diventa@on guration is that
the LCFS does not touch any material surface as in the case of iter.

The divertor con guration is schematically shown in gure 4.3 It is formed
by a toroidal conductor carrying a currently, parallel with the plasma currentl .
These two currents create an eight-shaped magnetic surfaces.between these two
conductors, a magneticX-point exists, it is the place where the poloidal magnetic
“eld is equal to zero. The Last Closed Flux Surface passing throlghis point is
termed separatrix The mostly used con guration shown in gure 4.3 is called a
poloidal divertor and corresponds to the toroidal limiter.

"'major

' radius

7 vacuum
|

. vessel

! N—

|

! — separatrix
|

i

!

! — X-point
|

i private - legs

' region - divertor plates
1

strike point

Figure 4.3: Principle of divertor.

As the con ned plasma is separated from solid surfaces (which playle of the
source or impurities) and therefore remains purer, the divest con guration is better
than the limiter one. Divertor con guration permits us to reach so-calledplasma
detachment[25, 39], moreover, the strong magnetic shear around X-point &svery
excient ingredient for transition into H-mode (improved con nement) [25, 39].

A construction of a divertor is more dixcult than the construction of a limiter
since it requires an external poloidal coil conducting highucrent (comparable with
the plasma current). This con guration is therefore used in th European facilities
such as JET, COMPASS, ASDEX, TCV and MAST, and it is designed also foihe
tokamak ITER. For large devices with high energy stored in pkEma, the geometry
of divertor tiles must be done in a special way, in order to maxiipe surface touched
by plasma and thus to minimize the energy °ux to divertor plats. A detail of the
ITER divertor is shown in the gure 4.4.



EDGE PLASMA 37

Cassette

g & s

E=—= 7 Outer

[ [ -j ./ Cassette to
il /" Vessel

~" Attachment

W
T

Inner cassette -
to vessel

attachment

Figure 4.4: Scheme of a divertor designed for ITER.

4.1.3 Geometry of SOL

The SOL can be unfolded and straightened into an orthogonal dtk as shown in
“gure 4.5. The shape is bounded by:

2 Opposite solid surfaces. These can be two surfaces of poloidal térs or
two sides of a single one, or two sides of the °ux tube touching thmoloidal
limiter or entering the divertor. The surface is usually not pgendicular to
the magnetic eld lines. In this case, we need to take the orthogal projection
of the surface. The distance between the two solid surfaces Is. 2

2 The LCFS or separatrix on the top of the block, and chamber walat the
bottom.

2 The last two sides can be de ned in an arbitrary way. One can forxample
take w = 1 m to have a \unit" portion of SOL or w equal to one tile extent.
They are always perpendicular to both theB and the radial direction. We
will use this boundary as two sides of one cut, in order to incledthe whole
plasma volume in our cube.

For a tokamak with circular poloidal cross-section, single paltal limiter and cen-
tralized plasma column, the dimensions of the block arenv = 2% 2L, and the
width of the limiter, as depicted in gure 4.6.

4.2 Transport in Scrape O® Layer

4.2.1 Characteristic time in SOL

The projection of the particle velocity in the direction of broidal magnetic eld is
similar when compared to the ion sound speexd. The characteristic particle dwell
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Figure 4.5: Scheme of unfolded SOL.
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Figure 4.6: SOL of a tokamak with one poloidal limiter and a circular crassection.

time in the SOL s L
ésoL = - (4.3)

Cs
For the tokamak CASTOR in the shadow of limiter, theL = %R The L' 1.3 m
since the major radiusR = 0:4 m. The temperature in the SOL is» 10 eV, thus
the cs ¥44¢10* m s 1. The ¢so. ' 0:03 ms. For JET-sized tokamaks with toroidal
divertor, L = ¥4Rq For the major radius of» 3 mandq =4, L %40 m. The
temperature in the SOL is typically 1j 100 eV, then thecs ¥4 10*j 1° m s 1. The

ésoL ¥a0:4i 4 ms.

4.2.2 Di®usion coezxcient in SOL

Di®usion across the magnetic eld lines is very important forlgsma con nement.
While the di®usion coexcientin the con ned region is an empirical value, not pos-
sible to be calculated theoretically, the di®usion in the SOLan be estimated from
simple principles.

For a rough estimation of thedi®usion coexcient in the SOLDS®", we can use
the following consideration. In the SOL, the velocity of paiitles along the magnetic
“eld lines (in the toroidal direction) dominates the velocly in the perpendicular
direction. Thus, the source of particles is the LCFS - the parties are penetrating
from the con ned area. Once they reach the SOL, they leave ih¢ parallel direction
to the limiter or the divertor tiles.
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The total particle °ux coming from the con ned area through LCFS is

p=ipg &= s (4.9

whereS = 2Lw is the surface of LCFS (see gure 4.5). De ning theharacteristic
length of radial density decay , as

“1an 1
n
- 4.5
sn | ndr ( )
the decrease of the density in the SOL can be expressed as
dn n
R 4.6
el (4.6)
and n
°, = j DSOL EFS (4.7)
n
The total particle °ux in the parallel direction is
2
°k = 2W ncsdr (4.8)
r=LCFS

with using Bohm/Chodura sheath criteria [25]. Assuming that then(r) is exponen-
tial
n(r) = nicrs€ ™" (4.9)

and the cs(r) is constant, the particle °ow (4.7) can be written as

1
k= ZWEnLCFS Cs, n- (4.10)
The particle balance says that all the particles coming fromhie SOL in the perpen-
dicular direction (°, ) leave to the limiter in the parallel direction (°x) due to higher
velocity in the parallel direction, thus we can write®, = °. It gives

soL _ Cs,h.
D>"- = oL (4.112)

It is worth noting that the introduced model has certain limitations. Recent
research shows that the transport is signi cantly in°uenced byurbulence. Blobs
and ELMs present in the edge plasma can increase the convectiordaonsequently
raise the transport by order of magnitude. As the turbulence isealeloped in the
inner layers of plasma, the di®usion coezxcient is not a local nable anymore, it
depends also on parameters in the con nement area. The modasdribed in the
equations (4.4){(4.11) is thus only a rough approximation.
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4.3 CASTOR edge plasma
4.3.1 Geometry of the CASTOR edge plasma

CASTOR tokamak has a speci ¢ geometry of the edge plasma. The pfaa column
is typically shifted downward because of insutcient capabilies of the feed back sys-
tem which controls the plasma position. The poloidal cross-seoti is schematically
shown in gure 4.7. We can distinguish three areas: the con nemtearea (core),
the Scrape O® Layer (SOL), and the shadow of the limiter. In theon nement
area, the magnetic eld lines are closed or in nite. In the shamv of the limiter,
the connection length is only one half of a single turn along étorus. Completely
di®erent situation is in the region labelled as SOL: The concigon length is several
turns along the chamber, and the magnetic eld lines are terimated at the limiter
surface. The number of turns depends on the safety factqr(see section 3.2.7).

magnetic field
line, g=8

Figure 4.7: Vertical shift of plasma in the CASTOR tokamak. Black and wte circles
demonstrate intersections of a magnetic eld line and the leddal cross-section.

Such con guration was experimentally con rmed by measuremes of radial and
poloidal pro les of °oating potential, described in followng text. The subsections
4.3.3-4.3.6 concern about \typical pro les" of ohmic dischaye. A signi cantly dif-
ferent regime is reached by biasing of the edge plasma, exp&nin chapter 5.

4.3.2 Connection length of the CASTOR edge plasma

The connection lengthL is not uniform along the radius, as is implied in section
4.3.1. Radial pro Ie ofL is shown in gure 4.8. In the limiter shadow L, = YaR
(equation (4.1)). At the LCFS, the situation corresponds to adroidal limiter at the
bottom of the chamber, thusL,crs = q¢R ¢% In between, thelL varies linearly in
the midst of these two values.
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Figure 4.8: Radial pro le of the connection length for CASTOR edge plasamfor
q(70) = 8.

4.3.3 Radial prole of °oating potential

Radial pro le of °oating potential at the plasma edge is presdad in gure 4.9. The
pro le is obtained from the rake probe (3.3.1) inserted fromhe top of the vacuum
vessel. The CASTOR tokamak has no possibility of magnetic recongtition of the
plasma shape, radial pro le olU;; was therefore a clue how to disclose the position
of the LCFS.

#25366—-25372

20F E<Om .
of | —

—20 g |

U [V]

core

7407

55 60 65 /70 75 80 85 90
radius [mm]

Figure 4.9: Radial pro le of the °oating potential [10].

Once plasma reaches the limiter, it decays on it. More electie escape to the
limiter due to their higher mobility, thus the area in the shadw of the limiter is being
charged positively. As the plasma protrudes from the LCFS out, are electrons end
up at the limiter surface and the potential decreases in this aa. This imbalance
is proportional to the temperature, that is another reason win we can observe a
maximum of the °oating potential near the LCFS, as marked in gure 4.9. In the
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direction to the core, the °oating potential drops and it ges negative values in the
plasma bulk. It is caused by ion orbit losses: due to larger Larmoadius, the ions
escape faster.

One more e®ect contributes to the shape of the radial prole af;, which is
caused by a turbulent process. The Reynolds stress (also termedini instability)
[26] generates a poloidal velocity sheawgh=dr, yielding related radial electric "eld:
Erad = Bior £ Vpoi. The direction of this eld depends on a trigger mechanism and
can be randomly positive or negative; the shape of thd;; pro le, however, does not
gualitatively change. It implies that the ion orbit loss meclanism must dominate the
Eraa pro le. Quantifying this mechanism requires complex numetal simulations.

It is obvious from gure 4.9 (and gure 4.7) that in the upper part of the cham-
ber, the position of the LCFS does not correspond to the limiteposition. This
discrepancy between the measurements with Langmuir probesdathe feed back
system was explained by measurements using Hall sensors: the feed lzads for
measurements of the plasma position are a®ected by an additibn@agnetic eld
generated by other sources than the plasma current [27].

4.3.4 Poloidal pro les of °oating potential and velocity

The downward plasma shift can also be deduced from the poloidasttibution of the
°oating potential (U ) obtained from the poloidal ring of Langmuir probes (section
3.3.1), plotted in gure 4.10. In the upper part of the circunfierence, theUy is
positive, which indicates that the probes are in the SOL, aceding to the prole
shown in gure 4.9. In the HFS/bottom area, the probes measure gative U,
means they are e®ectively deeper in the plasma, they reach ttan nement area.

Us # 13985,13986,13983,13984

40 [[FS TOP HFS BOTTOM |
20 Vs
—_ T o I3
> r & 1
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20+ ‘A“A; _
fa
'y
—-401
0 90 180 270 360
angle [°]

Figure 4.10: Poloidal distribution of the radial potential [28].

The same phenomenon can be deduced from the poloidal distribart of the sign
of the poloidal velocity due to theE,;,q £ By drift, shown in gure 4.11. The
poloidal velocity
E'rad £ Btor

(4.12)
B

Yool =
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is obtained from the poloidal ring of Langmuir probes from @ss-correlations of
signals of adjacent probes as will be described in chapter 7. &lopposite signs of
the velocity in gure 4.11 indicate that the respective probg are on di®erent sides
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Figure 4.11: Poloidal distribution of the sign of the poloidal velocity, #3985, 13986,
13983, 13984, [28].

of the velocity shear layer: the positive velocity is for the mbes located in the SOL
with E,oq > 0 (see gure 4.9), while the negative velocity corresponds the plasma
in the core with E,oq < 0.

4.3.5 Radial pro les of temperature and density

Radial pro les of electron temperature and density obtainedrom the rake probe
(section 3.3.1), are shown in gure 4.12. The individual tips &re swept by a tri-
angular voltage with amplitude § 100 V and frequency of 500 Hz. The electron
temperature was obtained from the current voltage charactistics, density from the
values of ion saturation current. In the density pro le, two pateaus are observable:
the “rst is located slightly inside the LCFS, the second one in th&OL. Although
they seem to indicate areas with an enhanced radial transporthese plateaus are
well below the experimental error.

The electron temperature was also measured by the standard tuglrprobe (STP)
(see section 3.3.2) and compared with the ion temperature. Thiesult is in gure
4.13, top panel. The STP is oriented in the parallel directio to the magnetic eld
lines, thus it can measure upstream parameters (the magneticlddines as well as the
plasma current are entering into the tunnel) or downstream (th tunnel is facing the
electron part of the plasma current). The upstream and downsteam currents were
averaged in order to obtain the radial pro le of the electrorand ion temperature
- red and blue colour in gure 4.13 respectively. The pro les ere compared to
measurement of the electron temperature obtained from the ka probe { the green
line in gure 4.13. The measurements show that in the SOL, the edtron and ion
temperatures are roughly equal.

The ion saturation current measured by the STP and the rake prabis compared
in gure 4.13, bottom panel.

Another method for measurement of the radial pro le of the elémn and the
ion temperature is by the Katsumata probe (see section 3.3.2).h€& result is shown
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Figure 4.12: Radial pro les of temperature (left panel) and density (righpanel),
#26398-26399 & #26402-26403 measured by Renaud Dejarnac ihet CASTOR
tokamak. The error bars show the standard deviation of °udations.

in gure 4.14. It is clear that in the CASTOR tokamak T ' T; in the con nement
region and in the SOL near LCFS, while in the far SOL (limiter sadow) T; > T.
This is consistent with many experimental observations summaed in [32].

4.3.6 Di®usion coezcient in the CASTOR SOL
Di®usion coexcient in the CASTOR SOLD3°" can be derived from formula (4.11):

2
soL - Cs.n.
The ion sound speed is S
+ .
mi

wherekg is the Boltzmann constant, Te and T; are given in eV, andm; is the ion
mass.Te' T; as was shown in gures 4.13 and 4.14, thus tlee can be approximated
as s
2kB Te_

-
A typical radial pro e of cs in the CASTOR tokamak is shown in gure 4.15.

To estimate the radial pro le of the characteristic length of adial density decay
. n according to the formula 4.5

Cs Va

(4.14)

A .
ldn '*

b wdr

the density n(r) has to be tted by the exponential function (4.9) at page 39.The
't was performed in two ranges of radii as shown in gure 4.16 bthe red lines:
aroundr ' 73 mm andr ' 85 mm. The derived, , ' 3 cm (forr ' 73 mm) and
,n  L15cm (forr* 85 mm).

Finally, for the connection lengthL, the pro e shown in gure 4.8 is used.
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Figure 4.13: Radial pro les of the electron and ion temperature (top paheand
the parallel ion saturation current density (bottom panel) masured by the standard
tunnel probe (blue and red) compared to measurements fronetrake probe (green).
The gure was extracted from [29, 30].
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Figure 4.14: Radial pro les of electron and ion temperature measured byaksumata
probe (red dots) and standard tunnel probe (black trianglesd blue asterisks). The
“gure was extracted from [31].
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Figure 4.16: Radial pro le of the electron density in logarithmic scale wh an expo-
nential t in the SOL area according to the formula (4.9) depited by the red lines.

