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Abstract: Thesis describes two parts of my work in frame of magnetic confined
fusion research. First part describes irradiation testing of the Hall sensors based
on InSb semiconductor. It evaluates radiation effects of fast and thermal neu-
trons on the Hall sensors sensitivity. Tests indicate low level of changes for fluence
lower only by order of magnitude than expected in the whole lifetime of ITER
tokamak. Second part describes measurement of turbulent plasma structures pa-
rameters in scrape–off layer of the COMPASS tokamak, particularly the parallel
electric current flowing along them. Design of novel combined probe allowing
measurement of not only electrostatic parameters but also the parallel electric
current is presented. Evaluation of parallel electric current is discussed and com-
pared with experiment. Statistical analysis of the plasma structures is presented.
Empirical formulas of the parallel electric current in dependence on parameters
of the plasma structures and discharge are provided.
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I cannot forget the support of people close to me, my friends from school,
Scout Association, Czech Red Cross and Diving club. I would like to thank to
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1. Introduction
This thesis describes my work in frame of research of controlled nuclear fusion
as a future energy source. Chapter 2 describes history of energy usage, state–
of–art of nuclear energy production and possible ways of nuclear fusion energy
release. Section 2.4 describes the crucial requirement for net energy production
from nuclear fusion and the methods being investigated to reach this requirement
including the examples of the most important devices of each category.

Chapter 3 describes the main goals of the thesis. The first part is focused on
steady state magnetic sensors, particularly the Hall sensors, needed for plasma
position control during long discharges of future fusion reactors. Testing of ra-
diation effects on Hall sensors based on semiconductors is required. Second part
is focused on measurement of magnetic properties of the turbulent plasma struc-
tures in scrape–off layer of the tokamak. I have evaluated particularly the parallel
electric current flowing along these plasma structures and its dependence on other
plasma parameters.

Chapter 4 describes irradiation tests of the Hall sensors based on InSb and
evaluation of effect of thermal and fast neutrons. Section 4.1 introduces princi-
ples of the Hall sensors and indicates the main source of precision limits within
the harsh environment of the fusion devices. Testing of the Hall sensors was
performed at Institute of Plasma Physics of the Czech Academy of Sciences, but
irradiation of the samples was performed in Research Center Řež at research re-
actor LVR–15. Isotopic changes of the sensing layer was simulated and activity
of the whole Hall sensor samples were analysed in detail including identification
of radioisotopes with highest activity. Sensors performance after the irradiation
was measured and compared with the pre–irradiation values. This comparison
shows that parameters of these InSb based Hall sensors change in order of up to
a few percent. This could allow application in fusion reactors with pulsed regime
if recalibrated before each discharge.

The rest of the thesis, Chapters 5–10 focus on the measurement of the electric
current flowing along the magnetic field lines within plasma structures in scrape–
off layer. These structures carry large amount of hot particles and therefore
represent serious danger for all plasma facing components, that could start to
melt under the strong heat flow.

Chapter 5 introduces the tokamak COMPASS where the experimental work
was performed. Diagnostic systems and operation regimes of the COMPASS
tokamak are shortly introduced.

The Chapter 6 describes significant plasma structures within the scrape–off
layer in detail , particularly the ohmic–mode filaments in Section 6.1 and edge lo-
calized modes (ELMs) in Section 6.2. Influence of toroidal current within plasma
structures (particularly the ELMs) on the plasma position measurement is indi-
cated.

I have prepared a new probe head (U–probe) for local measurement of not only
electrostatic but also magnetic properties of the plasma structures, see Chapter 7.
I optimized the design of the probe head into two towers close together in order
to minimize effect of the probe on the turbulent plasma structures themselves,
but measuring the parameters for their identification and characterisation, see
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Section 7.2. The identical design of both towers simplify correlation of the signals
to assess effect of the probe head on the plasma structures. I have performed a few
thermal simulations that confirmed the chosen materials (boron–nitride casing
and graphite tips of Langmuir probes) will sustain the conditions expected in the
scrape–off layer of the COMPASS tokamak. I have solved issue of the Langmuir
tip fixation within the probe head allowing easy exchanging in case of Langmuir
tip damage. I cooperated on design of the support structure that allows radial
adjustment of the probe head into vicinity of the separatrix and correction of
the probe head orientation according to the magnetic field lines (Section 7.3).
Probe head and manipulator were manufactured in the mechanical workshop at
the Institute of Plasma Physics of the Czech Academy of Sciences.