Using these proles, the di®usion coetcient in the CASTOR SODS" is de-
rived in the two above mentioned pointsD3°" » 4 m?=s. This value is in agreement
with the di®usion coezcient calculated from the Bohm's di®usn [33] and from the
Ball-pen probe measurements [33, 34]. These articles are irapters 12 and 13.



Chapter 5

Biasing experiments

For improvement of plasma con nement, regimes with modi egro-
“Tes of edge electric eld are used. It is usually achieved ligposing

an electric “eld by an electrode immersed into the edge plasmad
biased at a DC voltage with respect to the vacuum vessel. This
chapter describes the method, the improved plasma paramei@nd
shows the biasing electrodes used in the CASTOR tokamak.

47
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Ohmic discharges do not enable to achieve regimes with conment suzcient for a
fusion reactor. The fusion power is proportional to the partie con nement time ¢,
[39], hence we need to increase it by the means of creating tsport barriers. Biasing
of the edge plasma (called simply biasing) is a way how to improeen nement not
only in tokamaks, but also in other types of fusion devices such atellarators. It
is used in small-size machines since inserting an electrode intee tedge plasma of
large facilities is not wise: it would not survive due to high temperatures and long
durations of the discharges. Biasing experiments enable us taigdy the in°uence
of the velocity shear caused by radial electric eld imposed iotthe edge plasma
to the structure of turbulences in this region and consequepstithe in°uence of the
shear to the plasma con nement. These experiments are of highportance for the
CASTOR tokamak since a signi cant part of the research programmis based on
them.

Typical arrangement of the biasing experiments is shown in ga 5.1. The
biasing electrode is immersed from the top of the chamber intdhh¢ con nement
region to the radial position up to 40 mm of the minor radius, andbiased at positive
voltage up to +300 V with respect to the limiter. An electric eld arises between the
layer at the radial position of the electrode and the LCFS, with is connected with
limiter. This electric eld in combination with the strong toroidal magnetic eld
createskE,,q £ By drift which rotates the plasma. A transport barrier is establisled
as will be shown in following sections. Negative biasing does nave a signi cant
in°uence on plasma since the current driven by the electrode iso small (» 5 A)
to modify the edge plasma [35].

biasing

electrode LCFS

Figure 5.1: Position of the biasing electrode, poloidal cross-sectioiVhite ring de-
picts the limiter. Toroidal magnetic eld as well as plasmauwrent are perpendicular
to the plane of the picture.
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Biasing electrodes at the CASTOR tokamak

2 Massive biasing electrode (standard biasing electrode)

A commonly used electrode is a massive graphite mushroom-shaplkettode,
shown in gure 5.2. It is radially thick 0.5 cm in the broadest phce, 5 cm long
in the poloidal extent and 3 cm in the toroidal one which detemines its surface
to be 15 cn?. A positive voltage of 109 300 V is applied between the electrode
and the tokamak vessel and the current (10 30) A is driven.

Figure 5.2: Massive biasing electrode.

2 Segmented biasing electrode

The segmented biasing electrode consists of ve metal rings withameter of
16 mm and thickness of 1 mm, radially spaced by 3 mm on a PTFE suppor
as shown in gure 5.3. Each of the rings can be biased separatelyhwespect
to the vacuum vessel or can be left °oating or grounded to the ves$sérhis
electrode was used in the rst experimental campaign when thelaxation
events were observed (chapter 9).

Figure 5.3: Segmented biasing electrode.
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5.1 Improvement of the global plasma parameters

During the biasing phase of the discharge, global plasma pararaet change. An
example is in gure 5.4. The temporal evolution of the line araged electron density
ne is plotted, showing a clear increase after the beginning of thaasing phase.
During the whole discharge, there is a continuous in°ow of theorking gas into
the chamber which covers the particle loses during the disclyg@. As the transport
barrier raises during the biasing phase and these loses are redijdbe averaged
density increases. After the end of biasing phase, a signi cant amuwf plasma is
expelled to the walls, and then, returns to its original values.

Under favourable conditions (the amount of impurities is lowthe imposed elec-
tric eld is high), we can observe a decrease of thegHine intensity (further simply
He) which is perceptible shown in gure 5.4. H is proportional to recycling of
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Figure 5.4: Temporal evolution of main plasma parameters during discigge #23999
with the biasing phase betweelD; 15 ms From top to bottom: averaged plasma

density ne, intensity of the Hg line emission, voltage and current carried by the
biasing electrode.
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neutral hydrogen atoms knocked from the inner wall of the vamm vessel. The
decrease of | is another sign of improvement of global con nement. The botim
panels in gure 5.4 show the voltage applied to the biasing eteade with respect
to the limiter (third panel) and the current driven by the electrode (bottom panel).
The increase of global particle con nement during the biasinghase of discharge
can be deduced from the temporal evolution of §land the line averaged density as

[35]
.B hg | OH

S He
= ¢ (5.1)
TR I,

Where(;pB and ('pOH is the particle con nement time during the biasing and the ohric
phase,n® and AS" is the line averaged density during biasing and ohmic phase, and
15, and 131 is the intensity of emission of K during the biasing and the ohmic

.B J—
phase. The temporal evolution of the ratio(_% for the same discharge as in gure

5.4 is plotted in gure 5.5. It is worth emphasizing that the paticle con nement
time in some cases increases by the factor of 8. It is a high valuedomparison
with spontaneous L-H transitions in large tokamaks with X-poihdivertors, where

the ratio ;é'iH raises typically only twice.
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Figure 5.5: Temporal evolution of the ratio¢; =¢>", shot #23999. The vertical red
lines indicate the beginning and the end of the biasing phases horizontal blue line
depicts the ratio¢? =¢>" = 1.

5.2 Radial proles of U; and E;yq at the plasma
edge during biasing experiments

During ohmic discharges, the radial pro e of the °oating potatial U, reaches its
maximum near the LCFS [36] and then drops down to negative wés towards the
plasma centre as shown in gure 5.6, left panel. THe,,q (plotted in the right panel)
reverses its sign, this level is known as the Velocity Shear leay(VSL).

When the biasing is on, the radial pro le ofU; changes from a hollow pro'le
to a pro e of a mesa (table). The maximum oflJ;, is shifted to the position of the
electrode. The value olJ);; dramatically increases and a strong radial electric eld
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Figure 5.6: Radial pro le of Uy (left panel) and E 5y (right panel): during ohmic
regime (triangles) and during biasing of the edge plasmadsd). The biasing elec-
trode is at the radial position of 40 mm.

is created as shown in gure 5.6. This radial electric eld dvies a strong poloidal
rotation due to E g £ By, drift as depicted in gure 5.1. The poloidal motion shears
turbulent structures in the edge plasma and the transport bargr is established.

The transport barrier established by the imposed electric eldni the edge plasma
decreases the energy and particle loses. This e®ect is obseevabh radial pro le of
the ion saturation current | s5; (Which is proportional to the electron density) shown
in gure 5.7. During the biasing phase of the discharge, thie, rises in the inner
part of the plasma, indicating an improvement of particle comement.
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Figure 5.7: Radial pro Te of ls: during ohmic regime (triangles) and during biasing
of the edge plasma (asterisks). The biasing electrode is ae tradial position of
40 mm.



Chapter 6

Statistical tools

This chapter gives a brief summary of the statistical methodsed
for evaluation of CASTOR edge plasma turbulences and descsibe
the ways of calculating them.
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Plasma turbulence in the CASTOR tokamak is measured mainly by na@s of Lang-
miur probes. The signal contains a high level of noise, which meto be Itered
out. For this purpose, using of sophisticated statistic methods isecessary. The
data are processed in the IDL programming language (Interaggé Data Language).
In this thesis, mostly the turbulence of the °oating potential aad ion saturation
current is investigated. The turbulence part of the signal istatained by subtracting
of the smoothed signal (usually smoothing is done over 6Q01000*s). Using
one Langmuir probe only, several types of important informadn about the plasma
turbulence can be investigated: the moments, auto-correlath functions and power
spectra. Using arrays of probes, radial and poloidal pro les ohése parameters
can be obtained. Moreover, space-resolved parameters can ldamed, like the
cross-correlation functions, cross-power spectra, coherenaeg phase-spectra.

6.1 Single point methods

6.1.1 Probability distribution function
Probability distribution function (PDF) of a random variablex is de ned as

P2g
P(x)= p(t)dt; (6.1)

il
and we express thelensity of probabilityas

dP(x)
dx

The momentsof the probability distribution function are de ned as

p(x) = (6.2)

M; = E[X] = R p(x)xdx
il R (6.3)
Mp = E[(X] M)"]= . p(x)(xj M)"dx for n> 1,
1
n is so-called order of the respective moment. For our analysisetimost important
moments are the “rst four: mean valuet (n = 1), variance %% (n = 2), skewness
(n =3) and kurtosisK (n =4)1:

1= Ex(1)] (6.4)
R = E[X(®) 1) 6.5)
S = SEl® 1 )] 66)
K = ZE[x®; )Y 3 6.7)

¥4

Variance (it's square root is thestandard deviatior) indicates the variability of the
distribution. Skewness shows the dominating part of the data:he negative value

LFor kurtosis, the denition is modi ed according to (6.7).
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of skewness indicates that the left tail of respective PDF is Iger that the right
one. The skewness for a normal distribution is equal to zero. Kwosis indicates
how \peaked" the distribution is. In order to have kurtosis of a mrmal distribution
equal to zero,j 3 is added in the de nition (6.7). Thus, \peaked" distributions have
positive kurtosis while \°at" ones have negative values of kuosis.

The IDL language uses the function MOMENT where the moments ame ned
as:

b oy 2 6.8)
= = — X .
N o
2 ”(il 2
32 — -
7 N 1j=0(x,. %) (6.9)
A !
1%L g x
s = = X (6.10)
A [
1% % x !
K = = LT3 6.11
N, Py (6.11)

whereN is the number of elements of the data vectax = (Xo; X1 XN ).

6.1.2 Auto-correlation

Auto-correlation function is the second moment of the PDF ok(t):
R(¢) = EX(x(ti oI (6.12)

This function describes the agreements of the signa(t) with itself shifted by a time
lag ¢. When we subtract the mean value from the analysed signal, we aln the
auto-covariance function

C(¢)= E[(x(t) i “)(x(ti ¢)i ) (6.13)

Thus, we can writeC(¢) = R(¢) i 12
The auto-covariance function is used in a normalized form
C(e)
Y )= —2 6.14
€= <0 (6.14)
termed as the auto-correlation coexcient. This function takes values fromj 1
(anti-correlation) to +1 (perfect correlation) and is often mentioned simply asauto-
correlation in the literature, which is also the case of this thesis.
The IDL language uses a function A-CORRELATE

Nigi1
Xk i X)(Xks1 i %)

Ylag) = %i Lag) = — " (6.15)
o (Xki %)?

wherelLag is the time lag ¢.
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6.1.3 Power spectrum

The power spectrumis de ned as the Fourier transform of the auto-correlation foc-

tion
71
S(f)=  R(¢)e ?fedy: (6.16)
il
If x(t) is real, the S(f) as well as%t) are real even functions. S(f ) shows how
the mean square ofx(t) is distributed over frequencies. The power spectrum of
the °uctuating part of the signal indicates the type of turbulence €.g, di®usion
behaviour if the power spectrum as a function of frequency shevan exponential
decay) and can also reveal a dominant frequency caused by a pbgsphenomenon
or by a parasitic signal. An example of power spectra from the RFX-ou reversed
“eld pinch and from the CASTOR tokamak are shown in gure 14.4 irsection 14.3
and in gure 2 in the article in chapter 12.
For the numerical evaluation, the experiment should be reptsd M times. Since
this is not possible for us, we realize it by dividing the signat(t) into M incesx(Tk)
with length T (k = 1:::M). Then, the power spectrum estimator will be

Mo
Sn= oy IX{P (6.17)
k=1

where X (¢ is the n-th element of the discrete Fourier transform of the slick.

6.2 Double point methods

6.2.1 Cross-correlation

The cross-correlation functionis de ned in a similar way as in (6.12)

Ry (¢) = EX()y(ti &)l (6.18)

It shows an agreement between two di®erent signals as a funotiaf the time lag.
Further, cross-coherencés de ned as

Cuy(e) = E[(x() i “x)(y(ti ¢)i *y) (6.19)

so that R,y and C,, are related asCyy(¢) = Ry (é) i x*y. The cross-correlation
coexcient is de ned as follows:

Cyy (&) _
(Cx (0)Cyy(0))

Yo (¢) = 4 (6.20)

This cross-correlation coexcient is also called simply theross-correlation An ex-
ample of cross-correlation is shown in gure 7.2 in section 7.3.
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The IDL language uses the function C-CORRELATE for evaluatio of the cross-
correlation:

Nij fagji 1
o (Xurjagi i (Vi Y)
Yay(Lag) = ¥ »# for Lag< O (6.21)
P N1 . 2 Nl . 2
(Xk i X) (Vi ¥)
k=0 k=0
Ni pgi 1
_ (Xk+ Lag i j()()/k i y)
Y4y (Lag) = ¥t 4 for Lag, 1
NR 1 NR 1
7 i 02 7 (i 92
k=0 k=0

Here the symbols have the same meaning as in (6.15) at page 55.

6.2.2 Cross-power spectrum, coherence, phase spectrum

In a similar way as the power spectrum (6.16), we can de ne th@oss-power spec-
trum as the Fourier transform of the cross-correlation function (&8):

4
Sy(f)=  Ry()e edy: (6.22)

il

If x(t) and y(t) are real then
Sy (i f) = Sy (f); (6.23)

thus the part of the spectrum at positive frequencies is suzciérdor determination
of S,y (f ) similarly as in the case of the power spectrum.
The cross-power spectrum is a complex function. Thus, it can be iten as

Sy (f) = Cyy(f) + 1Qx (f) (6.24)

whereC,y (f ) is termed as theco-spectrumand Q,, as thequad-spectrum Using the
polar representation, the cross-power spectrum can be re-watt as

Sy (f) = jSy(f)jef 1) (6.25)
Normalized amplitude of the cross-power spectrum is de ned as
S )
ISy
Sx(F)Sy(f)
Variable °,y (f ) is termed the coherence spectrunfor coherencg and indicates the
correlation of two signals in the frequency domain. It takesalues from zero to one.
The quantity £ ,,(f) in equation (6.25) is termed thephase spectrumand it
gives the averaged phase di®erence for each frequency in tharier spectrum of

the signals. An example of cross-power spectrum as well as the phasectpim is
in gure 7.3 in section 7.3.

*yy(f)= (6.26)
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For the numerical estimation, the signals are (in similar manneas for the power
spectrum) divided into M slices: x{(t), y{(t) and Fourier transformed into X (¥,

Y. (K) . Then, the cross-power spectrum estimator is

¥
=y x o (6.27)
k=1

6.2.3 Wavenumber-frequency spectrum

In turbulent plasma, there is no clear relation between the éguency and the
wavenumber. Thus, for an overall picture, it is worth to calclate the spectral
density function for each couple of frequencies and wavenuetb Let us consider
a function of time and spaceg(x;t), which is stationary in both the time and the
space dimensions. The second order moment of this function wik b

Elgt)axi A)ti &)= R(A;¢): (6.28)

The wavenumber-frequency spectrurB(k;! ) is de ned similarly to the power
spectrum: it is the Fourier transform of the second order momenif the function
g(x;t), but in both space and time:

71 71
S(k;!) = R(A; ¢)e (¢ i ¥ dAd, : (6.29)
il 1
Using this method for data from two probes only brings dixcultyin summing

over large space extent. The phase di®erence between the twoaig is thus used
as an estimate of the wavenumber at each frequency. The signats, as in previous
case, divided intoM slices:x{(t), y!'(t) and Fourier transformed into X (), Y=,
The local wavenumber for each slicgis

k() = arg(Yy DX ()
. ¢ X
where the indexn runs over frequencies. The two-dimensional functio8(k;! ) will
be then approximated by a discrete two-dimensional histogram

Sy = YR OX Y] (6.31)

(6.30)

which is the power at frequencyn in the slice attributed to the wavenumberk{). An
example of the wavenumber-frequency spect@&k;! ) from the RFX-mod reversed
“eld pinch and the CASTOR tokamak are shown in gure 6.1.
Finally, the numerical estimator can be expressed as
1M _ h i
S(k;!) = S(pt k; 2varts f) = o s, ki) (6.32)
j=1
wherel, is the histogram function de ned as

) ( 3 . 3 .
ot s 1 forpi 3 ¢k<k( < p+ 3 Ck (6.33)
pon 0 elsewhere

and p marks the wavenumber bins.
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#16109, 20.—40. ms, 200 slices, EW508+EY508 #22315, 10.—15. ms, 30 slices, probes 36+37
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Figure 6.1: Wavenumber-frequency specti@(k;! ) of °oating potential at the plasma
edge of RFX-mod (left panel) and CASTOR (right panel). The ggtra were used as
reference analyses for calculating the poloidal velocity the CASTOR tokamak in

[37, 38].
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Chapter 7

Measurements of sheared electric
“elds and °ows at the plasma edge
of the CASTOR tokamak

lon saturation current and °oating potential are measured wh high
temporal and spatial resolutions at the plasma edge of the EPFOR
tokamak by two poloidally spaced radial arrays of Langmuirqies.
The radial electric eld and the phase velocity of plasma °tua-
tions are determined. It is found that radial pro Ies of bottof these
guantities are strongly sheared in the proximity of the Lastlosed
Flux Surface. The position of the velocity shear layer is deteined
with a high precision. The shearing rate is determined. It vgacon-
cluded that the system is in the state of marginal stability tside the
VSL, while in the proximity of the VSL, the shear slightly d&pates
the turbulent structures.
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Poloidal velocity and radial electric eld are measured at th plasma edge of the
CASTOR tokamak by means of arrays of Langmuir probes. The shapétbe radial
pro le of the °oating potential results in a shear of the radial electric "eld causing
a shear of plasma poloidal velocity39]. Shear of poloidal velocity is one of the
mechanisms reducing turbulence at the plasma edge. It occurgtuarally in magnetic
fusion devices, nevertheless it needs to exceed certain limdivalue to suppress
the radial transport signi cantly. When this condition is ful lled, the turbulent
structures are dissipated and a so-callettansport barrier arises which improves
global plasma con nement.

7.1 Experimental set-up

The edge plasma parameters are measured by the double rake gddescribed in
section 3.3.1) which is immersed into plasma from the top of th@kamak chamber.
The individual tips of the double rake probe measure either th °oating potential
Uy or the ion saturation current | s5; with sampling rate of 11s. The radial position
of the double rake probe was moved on the shot-to-shot basis topmve radial
resolution. Two sets of reproducible shots were used for the @lling analysis:
#27036 { #27045 for the Uy measurements and #27046 { #27056 for the ion
saturation current measurements.

7.2 Radial pro les at the plasma edge

Radial pro les of the °oating potential and ion saturation curent are shown in
“gure 7.1 [40]. The maximum of the °oating potential roughlycorresponds to the
radial position of the LCFS [25], as explained in section 4.3.
The radial electric eld E,,q is derived as
dA
Erad = i — 7.1
rad | dr ( )
whereA is the plasma potential which can be calculated for hydrogerigsma in the
CASTOR tokamak as _
A=z Uy +2:5¢T,: (7.2)

Te was not measured in this experiment, instead, a typical pro Iérom a campaign
with similar plasma parameters [41, 42] was used. This pro le ghown in gure 7.1
at page 43.

Radial electric eld is positive in the SOL while it takes negtive values inside
the LCFS. This electric eld, in combination with the strong toroidal magnetic eld
Bior, CausesE g £ By, rotation in the poloidal direction. The poloidal rotation thus
should change sign at the LCFS. Therefore, the position of the IES is sometimes
labelled as the Velocity Shear Layer (VSL).
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radius [mm]

Figure 7.1: Radial pro le of the °oating potential (red dots) and the ionsaturation
current (blue triangles). Green vertical lines show the p®n of the LCFS and the
limiter.

7.3 Determination of the poloidal velocity of plas-
ma °uctuations

The plasma °ow velocity is not directly measured in this expement. Instead, we
determine the poloidal phase velocity of plasma °uctuations,, by means of two
poloidally spaced Langmuir probes, it means in the laboratorframe. In principal,
the phase velocity of the turbulence with respect to the ambi¢motating plasma
may be non-zero; previous studies (summarized in [43]) show ttiae propagation
of the turbulent structures is dominated by theE,,q £ B Shear and thus thevy,
well represents the poloidal plasma velocity.

Two statistical methods are exploited in order to estimate the ploidal phase ve-
locity vyn: cross-correlation and cross-coherence techniques. The crossetations
(see section 6.2.1) were calculated from the °uctuations oféhJ; or |5 measured
by poloidally spaced probes of the double rake probe. The sanmg rate of the
measured data and thus the temporal resolution of the cross-celations is 1*s.
The poloidal phase velocity of turbulent structuresvy, is identi ed with ratio of
mutual distance of poloidally adjacent probesl over the time delay of the signal
appearing successively at these two probes. This delay was detered as the time
lag of the maximum of the cross-correlation of two signal$agmax. An example of
a cross-correlation is shown in gure 7.2.

The characteristic poloidal size of turbulent structuresn the CASTOR edge
plasma, is 1 cm [44, 45], which is higher than the poloidal distance ofi¢ probes.
Thus, the maximum of the cross-correlation is rather broad andse&blishing of
lagmax iS not easy. Moreover,lagnax Usually appears around 1's. In order to
improve the resolution of this technique below the sampling pied (1 * s), the cross-
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# 27042, t=7.0-11.0 ms, tips 11-12 # 27042, t=7.0-11.0 ms, tips 11-12
W.O, T T T T ] "o T T
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1 oo \ ]
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Figure 7.2: Cross-correlation of two adjacent probes (left panel), ana detail of the
function near its maximum (right panel, triangles). The redine in right panel shows
a polynomial t near lagmax. The vertical red line indicates the value ofagmay -

correlation is tted by a polynomial function near its maxinum as shown in gure
7.2 in the right panel. As a result, the phase velocity is calculad according to a
simple relation [46]

d .
lagmax
Another method for evaluating the phase velocity is from the ass-coherence (de-
scribed in section 6.2.2). The phase velocity is calculated fmothe phase of the
cross-coherence as [47]:

Vph = (7.3)

d ¢2%
Voh = —pn (7.4)
f
where% is the derivative of the phase with respect to the frequency. Anxample

of a cross-coherence and its phase spectrum is shown in gure 7.3.

# 27042, t=7.0-11.0 ms, tips 11-12 # 27042, t=7.0-11.0 ms, tips 11-12

coherence
phase

\ \ \ \ \ \ \ \
0 100 200 300 400 500 0 100 200 300 400 500
frequency [kHz] frequency [kHz]

Figure 7.3: The coherence (left panel), and the phase spectrum (rightred) of two
adjacent probes. The red line on the right panel is a linear T{L%h used for evaluation
of the phase velocity according to the formula (7.4).
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Both the cross-correlation and cross-coherence methods wereq@ened for each
poloidally spaced couple of tips.

7.3.1 Radial pro Ie of the phase velocity - double rake probe

The resulting radial pro Tes of the poloidal phase velocity, latained from the double
rake probe, forU; (red dots) and ls; (blue triangles) °uctuations are shown in
“gure 7.4. Both the methods (equations (7.3) and (7.4)) gavihe same results, thus
they are not distinguished in the gure. It can be clearly seen #t the sign of vy,

reverses at the radius of 70.5 mm corresponding to the LCFS (segure 7.1): In

the con nement region, the poloidal phase velocity is negat, while in the SOL it

takes positive values. The position of the velocity shear layes iestablished with a
high precision in this experiment, as obvious from gure 7.4.

15T T Ky
: \/SL > \/d\om
WO; N A lons
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5; ogeﬁ M&% [ ] _|
— - A 'A‘m‘““zgfég-t%&
L i Ag% = ®R&
E o :
. - A A W"
Tt AR
[ ]
75? : ¢ A ;% &A A \/d\'om B
i ° . ° electrons
L o @ LN
*WO; o o, -
—150 [ [ [

30 60 70 80 90

Figure 7.4: Radial pro le of the poloidal phase velocity. Red circles dete U, , blue
triangles ls5. Yellow line: E g £ Byor drift velocity (7.5), pink line: the electron
part of the diamagnetic drift velocityvgiam (7.6), blue line: the sum of these two:
VEes + Vgiam - The black vertical line depicts the VSL, the arrows indicatdirections
of two components of the/giam -

The values ofv,, were compared toE.q £ By, drift estimation (yellow line):

Erad £ Bior - ir (Uy +2:5€T,
Negp = rad tor . | ( fl ¢ e) (7.5)

j BtOT J 2 J BtOT J

according to (7.1). Itis worth noting that a good agreementfathe predicted velocity
shear with the experimentally established one is observed whdmetelectron part of
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the diamagnetic drift velocity!

r p£ Btor
am = i ———5— 7.6
Wdiam | Q)neBt%r ( )

is added to theE,q £ By, drift velocity (the vgiam is represented in gure 7.4 by the
pink line, resulting Vegg + Vgiam by the sky-blue line) [48]. For this phenomenon,
we have no solid explanation.

Further, the position of the VSL estimated from theE,,q £ By, drift (the yellow
line in gure 7.4) has about 1.5 mm uncertainty. This is probhly caused by adding
the temperature prole: i) it may slightly di®er since we used an le from a
di®erent campaign, ii) the shear of the plasma potential is nats clear as the shear
of the °oating potential and the numerical derivation is budened by higher error.
Figures 7.1 and 7.4 show that we for a rough estimation of the VSilye can use the
radial pro Te of U;; instead the proTe of A.

In the proximity of the VSL, determination of the absolute valies of the poloidal
velocity using the cross-correlation and cross-coherence medldails. The reason is
omitting the radial velocity, which may cause serious over-dstation of the poloidal
phase velocity as we describe in following section.

The absolute values of/y, from Uy and I s in gure 7.4 are similar in the SOL,
which means that the potential and the density structures areinked together. In
the con nement area, however, the potential velocity seeme be higher. The reason
IS unknown.

Model for calculation of the phase velocity over-estimatio n

In order to judge the error of the poloidalvy, estimation introduced by the radial
component of phase velocity, a simple model was developed. Alulent structure
of Gaussian shape passing over the probe was considered:

oy T2, 17

A=exp | — — 7.7
P i cr | ¢z (7.7)

whereA is the structure amplitude and
r=rij vt Z=12Zij Vgt (7.8)

are its radial and poloidal positionsr; and z are the radial and poloidal positions
of the probei (i = 1;2), v, and v, are the radial and poloidal phase velocities. It
can be shown by the numerical model that the ratio of the poloa phase velocity
established by the cross-correlation method,, and the real poloidal phase velocity
V,r Can be expressed as

Vph Vg . CZ .
—— =exp — ¢—2¢In2 7.9
V7R P V,r € (7.9)

g, is the particle charge (in our case, for the electron component we take = j €), ne is the
electron density and "nally p is the plasma pressure:;p = kg NeTe. The radial electron density and
temperature pro les are shown in "gure 4.12 in section 4.3.5 at page 43.
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where v, is the real radial phase velocity and ¢, ¢ z are the radial and poloidal
extent of the structure.

Relation (7.9) implies that even a small contribution of the adial velocity may
cause a signi cant over-estimation of,,. This e®ect is particularly visible in the
proximity of the VSL where the radial velocity probably domirates the poloidal one.

In order to test the above mention hypothesis and to estimate thenpact or
the radial component of velocity to the calculation of the plidal velocity, we have
applied the relation (7.9) to the experimental data. The l@fpanel of gure 7.5 shows
the dependency of the measuregy, on the real poloidal velocityv,g. This plot shows
that one value of the poloidal velocity can result in two di®@&nt estimations using
the cross-correlations.

Ve = 1.5 km/s Ve = 1.5 km/s

X

XBep
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I 1 : A ° A/A% :
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2r 7 -5r ]

ol s s s s ] —10L s s
0 1 2 3 4 5 50 60 70 80 90
V.r [km/s] radius [mm]

Ven [km/s]
Van [km/s]

Figure 7.5: Left: the relation (7.9): vpn as a function ofv,g. Right panel: exper-
imentally obtainedvy, from cross-correlations applied tols;; data (blue triangles)
compared to the correction according to the model 7.9: theolet crosses are for the
high velocity branch (violet line in left panel), the greeni@monds for the low one
(green line in left panel).

The real poloidal velocityv,g was estimated by nding relevant values for each
vph and plotted into gure 7.5, right panel. The blue triangles & the experimental
Vph, green diamonds show the,r estimation coming from the low velocities part
of the function 7.9 (green part of the curve in gure 7.5, lefpanel) and the violet
crosses show the,g from the high velocities part (violet part of the curve). The
three curves from gure 7.4 are over plotted for illustration yellow for the E aq £ Byor
drift velocity, pink for the electron part of the diamagnetic drift velocity, and sky-
blue is the sum of these two. The radial velocity was assumed con#tahe exponent
"'R ¢¢ Z was considered as equal to 1.5. The velocities from ion satuat current
was used the °oating potential gives similar result.

The left panel of gure 7.5 shows how the,, estimated from the cross-correlations
is over-estimated. Near the VSL, the low velocity branch (gregis meaningful, while
further, the experimental values as well as the estimationsdim the drifts agree with
the high velocities branch (violet). The method has certaifimitations, for example
it assumes that all the structures have Gaussian shape, they are systmc in radial
and poloidal direction, and they have equal amplitudes, whelin reality, they may
be tilted and of a di®erent shape (short rising time and a long & Nevertheless,
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it is a nice illustration of limits of the method for evaluation of the phase velocity
from Langmuir probe couples using cross-correlation technigu

Due to above mentioned reasons, we have a con dence in estimgtthe direction
(sign) of the poloidal phase velocity, but the information onts absolute values is
just qualitative.

7.3.2 Poloidal pro e of the phase velocity - poloidal ring

In order to con rm the values of the poloidal phase velocity fafrom the VSL, we
used experimental data measured by the poloidal ring. The tip@e 5.7 mm distant,
moreover, we can use every other, which gives the distance 1.

A section laying on one magnetic surface was selected: only tipish equal values
of Uy, were included in the further calculations. The averaget; was 5 V, which
corresponds to the radial position of 86 mm (see gure 7.1). Theowidal phase
velocities were calculated and displayed in gure 7.6: the k&es obtained from the
cross-correlations of adjacent tips (black triangles), evemther tips (blue triangles)
and from the cross-coherence of adjacent tips (red diamonds).hd values of the
poloidal phase velocity agree with the calculations from thdouble rake probe as
well as with previous measurements [49].

427047, time=7.0-11.0 ms
F7 K ‘0 ‘0‘ ' ' ! ' ' ' ! ' ' '
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o . _ ]

- o coherence of adjacent tips
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45° poloidal extent [mm] 86°

Figure 7.6: Poloidal phase velocity obtained from the ring measuremenat r =
86 mm.

The model for calculation ofvy, over-estimation was applied to the poloidal
ring data as well. As in the case shown in gure 7.5 in the right pai, only data
from cross-correlations olJ;, were evaluated. The result is plotted in gure 7.7:
black symbols show the velocities obtained from adjacent tipbJue are from every
other. The vy, estimated from the cross-correlations is depicted by triangle the
low velocities part of the function 7.9 and the crosses show thwer from the high
velocities part.
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Figure 7.7: Experimentally obtainedv,, from cross-correlations (triangles) of theUy
data compared to the correction according to the model (7:9)he violet are for the
high velocity branch, the diamonds for the low one. Black eatl shows the couples
of adjacent tips, blue of every other.

7.4 Turbulent structures versus velocity shear

It is widely recognized that the velocity shear has an impactroturbulent structures
[50]. In order to estimate this e®ect for the CASTOR tokamak, thshearing rate
lEcp = d‘(’j"r‘" has to be compared with the inverse of theorrelation time of °uctua-
tions 1=¢,c. When the shear grows too much, the turbulent structures are ssipated
[51]. For a small shear, in contrary, the turbulence generatehear through tilting
instability (Reynold stress) [52, 53]. Therefore, SOL turbulece remains in the state
of marginal stability by the process of exchange of energy beten poloidal velocity
and °uctuation level.

The maximum shearing rate! £ in the plasma edge of CASTOR can be esti-
mated from the E,,q £ By, drift as a radial derivative of the poloidal plasma velocity
Vpol (represented by the yellow line in gure 7.4, assumingy, " Vpn):

lecp = dé‘;"' . 1¢10°si & (7.10)

The radial pro Te of 1=¢, is shown in gure 7.8.

The natural shearing rate, as seen in gure 7.8, is comparable f=¢,. outside
the VSL. In the proximity of the VSL, the shearing rate is about e times higher
than the 1=¢,.. Therefore, we can expect that the shear will dissipate the striwres
in this region.

Plotting the statistical properties of the edge plasma signalsaa check the impact
of the shear on the amplitude of °uctuations. The variance of); normalized to
the T, and the relative level of the density °uctuations [‘satzllsat where g is the
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Figure 7.8: Radial pro le of 1=¢, of the edge °uctuations (orange line, circles). The
green line (triangles) shows absolute value of the shearnage ! ecg. The vertical
black line depicts the position of the VSL.

°uctuating part of the ion saturation current and It iS its mean value) is plotted
in gure 7.9. We can observe a local minimum in the relative & of density
°uctuations near the VSL, which is a sign of a disturbance of the gictures. This
e®ect is not so apparent in the potential °uctuations.
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Figure 7.9: Radial pro les of the variance of theU; normalized to the electron
temperature (left panel) and the relative level of °uctuatins M. ='ss (right panel).
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7.5 Summary

Fluctuations of the ion saturation current (proportional to plasma density) and the
°oating potential (proportional to plasma potential) are measured at the edge of
the CASTOR tokamak with high spatial resolution. The radial prole of the phase
velocity is determined by two statistical methods. With high pecision ¢ 1 mm)
we can determine the radial position of the velocity shear layevhere the poloidal
rotation changes the sign. A simple model was introduced to jgé the error of the
poloidal vy, estimation introduced by its radial component. The shearingate is
estimated in the proximity of the VSL as! gz - 1¢10° si L. It has the same values
as the inverse of the correlation time of °uctuations 2¢,. outside the VSL, but it is
about ve times higher in the proximity of the VSL. A small redudion of the relative
level of °uctuatuations at the VSL is observed in the statisticalparameters of the
Uy and l¢4 signals. The system is in the state of marginal stability outside the
VSL, while in the proximity of the VSL, the shear slightly dissipats the turbulent
structures.
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Chapter 8

Investigation of the CASTOR SOL
by means of 2D matrix of
Langmuir probes

Two probe arrays are used to characterize the edge plasma vath
high temporal and spatial resolution: the 2D probe and the ke
probe. Biased °ux tubes formed by imposing a voltage to thegyed
plasma region as well as toroidal structures occurring natity in
the ohmic plasma, are investigated in this chapter.
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Control of the parallel and perpendicular °uxesin the Scrape O® Layer (SOL) is an
important issue for the fusion reactor.Plasma-wall interactionis the main source of
impurities. This interaction can be suppressed be decreasing betradial transport
in the SOL. In the divertor region, on the contrary, the radid transport needs to be
high enough to spread the energy over a large area, avoiding anthge of divertor
plates by focusing the plasma into hot spots. Inside the LCFS, a tnaport barrier
is required for better plasma con nement.

An extensive experimental activity has been carried out on thEASTOR toka-
mak, aimed at gaining a better understanding of the SOL propges and at nding
ways to control it [16, 18, 54]. Among the attempts which haveden made, we can
cite the creation of convective cells by means of a biasing @®de, exploiting the
periodic structure of the SOL due to the local safety factor [35In this part, we re-
port results on the use of electrode and probe arrays for mappithe magnetic eld
lines periodicity in the SOL, and for determining the geomey of edge °uctuations.

8.1 Experimental set-up

Two kinds of Langmuir probe arrays were used for measurementtbe edge plasma
parameters: the 2D matrix of Langmuir probes (shortly 2D probeand the rake
probe, both described in section 3.3.1. The edge electric eMhas in some discharges
modi ed by the massive biasing electrode (chapter 5).

Both these probe arrays were inserted into the tokamak from thp and their
radial positions could be adjusted on the shot-to-shot basis. Tygally, the range of
radii from 60 to 90 mm was investigated.

The experimental set-up is shown in scale in gure 8.1, which disys the toroidal
and poloidal position of all key elements on an unfolded magiesurface associated
with the biasing electrode. Orientation of the 2D probe coulde either parallel,

e-side SAFETY FACTOR =8 i-side
— Bottom
L Upstream
— HFS
Electrode
RP ® ; TOP
2D
Downstream LFS
\,
\
[ — Bottom
Bt, Ip

Figure 8.1: Unfolded magnetic surface: The surface is poloidally cuoalg the limiter
and toroidally at the bottom. Toroidal and poloidal positios of the probe arrays and
of the electrode are depicted. The °ux tube emanating fromethelectrode either
upstream or downstream along the magnetic eld line is emized by di®erent
colour. RP indicates the position of the rake probe, 2D is tHzD probe.
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or anti-parallel to the magnetic eld lines (and also to the phsma current) which
have the anti-clockwise direction when viewed from the top dhe tokamak cham-
ber. Thus, in the anti-parallel case, the tips of the 2D probe aroriented towards
the biasing electrode while in the clockwise case they are oftiedh to the opposite
direction. For anti-parallel orientation, the 2D probe is mloidally in the middle of
the chamber while for the parallel orientation it is shifted éabout 4 cm to the Low
Field Side due to asymmetry of the probe holder.

8.2 Mapping of magnetic eld lines in the SOL

First experiment was devoted to mapping the magnetic eld lias at the plasma
edge of the CASTOR tokamak. It was performed by using the biasirgjectrode and
the 2D probe.

In order to \mark" the magnetic "eld lines, we have applied a hanonic voltage
(880 V) of di®erent frequencies (1, 5 or 10 kHz { the results do not yawith
frequency) to the electrode. Power spectrum was evaluatedin Uy °uctuations
of individual 2D probe tips. The power spectra amplitude for dwving frequency as
a function of the radial and poloidal coordinates for the aitparallel orientation of
the 2D probe is plotted in gure 8.2, left panel.

#22345, 7.0-9.0 ms, 5.0 kHz

Biased flux tube

96.5 30.09 .
92.0
24.07
87.5
= 83.0 18.05
€ B
785 12.04
74.0
65.0 0.00 2D probe

Biased flux tube
0 6 12 18 24 30 36 42 Downstream
x positian [mm]

Figure 8.2: Left: Power spectrum amplitude from the 2D probe with antigpallel
orientation, calculated for the frequency of the voltage pled to the electrode. Right:
Trace of the °ux tube associated with the electrode depicteda scheme of the top-
view at the tokamak vessel.

The clear pattern observable in gure 8.2 corresponds to a pexgtion of the
biasing electrode in the 2D probe from the distance of 30 cm. Thmoloidal (»
50 mm) and radial ¢ 5 mm) extent of the biased °ux tube can be determined.
They roughly correspond to the dimensions of the electrode.

Another kind of pattern can be observed in gure 8.3 (left panglfor the 2D
probe turned to the opposite side and shifted poloidally. On theight-hand side,
we see just a part of the upstream °ux tube. The second pattern (orhé left) is a
shadow of the downstream °ux tube coming from back of the probesée the right
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#22265, 7.0-9.0 ms, 10.0 kHz
96.5

Biased flux tube
Upstream

12 18 24 30 386 4
x position [mm]

Biasing
electrode

- 2D probe
Biased flux tube
Downstream

Figure 8.3: Left: Power spectra from the 2D probe with parallel set-up. HE blue
arrows schematically point from the plasma column centre the centre of the elec-
trode projection. Right: Trace of the °ux tube associated i the electrode depicted
in a scheme of the top-view of the tokamak vessel.

K
o
o
ws®

panel). The virtual shift of the patterns in radial direction is caused by the shift
of the probe in the poloidal direction as is implied by tiltig of the ellipses: the
2D probe is misaligned to the left with respect to the vertical ds of the chamber,
therefore one row of tips does not lay on one magnetic surfacéhe length of the
upstream °ux tube is» 30 cm and of the downstream °ux tube is> 220 cm.

The safety factorq (see section 3.2.7) can be estimated from the projections of
the electrode. Considering the size of the biased °ux tube as abted from the
anti-parallel lay-out (‘gure 8.2) and the distance betweenwo patterns from the
parallel lay-out (' gure 8.3), we can nd out that the angle béween them is equal
to about 47. From this angle, we can estimate the edge safety factqr= 7:9. This
value is in a good agreement with the value calculated in seoti 3.2.7.

8.3 Fluctuations measurements by the 2D probe
and the rake probe

Once we have checked the geometry of the edge plasma, we candrténe turbulent
structures using the 2D probe and the rake probe in ohmic regimélhe toroidal
distance between the rake probe and the 2D probe was about 1 nietbiasing
electrode was retracted from the plasma. One reference tip thie rake probe was
selected and its signal was confronted with all the 2D probe #&pby computing the
cross-correlations with the time lag = 0 ms. The result is shown ingures 8.4 and
8.5.

A pattern of a structure with high cross-correlation can be notied in gure 8.4,
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# 22305, 5.0-7.0 ms, rake tip 2 (72.5 mm)

101.5 700 Rake probe Biased flux tube
Upstream
97.0
_ 0.60
£
é 92.5
5 880 0.20
g ° EBpu.
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Figure 8.4: Left: Cross-correlations withlag = 0 of the 2D probe for the anti-parallel
orientation with the rake probe tip 2 (radial position 72.5 imm). The ellipse marks a
\projection” of a typical turbulent structure. Right: Trace of the structure depicted
in a top-view of the tokamak vessel.

Biased flux tube
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# 2215658, t=5,0-7,0 ms, rake tip 4 (77,6 mm)
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Figure 8.5: Left: Cross-correlations withlag = 0 of the 2D probe in parallel orien-
tation with the rake probe tip 4 (radial position 77.6 mm). Tk red ellipse on the
left shows a \projection” of a typical turbulent structure, tle blue ellipse shows an
anti-correlation pattern. The Tled red ellipse on the rightside depicts an expected
position of another maximum of cross-correlation foig = 8. Right: Trace of the
structure depicted in a top-view of the tokamak vessel.
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left panel. Its poloidal extent can be estimated as 2.3 cm while the radiaxtent
is 0.6 cm. The toroidal length of this structure is longer tharll m, as follows from
the experimental arrangement. The geometry of the lay-ousishown in gure 8.4
in the right panel.

A similar pattern of a structure can be observed also in gure 8.3ft panel. A
maximum of cross-correlations can be recognized in the bottolaft corner of the
picture. The other side of the structure is out of the range of th 2D probe but we
can see an anti-correlation pattern on the right. Such a bi-par character of the edge
turbulence has been identi ed in CASTOR in [57]. If we mark thecorrelated and
anti-correlated pattern as shown in gure 8.5 and compute thedge safety factor,
we obtain g = 8, which is in good agreement with previous results.

8.4 Poloidal velocity of turbulent structures with
DC biasing

Now, we return to the experimental arrangement with the biasig electrode. This
time, a DC voltage of 50 V is applied. It causes a high gradientf dhe plasma
potential and thus a strongly sheared electric eld. This eldcreates theE,,q £ Bior
drift that rotates the plasma generating convective cells .

Orientation of the 2D probe is anti-parallel, thus the magntic eld lines enter
the plane of the picture. Floating potential of the 2D probe ips is plotted in gure
8.6 in the left panel. The pattern of the biasing electrode is &l pronounced, the
directions of theE,,q are shown by black arrows.
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Figure 8.6: Left: 2D plot of the °oating potential. Right: 2D plot of the ploidal
velocity. Red and blue colours represent two opposite ditecits of the velocity.

The E.oq £ By drift rotates plasma in the poloidal direction. The poloidal
plasma velocity is not measured directly, instead, the poloidlgohase velocity of
plasma °uctuations was evaluated in the same way as in chapter the time lags of
the maxima of the cross-correlations of adjacent tips were daed by the distance

1The pattern is more clear in the electronic version of the picture.



BY MEANS OF 2D MATRIX OF LANGMUIR PROBES 81

of the tips. The resulting velocities are plotted in gure 8.6n the right panel. The
red and blue colour show di®erent directions of the plasma maoi.

Values of the poloidal velocity were established as 6 km=s. It is in a good
agreement with the close study in chapter 7. The 2D probe is vetgrge and it's
disturbance to the edge plasma can not be neglected. Thus, foroper analysis,
using of smaller probe arrays is more suitable.

Evaluation of the radial velocity is burdened by a high erroisince the poloidal
component of the phase velocity signi cantly in°uences the picess as we discuss in
chapter 7.

8.5 Summary

Magnetic eld con guration of the edge plasma region of the CABOR tokamak

was investigated by means of biasing °ux tubes by imposing a haamic voltage in
the plasma. Furthermore, turbulent structures can be charaetized by the cross-
correlation analysis between two toroidally spaced probe ays. This allows us to
establish the radial and poloidal extent of turbulent structues in the SOL. Poloidal
velocities driven byE g £ By, drift were calculated. The values are> 6 km/s in

the shear region. The results of this experiment are linked upithr the previous

ones [56], [57], chapter 7, where the velocities reacheduesd 4; 6 km/s in the same
region.
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Chapter 9

Analysis of relaxation events in
the CASTOR tokamak using
deeply immersed biasing electrode

A strong radial electric eld is generated by a biasing the ggma
edge of the CASTOR tokamak. If théd,,q is strong enough, the
edge plasma parameters relax with periodicity of about 108. This
phenomenon is experimentally studied by a complex system et-€l
tric and magnetic diagnostics.
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Transport of plasma to the walls is one of the crucial topics in agnetic con nement
fusion research. Large tokamaks operate in regimes with higpnrcnement (H-modé
[39], which will be also the reference regime for the future dion reactor (ITER).
The H-mode is characterized by a steep gradient of plasma pressatethe edge
responsible for creation of a transport barrier. This barrier griodically collapses
and rises again, which is manifested by relaxation events teetht Edge Localized
Modes (ELMs [58]). ELMs are connected with degradation of plasma noonement
and consequent release of energy and particles to the wall. &nthe amount of
energy and particles can be quite high, ELMs can cause a serialaanage of the
vacuum vessel and of divertors of large tokamaks.

Tokamak CASTOR does not operate in H-mode, which is typical fookamaks
with divertor con guration (section 4.1.2). Nevertheless, dung discharges with
strong biasing of plasma, we observe relaxation events which casemble ELMs.
Arrays of diagnostics with exceptionally high spatial and temeral resolution make
CASTOR a unique facility to study these relaxation phenomena idletail.

9.1 Experimental set-up

Two kinds of sets-up were used for the biasing experiments: First,itlv the seg-
mented electrode, and second, with the massive carbon mushroshaped electrode
(the standard electrode). Both the electrodes (described ilapter 5) were immersed
deep into the plasma from the top of the chamber, in all the prested cases at the
radial position of 40 mm. A positive voltage of 109 300 V was applied between
the electrode and the tokamak vessel during the °at top phase dfi¢ discharge, and
consequently the current 1§ 30 A was driven.

Toroidal distribution of the diagnostics in the tokamak chamter for the experi-
ments is depicted in gure 9.1. Radial pro les of the electci elds and |y (which
is proportional to the density) are measured by the rake probdhe rst campaign)
and from the double rake probe (the second campaign). Durindné second cam-

undestrup
probe
double rake —1_ Tunne
probe probe
> >
B, |
BIASING
ELECTRODE LIMITER
SK Ring

Figure 9.1: Set-up of the experiment: top view of the tokamak vessel.
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paign, toroidal and poloidal °ows are measured by the Gundestp probe (section
3.3.2). All these probes are immersed from the top of the torus. Athe data from
the electric and magnetic probes are acquired with the fregacy up to 1 MHz.

Moreover, poloidal pro les of the electric eld, ion saturaion current, and mag-
netic “eld is monitored by the SK ring! during the second campaign. This ring is
located slightly behind the poloidal limiter (r = 87 mm), the poloidal distance of
the tips is 5.7 mm. The Langmuir probes can measure local vakief Uy, and | g5
while the coils monitor poloidal magnetic eld from the plasma volume.

9.2 Relaxation events

The relaxation phenomena were rst monitored in a campaign Wi the segmented
electrode and the single rake probe. For the next campaign, @ppriate diagnostics
were inserted in order to obtain additional plasma charactestics. The relaxation
phenomena are reproducible, though, these two campaigns skovsome interesting
di®erences.

Texture of a probe signal

When the biasing electrode is immersed deep enough into the gisa (=a ' 0:5)
and biased to high enough voltage (more than +220 V), periodicsoillations can be
observed in signal of Langmuir probes.

Examples of signals from a single tip of the rake probes is shown gure 9.2.
During the biasing phase of discharge, the °oating potentid);, is clearly modulated
with the frequency of approximately 10 kHz. After the biasing iswitched o®,Uy
drops and shows only a broadband °uctuations.

In some discharges, the relaxation events occur through the wadiasing phase
of discharge (shot #29552, bottom panel of gure 9.2) while inr@ther cases, they
start later, in the middle of the biasing phase of discharge onlyr(iddle panel).
Another option is shown in the bottom panel: the relaxation evats were generated
immediately after the triggering of the biasing and they weresoon damped; in some
shots, at the end of this phase, new events with longer period sad.

Radial proles of Uy

Using the whole radial column of the rake probe, we can obtain amporal evolution
of radial pro Te of the U, . An example is given in gure 9.3, during and after biasing.
We can clearly see strong relaxations of the pro les with the anacteristic frequency
of about 10 kHz.

A detail of temporal evolution of °oating potential is givenin gure 9.4. One
zoomed-in relaxation event is plotted in left panels. The redertical lines depict
three di®erent times, characterizing the phases of developmef the transport
barrier; radial pro les of Uy in these particular moments are plotted in the right
panels. The top panels are devoted to the rst campaign (segmeuwt electrode,

1Poloidal ring of 96 Langmuir probes and of 16 magnetic coils, see section 313for details.
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#24000, radial position of the tip: 55.1 mm #24000, 55.1 mm
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#29552, radial position of the tip: 55.1 mm #29552, 55.1 mm
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Figure 9.2: Raw signal of tips of the rake / double rake probe. The left paa show
the whole biasing phase of the discharge (10-15.2 ms); thghtiones show details of
the relaxation events. The top panels are from the rst camigm (with the segmented
electrode and the single rake probe) while the middle andtbot panels show the data
from the second campaign (with the standard electrode andetouble rake probe).
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Figure 9.3: Temporal evolution of radial pro le of the °oating potentia during the
biasing of the edge plasma, and after the biasing is switclo&l (15.3 ms).
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Figure 9.4: One zoomed-in event of the relaxation of transport barrier. dft: Tem-
poral evolution of Us . Right: Radial pro les of U, at the times depicted by the red
vertical lines in the left panels. Top panels show the dateofn the rst campaign,
bottom panels from the second one. Biasing electrodes wearserted in the radial
position of 40 mm.
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single rake probe) while the bottom panels show events from tlsecond campaign
(standard electrode, double rake probe).

It is interesting that the shapes of the radial pro les of °oathg potential of the
relaxation events are slightly di®erent: In the rst campaignthe gradient of Uy
(Eraq) is formed immediately after the relaxation event and slowlyravels outward
(t = 10:55 ms). When it reaches LCFS, it suddenly collapsd € 10:62 ms) to
be formed again in the con nement region. On the other handhe events from
the second campaign are much broader at the beginning and thearimum of the
gradient Uy, is established gradually. The radial movement of these evensshigher.

Radial prole of Eaqg

Radial electric eld E,5q in combination with the strong magnetic eld By, rotates
plasma in poloidal direction by E,.q £ By drift as described in chapter 7. At
positions with strongE,.q, we can expect a strong shear of poloidal velocities, which
results in dissipating turbulent structures and hence in decrsang of transport.

In the plot of temporal evolution of radial electric eld ( gure 9.5), we can observe
a strong transport barrier being periodically formed inside tb LCFS, in the range
of radii 50; 60 mm in this particular case. The barrier is formed in the comement
region (as was mentioned above) and after some time, it starts propagate radially
towards the wall with velocity up to 220 m/s. The barrier collgpses, when it is
approaching the LCFS, which is located at r = 69 mm as depicteldy the white
dashed line. Dissipating of the barrier is accompanied by ne rdalation of electric
“eld which propagate radially quite fast, with the velocity d » 1:5 km/s. Radial
pro le of the °oating potential is given in the bottom panel d gure 9.5 to illustrate
the connection ofU; and E, 4.

Erad [kV/m]
" 24.00

114.40

t [ms]

t [ms]

Figure 9.5: Top panel: temporal evolution of radial electric eld. Botm panel:
radial pro le of °oating potential. The white dashed line deicts LCFS.
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Interplay between E;aq and Epg

The poloidal electric eld can be obtained from the °oating ptential of the double
rake probe. While the radial electric eld rotates plasma intie poloidal direction,
poloidal electric “eld E ¢ contributes to the radial velocity either inward or outward
depending on the sign of .

Figure 9.6 shows the interplay between the radial and poloiti@lectric eld.
Values of Eyy are about three times lower ¥ § 7 kV/m) than the values of the
Eraa (» 8 25 kV/m). During the relaxation event, Ep, has positive value (yellow
spots in the gure), the radial velocity according to theE,q £ By, drift is directed
inward the plasma which helps to steepen the plasma density pre las depicted
by the black arrows pointing down. On the other hand, during lhe collapse of the
transport barrier (blue spots), the radial velocity points outvard and contributes to
repelling plasma to the wall.

The intensity of the Hg line emission (further only Hy) over-plotted by white
curve starts to decrease, when the strong barrier is formed at $560 mm and the
velocity points inside the plasma column. This can be interpted as a reduction of
convective transport towards the wall and consequently the deiction of recycling.
When the barrier starts decreasing (and thé o £ By drift velocity points out of
the plasma), the plasma stream propagates towards the wall ante Hg (recycling)
increases.

We have observed two types of patterns in thEp,. Maxima are always inside the
LCFS, but the minima (negative values) may develop in di®erémadial positions:
inside in LCFS or even outside in the SOL. Also, the frequency of ¢hrelaxation
events varies. It seems to be dependent on the radial velocity the barrier, also a
dependence on the distance of the biasing electrode and the L&was investigated
[59]. There are no clear results so far.

Radial prole of gy

Behaviour of the plasma density can be traced by examination tiie ion saturation
current ls. Temporal evolution of the radial pro le of ion saturation curent is
shown in gure 9.7. Uy and E,,q are plotted in the rst two panels to show the
dynamics the transport barrier. The VSL is at the position of 69 M, as depicted
by white dashed lines. Third panel showss,, which is clearly modulated with the
same frequency as of the potential relaxations. During collap of the barrier, plasma
is repelled towards the wall as described in previous sectioaad well con rmed
by He over-plotted by white curves. In the bottom panel, the ion °utuations?
lsati < sat > is plotted to emphasize the structure of ¢4.

lon saturation current is proportional to the density, the relxation events are
thus connected with periodical expelling of plasma bursts t@avds the walls. Radial
propagation of the density bursts can be estimated from the baitn panel as»
0:5 km/s, as depicted by the sky-blue arrows in gure 9.7, bottom gnels.

2lsati <l sa > is calculated for each probe separately, the time window for averaging thésa
corresponds to the window in "gure 9.7
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Figure 9.6: Radial pro le of E5q (1st and 3rd panel) andEp, (2nd and 4th panel)
for two shots. The black arrows show the direction of the radlivelocity. White
curve is the temporal evaluation of K line intensity in arbitrary units, white dashed

line depicts the LCFS.
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Figure 9.7: Temporal evolution of the ion saturation current.Us; and E 54 are plotted
in rst two panels. The third panel showsls,, the bottom one depictdsyj <
lsat >. VSL is denoted by white dashed line$ie chamber is o-plotted by white
curves (in arbitrary units). Sky-blue arrows show the direiin of the plasma streams
movement.
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lon °ow velocities

Toroidal and poloidal ion °ow velocities can be obtained byaiculating the Mach
numbers The parallel M (toroidal) and perpendicularM, (poloidal) Mach number
give the ratio of parallel and perpendicular velocity, resprively, to the ion sound
speed.

Temporal evolution of M, and M, (obtained using a validated 1D °uid probe
model [60]) are shown in gure 9.8. We can observe an interestimgerplay between
these two °ows: when the transport barrier is established and theopoidal °ow takes
the highest values due to fast rotation in the poloidal directn, the toroidal °ow
drops down to its minimum. Plasma rotates several times fastenithe poloidal
direction than in the toroidal one. During the collapse of thebarrier, the poloidal
°ow is transformed into the toroidal one. The poloidal ion °owvelocity reaches
values up to 25 km/s, which is about half of the ion sound velogit(50 km/s).

~100 ps
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0.4]
£ T
= 03] |
- 0.2 '*-"'-,‘ f |
E‘g L ll'. I.-r [ / [ \l Fl
0.1V \ pfy | | .
| I | ;‘I v J
O Il s Il S ’ 1 ;'L»’\
11.6 11.8 12.0 12.2
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Figure 9.8: Temporal evolution of parallel M, blue) and perpendicular - , green)
Mach numbers of ion °ow measured by the Gundestrup probe, #24%. Red line is
an evolution of the H line intensity (in arbitrary units) [61].
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Poloidal prole of Uy and E,aq

Radial character of the transport barrier is clearly descrilaby the probes immersed
into the plasma from the top of the vessel. Now, we concern aboutdlpoloidal shape:
whether the relaxations are poloidally symmetric, or whetheit is a perturbation
travelling in the poloidal direction. Unfortunately, only a segment of the SK ring
Langmuir probes was connected due to insuxcient number of thegata acquisition
system channels. In the following experiment, it was the upper H quarter of
poloidal cross-section. Obtained time evolution of the °oatig potential poloidal
pro le is presented in gure 9.9, top panel. It shows that the raxation events are
poloidally symmetric (poloidal mode numbem = 0).

Small periodical structures are also visible in temporal evdion of the poloidal
pro le of poloidal electric eld shown in gure 9.9, bottom pael. The amplitude
is not signi cant since the probes are located in the limiter slbow, at the radial
position of 87 mm. Still, the patterns are in agreement with pvious investigations
and a clear poloidal symmetry of the poloidal electric eld wacon rmed. We can
conclude that the barrier, though formed locally on one poidal position, spreads
over the poloidal cross-section homogeneously, we say that thagrha is \breathing".
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Figure 9.9: Top panel: temporal evolution of the poloidal pro Te of °oahg potential.
Bottom panel: temporal evolution of the poloidal pro Ie ofgdoidal electric eld. The
y-axis signi es angular position of the probes: ®is the LFS mid plane, 9G is the
top of the chamber, 180 the HFS mid plane and nally 276 is the bottom. Only
the upper HFS quarter of the poloidal cross-section is shawn
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Poloidal prole of gy

Poloidal behaviour of the density can be traced by examinatmof the ion saturation
current | 5. It was measured by individual segments of the SK ring: at LFS0p,
HFS and bottom. The result is plotted in gure 9.10. Maxima ofl ¢5; at the top of
the chamber (bottom panel) agree with the pro les oE,,g and Ey, in gure 9.6 (top
panels): when the plasma is repelled to the walls, the ion saturah current near
the wall increases. H is over-plotted to clarify the e®ect. The highest transport of
plasma is at HFS, the lowest one at LFS and bottom. The two top pate(LFS and
bottom) have twice enlarged z-range (from 0 to 0.05 A) to empk&e the structures.
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" j ! ] 0.10
350 :
14.6 14.7 14.8 14.9
10.08
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@ 0.06
ol - Y-
o 250 14.6 14.7 14.8 14.9
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o 200 _ 0.04
O
150 1 14.6 14.7 14.8 14.9 L
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0.00
14.5 14.6 14.7 14.8 14.9 15.0

Figure 9.10: Temporal evolution of the ion saturation current poloidal g le. Four
segments were used for measurements: LFS, top, bottom andSdFhe white spaces
correspond to areas where we have no measurements. The twoganels (showing
LFS and bottom) have twice enlarged z-range (from 0 to 0.05 &) emphasize the
structures. The black and the white curve in the bottom panedsows the intensity
of Hg line (chamber).
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9.3 Magnetic activity of plasma

Transport barrier was described by means of local measuremenfselectric proper-
ties at the plasma edge, namely by giving the radial and polaadi pro Tes of °oating
potential and ion saturation current. An interplay betweenE,,q and E, and be-
tween M, and M, was demonstrated as well. The electric probes are sensitive
neither to the magnetic activity of plasma, nor to phenomenadaing deeper inside
the plasma. In order to uncover an impact of the transport bargr on the magnetic
characteristic, magnetic coils enclosing the plasma column rmgeconnected.

Magnetic coils of the SK ring measure the time derivative of #1poloidal compo-
nent of magnetic eld. The provided measurements are of nondal character. Plot
of the poloidal mode number intensity as a function of the poidal number m ver-
sus frequency is given in gure 9.11(f; m) spectra). The S(f; m) spectra during
ohmic phase (left panel) show a magnetic island witm ' 3 4 and the frequency
of 80 kHz, localized in the plasma centre at the magnetic surfagéth the safety
factor g = 3. The magnetic coils are not at the same radius due to the dowward
shift of the plasma, which is the reason of uncertainty of the detmination of the
poloidal mode number.

When the relaxation events are present (right panel of gure.21), a strong peak
in S(f; m) spectra appears withm = 0 and with the frequency equal to the frequency
of the relaxations ¢ 10 kHz), while the original magnetic activity is suppressed.
This indicates a signi cant redistribution of the current dersity pro le. It is not
clear yet why the relaxation events located at the very edge adify the magnetic
activity deep inside of the plasma column.

#29552, t=7.0-10.0 ms, nslices=3
100

#29552, t=10.0-13.0 ms, nslices=3  S(f,m)
100

80
60

40

frequency [kHz]
frequency [kHz]

20

Figure 9.11: S(f,m) spectra during the ohmic phase (left panel) and dugrnthe biasing
phase (right panel) of the discharge.
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9.4 Summary

An onset of relaxation events is observed at the plasma edge of tBASTOR toka-
mak, during regimes with suzciently strong biasing. These relations were studied
with high spatial and temporal resolution by using a sophisticatésystem of plasma
diagnostics.

The transport barrier raises and relaxes periodically with #quency» 10 kHz.
The maximal radial electric eld is up to 30 kV/m, which cause<, 4 £ By, rotation
in poloidal direction up to 25 km/s, comparable with the ion sond velocity (50 m/s).

An interplay between the parallel and perpendicular °ows islwserved. Radial
transport of plasma towards the wall and consequent enhancener in°ux of neu-
trals into the plasma is observed. Relaxation events are patiailly symmetric (both,
the electric and the magnetic components).



Chapter 10

Study of statistical properties of
°uctuations In the plasma
boundary region of the TJ-II
stellarator

Improved con nement regimes are reached whenever turbulen
transport is reduced and a highly sheared plasma °ow is obsstv
This behaviour is interpreted as turbulence suppression ocgng
when the shearing rate oE,.q £ B Vvelocity drift exceeds a critical
value related to broadband turbulence frequency. The invgation
of the in°uence ofE,5q £ By Sheared velocities and magnetic topo-
logy on the statistical properties of turbulence in the plasnt@und-
ary region of fusion devices is a topic of great interest. Thichapter
presents results from the TJ-1l stellarator.
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Statistical properties of °uctuations have been investigatkin di®erent toroidal and
linear devices [62]. Analysis of skewness and time asymmetry offiag potential
and ion saturation current is described in [63]. This analysis a8 performed for
several fusion devices (tokamaks, stellarators) and non-fusioowl temperature de-
vices. A clear deviation from Gaussianity was observed in the SOkhile in the
proximity of the VSL, the statistical properties of the °uctuations show near Gaus-
sian character. It was concluded in [63] that this behaviour & probably caused by
E ad £ Bior Shear e®ects. This conclusion was later called into question &6], show-
ing that magnetic topology might play a leading role to expla the modi cation in
the statistical properties of °uctuations in the proximity of the LCFS.

The task of this chapter is to assess the role of both magnetic tdpgy and
sheared °ows on the statistical properties of °uctuations in th plasma boundary
region of fusion plasmas. For this purpose, experimental dataofn the TJ-II stel-
larator were analysed.

10.1 Stellarator

A stellarator is a magnetic device which serves for heating aedn nement of plasma
as well as tokamak. The main di®erence is in the way how the nmegic “eld, which
is encharged to con ne plasma, is generated.

Toroidal magnetic eld of a tokamak is generated by externatoils while the
poloidal magnetic eld is generated by the strong toroidal plsma current. In stel-
larator, in contrast, both the toroidal and poloidal magnetc elds are generated by
external coils. The main dixculty of a construction of a stellaator lays in manu-
facturing the magnetic eld coils since even a small error in thshape of the coils
may result in a major error of the magnetic eld encharged in econement of the
plasma.

The need of the toroidal current in tokamak imposes a limitabn on operation
of the machine. The current can not be induced an unlimited tne which makes the
regime pulsed. This is not convenient for a fusion reactor, maover, the materials
of the rst wall must deal with high and fast changes of temperatte. For these
reasons, methods of driving the current after the transformesisaturated, are being
developed. Stellarator, in contrast, is a steady-state deviéem its principle. On the
other hand, stellarator miss the ohmic heating at the beginnmof the discharge, the
plasma must be generated by additional heating systems such asditen Cyclotron
Resonance Heating or injecting of neutral beams.

10.2  TJ-lI

The TJ-1l stellarator (shown in gure 10.1) is a facility with high degree of magnetic
con guration °exibility, operating in CIEMAT in Madrid, Sp ain since 1998 [67, 68,
69]. A scheme of the magnetic eld coils is in gure 10.2. Heatinof the TJ-II
plasma is achieved by an Electron Cyclotron Resonance HeatingGRH) system
and an Neutral Beam Injection (NBI) system [68, 69]. The ECRH systeroonsists
of two gyrotrons, each of them delivering microwave power upt300 kW for the
pulse length up to 1 s with the frequency of 53.2 GHz, which is treecond harmonic
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Figure 10.2: Scheme of magnetic eld coils of the TJ-II stellarator.

of the electron cyclotron frequency in the TJ-Il plasma. The NBsystem includes
two hydrogen beams of the power of 1 MW each, with the beam eggr40 keV and
the maximal pulse length of 300 ms.

The physical programme of the TJ-II stellarator is focused malp in plasma
con nement [70, 71] and transport studies [69, 71, 72, 73], lading the in°uence
of heating of the plasma [74], and including modelling studieAnother topics are
the studies in magnetohydrodynamics and basic theory. Its Higmagnetic con gu-
ration °exibility enables detailed description of the in°uerce of magnetic topology
on plasma con nement [69].
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Main parameters of the TJ-1I stellarator:

Major Radius, R 1.5m
Minor Radius, a <022 m
Toroidal magnetic eld, By |- L7 T
Power of the ECRH,Pgcry | - 600 KW
Power of the NBI, Pyg; - 2 MW

10.3 Experimental set-up

In order to investigate the statistical parameters of TJ-1l stelarator plasma, data
from reciprocating Langmuir probe system [75] were analysed. h& probe head
consists of three groups of Langmuir probes at di®erent radigloloidal and toroidal

positions as shown in gure 10.3. This arrangement allows to msure radial pro les
of di®erent magnitudes at the plasma edge and to obtain the gemndicular and

parallel “ows as well as to deduce the radial turbulent partle “ux. Each group
includes one tip collecting the ion saturation current and tw tips measuring the
°oating potential with sampling rate of 2 MHz. A boron-nitride probe head supports
the tungsten tips (0.7 mm in diameter and 2.5 mm in length) whit can be either
exposed to the plasma in one radial position, or they can be quigkmoved in and

out of the plasma, scanning the plasma boundary during one shot.

B

Tungsten -_-'"'—‘Cbm
Boron
Nitrice ]
[ G om
Stainl Y
tainless T e
Steel S A

B
Figure 10.3: Head of the reciprocated Langmuir probe system used in the TJ-I
stellarator [76].

A graphite electrode was used for biasing of the edge plasma wagi The elec-
trode head is mushroom shaped, made of 2-D Carbon composite,hheight (radial
extension) of 12 mm and the diameter of 25 mm. The electrode wenserted typ-
ically 2 cm inside the LCFS and biased with respect to one of the TJ limiters
(typically +300 V).
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10.4 Shears in the TJ-Il stellarator

Previous experiments have shown that the plasma density (or dgity gradient) plays
a crucial role in establishing theE .4 £ B, Shear in the TJ-II stellarator [76]{[81].
A threshold density has been identi ed to trigger the developent of edge sheared
°ows. On the contrary, in plasmas with density below this threshid value, there is
no natural shear.

The natural shear development mechanism can be described in tf@lowing
way. With increasing density the °oating potential at the edgedecreases. When
the density is above a critical value, the °oating potential lecomes negative and the
shape of the radial electric eldE,.q develops: it becomes oriented radially inward.
The E;ag £ Byor drift develops a poloidal velocity shear, the level of °uctu@ons
decreases, the edge gradients increase and a transport barreestablished. The
situation is shown in gure 10.4, where the radial proles of th ion saturation
current (proportional to the density) and the °oating potential for di®erent values
of the line averaged plasma density are plotted.

A similar e®ect can be obtained by imposing a radial electric [@ at the edge
plasma externally [82]. Experiments with biasing of the edgelagsma by means of
an immersed electrode charged to a DC voltage with respect togHimiter have
shown a reduction of the turbulent transport and improvement bcon nement. The
con guration enables reaching strongeE,,q than in the case of the natural shear
which results in establishing a higher transport barrier and bé¢r con nement.

n, (x 10° m3)[
#11152——0 571
# 11154 §
# 11155 N

lon saturation current (A)

Floating Potential (V)
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Figure 10.4: Radial pro les of ion saturation current and the °oating potetial for
di®erent values of the plasma density [77].



102 STUDY OF STATISTICAL PROPERTIES OF FLUCTUATIONS

10.5 Experimental results

To shed more light on the previous results, regimes with and withut the natural
shear as well as regimes with imposéfi,q £ By, Shear were investigated. The main
outstanding questions are:

2 What is the role of the natural E;oq £ By, Shear in the statistical parameters
of °uctuations?

2 How the situation changes by imposing alk,,q £ B Shear externally?

2 What is the role of the magnetic topology?

Radial pro les of the °oating potential of evaluated shots inohmic regime (blue
triangles) and during biasing (red diamonds) are presented in uge 10.5.

blue: before biasing, red: during biasing
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Figure 10.5: Radial pro le of the °oating potential during ohmic regime blue trian-
gles) and during biasing (red diamonds). The radial positior=a =1 is the LCFS.

A broad spectrum of statistical properties was investigated: skaess, kurtosi$
and time asymmetry A of both ion saturation current and °oating potential. The
clearest results of the statistical analyses come from the time asgnetry of the
°oating potential A(Uy ), thus only this parameter will be discussed in the following.

ParameterA is de ned as the skewness of time derivative of the °uctuatinggut
of the signal [63]: i ; s
1% 17 %0 %O
N jbﬁ (10.1)
whereN is the number of samplesx? = d x=dt is the j -th element of the time deriva-
tive of the signal (xj0 =[Xj+1 i X;]=¢t where ¢t is time between two samples), and
x) = A= are de ned as the mean value of° and the variance ofx’, respectively,
according to (6.11) at page 55.

A =

1See section 6.1.1 for the denitions.
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The A parameter shows the time asymmetry of the °uctuating part of tke signal.
For a signal symmetric in time,A = 0 and consequently the time derivative has a
Gaussian distribution. On the other hand,A < 0 is for the signal with structures
with, in average, shorter rising time than the decay time (in agrage). Finally,A> 0
shows patterns which rise slower than they decay.

Let us see how to interpret the parameteA: In the SOL, blobs propagate from
the LCFS outwards. We consider them to be mushroom-like shapedynsisting of
two lobes, one with positive potential and one with negative,sadescribed in [64, 65].
They have a steep front edge and they carry high temperature drdensity. When
such blob passes over a probe, the °oating potential shows a steegtikase in the
structure, sinceUy; = © j 2:5T, and the overall plasma potential © does not change
on average. Fast drop and slow raise of the structures &, corresponds to negative
values of A(Uy ). In the context of our analysis, negativeA implies the presence of
blobs.

Time evolution of the time asymmetry of °oating potential (A(Uy )) in di®erent
radial positions is plotted in gure 10.6. The data were obtaied on the shot-to-shot
basis, each panel thus corresponds to one shot and one radial doasit The left two
columns show shots with high density (natural shear). In fact, iis one column
divided in two running from the deepest position (top left ploj to the edge position
(bottom right) of the probe. The right column shows low densitydata. The biasing
phase of discharge is depicted by vertical lines. From the gureve can conclude
following:

1. Natural shear - high density regimes (N > N reshoid ): A(Ug ) is negative
inside the VSL and tends to zero around the shear location. It issthonstrated
in gure 10.6 in the left and centre panel, during the ohmic pase of the
discharge. According to our interpretation, this behaviour arresponds to the
presence of blobs inside the VSL, which are dissipated at the pronty of the
VSL.

2. No natural shear - low density regimes (N <N reshoid ): A(Ur ) is negative
at all radii, inside plasma it tends to come to zero as shown in ga 10.6 in
the right panel, during the ohmic phase of the discharge. Numbef blobs
increases in the direction outwards.

3. Biasing induced shear °ow : For the high density shots (0 > N yreshoid ), the
characteristics ofA(Us ) changes systematically in the radial direction. In the
plasma region (=a ¥4 0:83; 0:91), it rises to positive values whereas outside
(r=a ¥4 0:99; 1.03) it becomes negative as shown in gure 10.6. Around
the shear layer,A(Us; ) remains unchanged, around zero. Similar trends have
been found at low density. These experiments clearly show the partance of
electric elds on the statistical properties (paramete®) of °uctuations. This
situation is shown in “gure 10.6 in the left and centre column ¢ high density
shots) and in the right column (for the low density shots), both dung the
biasing phase of the discharge (depicted by black vertical lise The drop of
the A in the SOL implies an increase of blobs.

4. The role of magnetic topology : Previous investigations [66] were well
reproduced, showing that the time asymmetry of °oating potenal changes
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Figure 10.6: Time evolution of the time asymmetry of °oating potential A(Uy ))
for di®erent radial positions (r/a). Black diamonds correspnd to the probe 1, while
blue one to the probe 2 of the central top group (see gure 10.3eft and centre
columns: regime with high density shot$1(> n reshoid ), radial positions of the probes
run from outward: from the top left panel to the bottom right me. Right column:
regime with low density shotsn( < n wreshoid). The biasing phase is depicted by the
vertical lines.
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with the magnetic topology, increasing signi cantly from theopen eld lines
region (SOL) to the region inside the LCFS as shown in gure 1Q.7Inside
the plasma bulk, the development oE,,q £ By, sShear does not change the
behaviour of A(Uf; ). The lower amplitudes ofA in the SOL during the high
density regimes (red lines) point to decrease of the number ofobk. This is
an action which we expect from the natural shear.

r/a

Figure 10.7: Radial pro le of time asymmetry of °oating potential (named a©x in
the original work) [66]. Blue lines: low density (no shear)Red lines: high density
(natural shear).

10.6 Summary

In conclusion, the investigation of the statistical propertiesof °uctuations in the
plasma boundary region of the TJ-II stellarator shows that theime asymmetry of
turbulent bursts is a®ected both by magnetic topology and theadial electric elds.
This means that the mechanism leading to changes in the shapetofbulence in
the edge plasma is caused not only by thE,,q4 £ B, Shear, but it is also related
to the magnetic topology.
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Ball-pen probe
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Chapter 11

Introduction to the Ball-pen probe
measurements

A new probe, so-called \Ball-pen probe", was developed in RP
Prague and used in the CASTOR tokamak, the RFX-mod reversed
“eld pinch and also in the ASDEX Upgrade tokamak. The probe
is an innovative type of probe which is able to measure dirgcthe
plasma potential in magnetized plasmas. Moreover, plasmetgn-
tial °uctuations measurements can be used for evaluation die
di®usion coezcient using a technique presented in followirghap-
ters.
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Understanding the electric eld and its turbulence in magneti con nement devices
is a very important tasks in the fusion research as explained irrgvious chapters.
Proper knowledge of the plasma potential is required for calation of the electric
“eld and also for veri cation of numerical simulations of SOL 84, 85].

So far, we discussed only °oating potentiallf;; ) of the Langmuir probes in this
thesis. The electric eld was estimated fronl; , usually neglecting the gradient of
the electron temperature. This step was justi ed in chapter 7Precise values of the
plasma potential and electron temperature can be obtaineddm swept Langmuir
probes (a harmonic voltage is applied to the probe in order tobtain the current
voltage characteristics), which is a method with a poor time solution. Another
ways of direct measurement of plasma potential are by means afissive probes [86]
and heavy ion beam probes [87], though these methods are alsodemed by various
technical problems and peculiarities in measured data interetation. The Ball-pen
probe (BPP) is able to provide the plasma potential and the et#ron temperature
with high time resolution.

Another important feature of the BPP is ability to estimate the plasma di®usion
coexcient. The di®usion coexcient is also one of demanding tiep since its calcu-
lation requires knowledge of the density gradient, the ion sad speed and further
gualities as described in section 4.3.6.

The Ball-pen probe was developed in the Institute of Plasma Pkics AS CR
in Prague [19, 20, 88, 89]. It was used in several fusion facési in the CASTOR
tokamak [19, 20, 88, 89], in the ASDEX Upgrade tokamak [90], and the reversed
“eld pinch RFX-mod [91].

11.1 Principle of the Ball-pen probe
The Ball-pen probe takes advantage of the di®erence betwebe electron and ion
Larmor radii. It was developed on the basis of the Katsumata ph® concept [92].

The BPP is made of a ceramic tube with a metal collector of a caal shape inside
as shown in gure 11.1. The axis of the probe head is orientedrpendicularly to

Corundum |

COIIECiOr  Stainless steel
Stamless steel

corundum-plasmaSpraying

be boron nitride

Boron nitride

Figure 11.1: Ball-pen probe developed for the CASTOR tokamak. Left paned
schematic illustration of the probe principle. Right panelpicture of the probe head.
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the magnetic eld lines. The ions can penetrate deep into theecamic shaft due to
their larger gyro-radii, while a certain part of the electrms is shielded. The collector
can be used for measurements of either °oating potential, orncaturation current;
it is movable with respect to the ceramic shatft.

According to the Langmuir probe theory for Maxwellian plasmasthe °oating
potential of the collector Uy; can be expressed as

| i
In 3% (11.1)

I sat

I(B Te

U =0

where © is the plasma potential, T, is the electron temperature,li,, and I &; is
the electron and ion saturation current, respectively. For aeartain position of the
collector within the shielding tube, thell, and |, are balanced and the potential
of the °oating BPP is equal to the plasma potential [19, 93].

The di®usion coezxcient is evaluated from the spatial decay oboprer spectra of
the BPP collector during ohmic discharge. The spectrum decags the collector is
pulled inside the shielding shaft; the decay is faster for highérequencies. This is
a typical behaviour of a di®usion process inside the probe. A neldvas developed
and applied on experimental data, the results are published @rticles presented in
next two chapters.
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Chapter 12

A probe-based method for
measuring the transport coezcient
In the tokamak edge region

Czechoslovak Journal of Physics, Vob6 (2006), No. 12.
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Chapter 13

Novel Technique for Direct
Measurement of the Plasma
Di®usion Coezxcient in
Magnetized Plasma

Contributions to Plasma Physics, Vol48 (2008), No. 5-7.
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Chapter 14

Measurements with Ball-pen
probe on RFX-mod

The Ball-pen probe was installed and tested in the RFX-mod re-
versed eld pinch in order to verify the behaviour of the prebin
low magnetic eld ¢ 0:1 T). In this chapter, we give a short intro-
duction to the RFX-mod facility, the new system for measuremen
the edge plasma parameters. Finally, we introduce the Ba##p
probe designed for the RFX-mod and we show preliminary retsul
of calculations of the di®usion coezxcient.

131
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14.1 The reversed eld pinch con guration

A reversed eld pinch (RFP) is a magnetic device of the same pgiple as tokamak:
the plasma is con ned by a strong magnetic eld of helical shapend driven by a
strong toroidal current induced by a transformer. The main di@rence is the shape
of the magnetic eld and its temporal evolution.

While the toroidal magnetic eld in tokamak is produced by eternal coils only,
being ten times higher than the poloidal magnetic eld and stionary during the
discharge, the situation in RFP is more complex. The plasma conement in RFPs
is achieved by both the toroidal and the poloidal magnetic ks which are of the
same order. Moreover, the toroidal magnetic eld changes dog the start-up phase
of the discharge; during the °at-top phase it remains constant.

At the beginning of the discharge, theB, is generated by external coils only.
When the plasma is formed, the poloidal component of the plasnecarrent generates
an additional By, in the inner part of the plasma column. It is worth noting that
the helicity of RFP is much higher than of tokamak, thus this ®ect is negligible for
tokamak, but signi cant for RFP. As the toroidal winding acts as a °ux conservant,
they respond to the rising toroidal eld in the plasma core by daeasing and even
reversing it at the edge. The level of reversing is adjusted by e¢hvalue of the
plasma current, but it can be also controlled by external cirdts. The magnetic
“eld con guration is schematically shown in gure 14.1.

TOROIDAL
FIELD

POLOIDAL
FIELD

Figure 14.1: A scheme of magnetic eld in RFP during the °at-top phase of g}
charge. The toroidal magnetic eld in edge region has the agite direction than in
the centre of the vessel.

Parameters describing the RFP con guration are theinch parameter

Bpol(a)

g= —pol&
<Bor >

(14.1)

and the reversal parameter
Bior (&)

F= — 7
<Btr >

(14.2)
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whereB ¢ (a) and By, (&) are the poloidal and the toroidal components of the mag-
netic eld at the wall position and < B, > is the toroidal magnetic eld averaged
over the plasma cross-section.

14.2 RFX-mod experiment

The Reversed Field eXperiment (RFX) reversed eld pinch, operatg in the Con-

sorzio RFX in Padova, Italy, was recently modi ed (RFX-mod, seegure 14.2) in

order to increase the passive and active control of magnetohydlynamic modes
[94]. For this, the former aluminium shell was replaced by a newopper one, with
signi cantly lower time constant [95]. The new system consistingfd92 saddle coils
installed inside the machine. It provides the active controlfomagnetic instabilities.

Moreover, a new integrated system of internal sensors (ISIS) hbsen installed in
order to detect the electrostatic and magnetic °uctuations9s, 96].

Main parameters of the RFX-mod:

Major Radius, R 20m
Minor Radius, a 0.5m
Maximum plasma current, | 2.0 MA
Maximum applied toroidal eld | 0.7 T
Current rise time 15; 50 ms
Flat top time 250 ms
Core °ux swing 15 V&
Inductive storage 72.5 MJ

Figure 14.2: RFX-mod experiment.
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14.3 Characteristics of turbulence in RFX-mod

Set-up and parameters of the ISIS system

The ISIS system [96, 97] consists of a large set of Langmuir probdaced on the
“rst wall of the RFX-mod device [98] and of magnetic probes instied 16 mm below
the tiles covering the rst wall: 131 magnetic pick-up coils, B electrostatic probes,
8 saddle coils and 8 calorimetric sensors. The probe layout is qaex; the main
features are the presence of one full toroidal array of 72 Langir probes and of two
toroidal arrays of 96 magnetic probes each. One poloidal ayrof each kind of probes
is also present. As another diagnostics for detecting the plasmarbulence, the gas-
putng imaging (GPI) diagnostics [99] with range of 40 mm is usedA picture of
the RFX-mod chamber inner walls with depicted positions of somaectrostatic and
magnetic probes is in gure 14.3.

magnetic \electrostatic

pick-up coils sensors

Figure 14.3: RFX-mod vacuum vessel from inside. The magnetic pick-up Iare
below the carbon tiles, the electric sensors are protrudifrgm apertures in the tiles.

Example of the power spectra in RFX-mod

An example of typical power spectra in the SOL of the RFX-mod is ingure 14.4.
The spectra were obtained from the electrostatic probes and gpaetic sensors of
ISIS and from the GPI system. The power spectra show similar chatadstics to
other fusion facilities as described in [100, 101]. This factplies universality of the
turbulence and turbulent transport in spite of the one order lever magnetic eld.

14.4 Experimental set-up of the Ball-pen probe
measurements

The Ball-pen probe for the RFX-mod experiment consists of fourotlectors at xed
positions placed inside a single ceramic holder (boron nitrig@as shown in gure
14.5. Radial prole of plasma potential and electron tempetare was obtained
from averaged values of the collector potential inside the sthiaand published in
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Figure 14.4: Typical power spectra, #16247 (normalized). Black curve repsents
an electrostatic probe, green and blue are from magnetic pes and red is from the
GPI.

[91]. The decay of the plasma potential °uctuations inside thehaft was used for
evaluation of the di®usion coezxcient [33].

Two shot series with di®erenF parameter were performed for the measurements
of °oating potential of the Ball-pen collectors. First series as performed with
F =i 0:2, the second one with- = j 0:04.

The Ball-pen probe was inserted from the LFS at the mid plane. fie measure-
ments were taken with di®erent radial positions of the Ball4n probe on shot-to-shot
basis.

Ball-pen probes

AN

boron nitride

stainless steel

«— holder

Figure 14.5: Ball-pen probe head for the experiment on RFX-mod.
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14.5 Evaluation of the di®usion coezxcient

Fluctuations of the plasma potential decrease for deeper pasits of the collector.
The power spectra of the potential °uctuations show an exponéal decay with
frequency as shown in gure 14.6. In some cases, however, the véha of the
power spectra has a di®erent character than di®usion (higheedquencies drop faster
for more shallow positions of the collector). Further analysesonnected with other
diagnostics (mainly magnetic) must be performed to explain itk phenomenon.

1000.000E 7777777

100.000 E

10.000 | h= 0 mm

S(f)

1.000 ¢ E

0.100 ¢

0.010F uid

0001 Ll .. . . T I L Lo ]
0 100 200 300 400

Figure 14.6: Example of power spectra obtained by the Ball-pen probe ectibrs with
di®erent depthh. Measurement was performed at the RFX-mod.

The di®usion coezxcient D) was evaluated by the method described in chapters
12, 13 for both series. To do so, we combined many parameters, likequency
intervals and number of slices used for the statistical evaluath of power spectra.
We obtained radial pro Tes of the di®usion coezxcient.

For the F = j 0:2, D ranges from 10 r¥/s to 120 n¥/s as shown in gure 14.7.
Close to the limiter, D takes the lowest values and increases to the centre. Inside the
plasma, after 30; 40 mm, D tends to drop again. In the area behind the limiter,
D increases in the direction outwards. The increase @ in the edge plasma is
consistent with evaluation ofD by other methods, namely by Langmuir probes and
a homodyne re°ectometer [102].

For F = | 0:04, the situation is less clear.D varies from 10 to 50 /s in the
edge, in the positions deeper than 10 mnD) tends to increase to values around
100. It is problematic to use our method in this discharge reginsince behaviour of
the power spectra showing opposite trend than di®usion occurs maaften in this
series. More experiments and analyses need to be done to clatfiig phenomenon,
as mentioned above.
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Figure 14.7: Radial pro le of di®usion coezxcient for the reversal parameteF =

i 0:2 obtained by several combinations of the tting parameters:sterisks are for
5 ms of time window and the signal divided into 50 slices foradwation of power
spectra. Rectangles denote 10 ms, 50 slices, crosses arelforms, 50 slices and
triangles represent 5 ms, 40 slices. Frequency interval dséor evaluation of D is

30j 90kHz. The vertical line depicts the limiter position.
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Chapter 15

Conclusions

The main results of the work carried out in the scope of my PhD
studies are summarized in this chapter.

141
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Work on this PhD thesis was carried out mainly at the Institute ¢ Plasma Physics
of the Academy of Sciences of Czech Republic, part of it was aoat the TJ-II
stellarator in Madrid and at the RFX-mod reversed eld pinch in Radova. It was
focused on the study of the edge plasma turbulence by means ofctie probes
and on the development of new diagnostic tools for measuremegnh the plasma
boundary region. The thesis can be summarized in the followinmpints. References
to the relevant publications are given in chapter 16: sectiof6.1 lists the journal
articles, section 16.2 the conference proceedings and sectié3 my own presenta-
tions at international conferences - presentations of my dehgues on similar topics
are not included. The journal articles and conference proegings where | am the
“rst author are emphasized in bold font

Part | - Introduction

The rst part is devoted to an overview of fusion research and to s@e basics about
tokamak con gurations. The CASTOR tokamak was introduced alog with the
diagnostic tools used for measurements in this thesis. The geomebf the edge
plasma and transport at the edge was brie°y described, targetirthe special features
of the CASTOR tokamak.

Experiments with improved con nement were compared with eperiments in
standard regimes. The global plasma parameters were shown aslaslthe radial
pro les of the °oating potential, radial electric eld and ion saturation current at
the plasma edge.

In the last section, the statistical tools used for the experimeat data analyses
were described.

The results with my participation relevant to the Part | were published in [16.1-
10], [16.2-1], [16.2-8] and [16.2-13].

Part Il - Fluctuation measurements

In this part, the measurements of edge plasma °uctuations mdinby means of arrays
of electric probes are presented. The results were presentedsaveral international
conferences and published in journals.

1. Measurements of sheared electric elds and °ows at the
plasma edge of the CASTOR tokamak

2 The experimental data were collected by the double rake preband the
poloidal ring of Langmuir probes.

2 Two methods for evaluation of the phase velocity were used: dajiing
the cross-correlation and the cross-coherence.

2 The poloidal phase velocity of °uctuations was established fino signals
of adjacent Langmuir probes placed in di®erent poloidal pdisins.

2 Aradial pro le of the velocity was obtained and compared to #heoretical
calculation from the E oq £ By, drift.
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2 The radial position of the velocity shear layer was determinedith high
precision ¢ 1 mm).

2 A simple model was introduced to judge the error of the poloidigphase
velocity estimation introduced by its radial component.

2 A radial pro Ie of the inverse of the correlation time of °uctuations 1=¢,¢
was calculated and compared to th&,,q4 £ By, Shearing rate in order to
examine the impact of the velocity shear on the turbulence.

2 The shearing rate was found to be of the same values as thes;l outside
the VSL, but about ve times higher in the proximity of the VSL.

2 A small reduction of the relative level of °uctuatuations at he VSL is
observed in the statistical parameters of th&J; and |5 signals.

2 ]t was concluded that the system is in the state of marginal stabiy
outside the VSL, while in the proximity of the VSL, the shear slighty
dissipates the turbulent structures.

2 The results were published in [16.1-4], [16.1-6], [16.1-716][1-8],[16.2-
17] and presented in conferences [16.3-10], [16.3-12].

2. Investigation of the CASTOR SOL by means of 2D ma-
trix of Langmuir probes

2 Magnetic eld lines in the edge plasma region of the CASTOR tokaak
were mapped by the biasing electrode and the 2 dimensional matof
Langmuir probes: an alternating voltage was applied to the ettrode
and the power spectrum for this particular frequency clearlghowed the
projection of the biasing electrode in the 2D array of probes.

2 The safety factorq was established in agreement with a theoretical cal-
culation.

2 Toroidal structures were mapped by evaluation of cross-corations of
the tips of the rake probe and the 2D array of probes. The polcad and
radial extents of turbulent structures were established.

2 Formation of a convective cell around a biased °ux tube was ebqred.
The poloidal phase velocity was evaluated around the conveet cell from
the data from the 2D array of probes to show the impact of the str@
local E aq £ By drift.

2 The results were published in [16.2-1]16.2-2] and presented in confer-
ence [16.3-2].

3. Analyses of relaxation events in the CASTOR tokamak
using deeply immersed biasing electrode

2 1t was found that a strong transport barrier is established durig certain
regimes with improved con nement. The barrier periodicayl collapses
and rises with the frequency of approximately 10 kHz.
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2 The transport barrier was described in detail by temporal evation of
radial pro les of the °oating potential, radial and poloidd electric eld
and the ion saturation current. The poloidal symmetry of the baier was
demonstrated.

2 The °ow velocities showed an interplay between the toroidalral the
poloidal °ow.

2 The magnetic activity indicated a signi cant redistribution of the current
density pro e deep inside the plasma column.

2 The results were published in [16.1-1], [16.1-5], [16.1-8]6]1-9], [16.2-3],
[16.2-6],[16.2-7], [16.2-12] and presented in conference [16.3-5].

4. Study of statistical properties of °uctuations in the plasma
boundary region of the TJ-Il stellarator

2 Statistical parameters of the °uctuations at the plasma boundry of the
TJ-Il stellarator were studied in detail in order to clarify what is the
role of the natural and the imposedE.q £ By Shear and the magnetic
topology in properties of the statistical parameters.

2 The analyses have shown that the mechanism leading to changedhe
shape of turbulence in the edge plasma is caused not only by tBeg £
Bpo shear, but is also related to the magnetic topology.

2 The results were published in[16.2-11], and presented in conference
[16.3-7].

Part |1l - Ball-pen probe

In the IPP Prague, a new diagnostic tool called \Ball-pen prob" (BPP) for direct
measurements of the plasma potential and electron temperatuwith high temporal
resolution has been developed. Apart of this, the probe enabkdso an estimation of
the di®usion coezcient by means of calculating a decrease ofinifrequencies inside
the BPP shaft. A method for evaluating the di®usion coezxcient as developed and
published in two journal articles. Radial pro les of the di®usin coexcient for several
regimes (di®erent magnetic eld) were obtained for the CASTR tokamak and
compared with the Bohm's di®usion derived from the electroremperature pro le.
Preliminary calculations at the RFX-mod reversed eld pinch wre performed and
a radial pro le of the di®usion coezcient was obtained as wellThe results were
published in [16.1-2],[16.1-3], [16.1-11], [16.1-12], [16.1-13][16.2-4], [16.2-5],
[16.2-15], [16.2-16] and presented in conferences [16.3-3], [16.3-4], [16.3}B5,3-
11].

Fusion research is a team work owing to the complexity of the iegtigated problems.
So it was also in my case. Apart from the visits abroad, where | wasgaiest in ex-
perimental campaigns, | had participated in a number of domestand international
campaigns at the CASTOR tokamak. My task was not only to proces$é data, but
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also to take care of the experiment. To connect the diagnostits the data acqui-
sition system, to run the machine, to solve minor problems with dcharge regimes
as well as with the probes and to arrange the con guration okperiment according
to current needs during the campaigns. This °exibility makesneasurements at the
CASTOR tokamak very excient and desirable also for scientists fro large facilities
abroad. All this work was, of course, possible only with help of theechnicians, who
were taking care of the vacuum, fabricating the probes andstalling them into the
diagnostic ports, and of my colleagues, mainly my supervisor, wiaught me how
to control the machine and who was always helpful in cases of fpaproblems with
the discharge.

A new tokamak { COMPASS { was moved and reinstalled at the Institte of
Plasma Physics AS CR, v.v.i. in Prague [103]. The COMPASS (COMPBASSem-
bly), originally working at Culham in Great Britain as COMPASS-C (with circular
plasma cross-section in 1989{1991) and as COMPASS-D (with divertin 1992{
2001), was o®ered to our institute and transferred in autumn R@. | was partici-
pating in reinstallation, namely in development of a new highiesolution Thomson
scattering diagnostics. The results were published i16.2-9], [16.2-10],[16.2-14]
and presented in conferences [16.3-6], [16.3-9].

Finally, a part of my work was devoted to education of new sci¢ists. Tokamak
CASTOR is a place where students from Czech universities and fncabroad come
to gain experience and to collect experimental data for thebachelor, master and
PhD theses and where Summer schools in plasma physics take pldogas involved
in these activities as well. The results were published in [167], [16.2-13] and
presented in conference [16.3-1]. During the Summer TraigirtCourse SUMTRAIC
2004, a conclusion was made which fully re°ects my personaliaitie to the plasma
physics research, as shown in gure 15.1.

Figure 15.1: My personal approach to the research of plasma turbulencetla¢ edge
of fusion facilities as concluded in the Summer Training Cage SUMTRAIC 2004.
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Electric Fields in Plasma Con nement in Stellarators and Tkamaks Alushta
(Crimea, Ukraine), September 22{27, 2008.

12. Presented by J. Stockel: J. Brotankoval. Stockel, I. Duran, M. Hron, G. Van
Oost, Measurement of Sheared Flows at the Plasma Edge of the CASRO
Tokamak, poster at the 18th IAEA Technical Meeting on Research Using
Small Fusion DevicesAlushta (Crimea, Ukraine), September 25{27, 2008.
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lands.

2 Qctober 2007 (2 weeks): reversal eld pinch RFX-mod, Consorzid-X, Padova,
Italy.
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APPENDIX

A-1 Toroidal magnetic eld

In the frame of my thesis, | have performed a detailed analysestbe generation of
the toroidal magnetic eld By, .

The toroidal magnetic eld (B ) is induced via 28 poloidal eld coils each with
11 turns (Lwt = 2:8 mH as shown in following) connected in series to the capacitor
bank (C = 0:229 F). Capacitors can be charged to voltagg up to 2000 V. In the
standard regime,U = 1084 V which generateB,, = 1 T. The parameters, however,
allow to operate with By,, up to 1.2 T. Current owing through the coils is up to
20 kA. The maximum of By, is at the axis of the torus and it decreases with the
major radius as kR, as illustrated in gure 16.1 by the blue line. The part of the
chamber close to the main axis is thus called High Field Side (HESvhile the part
farther is indicated as Low Field Side (LFS).

lchamber axis

limiter

oV

10 0.4m

Figure 16.1: The 1=R decrease 0By, .

In the standard regime By = 1 T), the total electrostatic energy stored in
the capacitor bank isWe = 1=2 CU? = 134:5 kJ. Total energy of the magnetic
“eld (for By = 1 T) inside of the LCFC (Last Closed Flux Surface) isWg,,, =
(V=21 0)B2, =44 kJ, whereV = 0:11 m3 is a volume of the region of the vacuum
vessel. That means that only about 33 % of energy stored in thH&,, capacitor
banks are efectively used for particle con nement.

The By, is measured with a single coil (active ared = 0:0283 n?) placed in the
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shadow of the limiter atr = 95 mm, as depicted in gure 16.2. The output voltage
of the coll is digitized by 12 bit A/D converter (sb2) usually with the sampling

rate of 100 s/sample, stored in the PC oriented database, and further numesally

processed.

Figure 16.2: Position of the By, coil depicted in a poloidal cross-section of the
CASTOR tokamak.

For the voltage in the coil, we can write

do dB

— =i S¢t—; A-1
d 'Y dt (A-1)
where © = NBS is magnetic °ux through the coil's cross-sectionN =1 is number
of turns of the coil and S is its active area. Solution of this simple di®erential

equation is:

V(t) =i

14
B(t) = j 5 V (t9dt® (A-2)
0
Generation of By, based on RLC oscillating circuit causes sinusoidal character
of Byor. C and Ly limits the half period of By, evolution to

q
él=2 = Ya I—totC 2 83 ms (A'3)

according to measurements. RLC oscillating circuit used for @agon of By, consists
of the poloidally oriented coils and theB, capacitor bank. The resistance is equal
to the resistance of the coils and the wires. Generally, a follavg formula can be
written for a By, in a toroid:

15 NI
tor = . (A-4)
whereN is the number of turns of the coilr is the minor radius andl! is the current
through the RLC oscillating circuit:
2412 _
| = CU lo'oei tsin! ot (A-5)
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where s
_ 1R and 1= L 1RZ
B 2 Lot 0T Lot C l 4L%,
Substituting (A-5) into (A-4), we obtain
_ 0N ey P Bt i o
Bior = 2—]/47 ¢CUTe| sin! ot:
If we de ne LN 212
0 10
= ——(¢CU
& 2Yar o
®;=!yo;

we can re-write formula (A-7) as

Bior = ®, ¢el ®! sin(@st):
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(A-6)

(A-7)
(A-8)
(A-9)

(A-10)

(A-11)

This formula was tted to experimental data of By, with free parameters®;, ®,,
®;. We obtained the values®, = 1:622,®, = 10:922,®; = 37:914. Final formula

for the time evolution of By, is

Bior = 1:622¢e 19922% gin 37914¢t:

(A-12)

From formulae (A-8), (A-9), and (A-10) we obtained the valuek =0:061 -, C =

0:229 F,Up = 1084 V.
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A-2 Integrals of neand Tg

Central electron density, averaged electron density

The electron densityn, is measured by an interferometer as one of the main plasma
parameters, shown in "gure 3.3. It is a chord averaged densityprmalized to 1 n¥.
For some calculations, we need the central plasma electron déysn.(0) or the
volume averaged electron densitinei.

Central electron density

The measured electron densitye meas IS @ line averaged value:

Za 1
Ne meas =  Ne(r)dr ¢£ (A-13)
ia
where 2 is the chord length. Assuming a parabolic density pro le
A !
r2
ne(r) = ne(0) 1i —; (A-14)
we can write 2o & r2! .
Ne meas = ne(o). 1j 2 dr ¢2—a: (A-15)

ia

The integral is equal to%a, thus the central density can be easily calculated as
3
ne(0) = SNe meas: (A-16)

Volume averaged electron density
The volume averaged electron density can be derived from

Za

: 1
nei = O Ne(r) ¢21/4rdr¢@ (A-17)

where Y& is the surface of the poloidal cross-section (since we integrateeo the
cross-section). Again, assuming a parabolic temperature pro lequation (A-14)),

we can write |

zh rz 1
The integral is equal to 2/4¢%a2, thus the volume averaged electron density is from
(A-18) and (A-16)

) 1 3
el = éne(o) = Zne meas- (A-19)
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Volume averaged electron temperature

The volume averaged electron temperature can be derived ihet same manner as

the density from
7Za

. 1
hTei = 0 Te(r)21/4rdr¢% (A-20)
whereY& is the surface of the poloidal plasma cross-section. Assuming the peo
A : e
Te(r) = Te(0) 1i (A-21)
where® = 2, the averaged electron temperature can be written as
ZaA 2! 2

| 1
i = T(0)  1i ;2 2ardr e (A-22)
0

The integral is equal to 2/4¢%, thus the volume averaged electron temperature can
be easily calculated as

HTei = %TQ(O): (A-23)

Average of the product of electron temperature and density
The average of electron temperature and density can be writieas
7Za

ATe(r)ne(r)i = Te(r) €ng(r) ¢21/4rdr¢1i: (A-24)
o /1 &

Assuming the pro les of T, as (A-21) andn, as (A-14), we can write
ZaA 2! 2 A 2!

. r r 1
ATe(r)ne(r)i = Te(0) ¢ne(0)0 1 o ¢ 1 = 21/4rdr¢%: (A-25)

. . . . 2\,
After integration (the integral is 2%4¢%):

ATe(r)ne(r)i = i—LlTe(O) ¢ne(0): (A-26)
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