Evaluation of the parallel electric current requires careful calibration of the
parallel current calculation from the signals of magnetic coils. There are two
basic methods for parallel current evaluation introduced in Chapter 8. I com-
pared the methods of parallel electric current calculation in several situations.
At first, simulation without limits of real measurement was performed (Sec-
tions 8.2.1 and 8.2.2). Next, I performed the simulation using the position of
the measuring coils according to the U–probe (Section 8.2.3) and compared this
simulation with measurement under defined conditions (Section 8.2.4). At last,
I performed simulation taking into account effect of the strong background mag-
netic field caused by plasma current IP (Section 8.2.5). The simulations revealed
strong influence of the plasma current. This cross–talk can be mitigated by usage
of high frequency component of the signals.

Chapter 9 describes measurement of individual types of the SOL plasma struc-
tures, ohmic–mode blobs (Section 9.1), ELMs (Section 9.2) and inter–ELM fila-
ments (Section 9.3). I present typical evolution of the measured properties (ion
saturation current Isat, floating potential Vfloat, radial and poloidal components
of the magnetic field Brad and Bpol and the calculated parallel electric current
density jpar).

Finally, the Chapter 10 summarizes statistical analysis of the plasma struc-
tures. I present conditional averages of the plasma structure parameters of the
individual signals during the measured plasma structure passage over the probe.
The dependence of conditionally averaged evolutions on plasma current, plasma
density and distance between the U–probe and separatrix was analysed in detail.
Next, correlation of parallel electric current density with other parameters of the
plasma structure was investigated. I attempt to provide the empiric formulas for
parallel electric current within the plasma structures based on their correlated
parameters and global plasma parameters.
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2. Introduction to nuclear fusion
The whole history of mankind and development of human society is closely con-
nected with search and exploitation of energy sources. At first, energy bonded
in plants that started to be used as a fuel. Later energy of flowing masses of air
and water (wind- and watermills) started to be used. With start of exploration
of the depths of the Earth’s crust, we started to use concentrated energy of fossil
fuels that are remnants of prehistoric plants. And last but not least, we begin to
use the nuclear energy. But none of these energy sources could be called ideal.
All advantages of each source of energy is well paid off by its disadvantages.

Last decades are characteristic by effort of reduction of fossil fuel usage, the
source of CO2 and therefore reduction of the greenhouse effect as a reason of cli-
mate changes. But, no power source is ideal. Solar and wind energy is dispersed
and very unstable depending on local climate and actual weather conditions.
Water energy is stable source but it is limited by size of rivers and height of the
mountains. Biomass power plants are stable power sources but their net energy
production (with energy needed for harvest of the fuel taken into account) is very
low with respect to needed area that shall be rather used for food production.
At last but not least, the nuclear power plants are stable sources of energy but
they produce highly radioactive long lasting nuclear waste. Therefore, energy
production use combination of several types of energy sources depending on lo-
cal conditions like climate, raw material reserves, and technological and social
situation of the local population.

2.1 Nuclear energy
In the 20th century mankind discovered way to release the energy of mass, the
nuclear energy. It is binding energy of neutrons and protons in nucleus and
is different for each isotope1. The highest binding energies have isotopes with
medium number of protons and neutrons, i. e. with medium mass of the nucleus.
Therefore, nuclear energy can be gained in two processes: fission of heavy nuclei
and fusion of light nuclei.

The fission energy is gained from splitting up heavy elements, e. g. uranium
or plutonium to the lighter ones. We are going from right edge to the centre
in Fig. 2.1. In nature, it could happen only in specific geological conditions,
e. g. in Oklo, Gabon, 500 million years ago within porous rock with high inhalt of
natural uranium (1). Mankind firstly used this energy in the atomic bomb that
was dropped on Hiroshima and Nagasaki by USA during the Second World War.
First fission power plant, the peaceful usage of nuclear energy, was built in 1954
in Obninsk, the former Soviet Union. From construction point of view, it was
pressurized water reactor with electric power 150 MW. Nowadays, there were 441
fission reactors operated all over the world in 2015 with installed electric power
output of approximately 380 GW of electricity (2).

The main problem with fission power plants is that they produce highly ra-
dioactive nuclear waste with a long half–life that need to be stored or reprocessed.

1Binding energy is defined as energy needed to separate all the individual nucleons.
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Figure 2.1: Dependence of binding energy ∆E per nucleon on relative mass of
the nucleus.

Moreover, amount of the radioactive waste depend on relatively low exploitation
of nested, mostly enriched, uranium fuel.

The latter possibility, nuclear fusion, is based on bounding lighter elements
together, e. g. deuterium and tritium (heavier isotopes of hydrogen). This is indi-
cated as shift from left edge to the center in Fig. 2.1. This type of reaction is the
energy source of the stars. These reactions produce no radioactive waste. From
this point of view, the fusion reactions seem to be very perspective. However,
fusion of nuclei needs to move the nuclei with their positive charge close to each
other, i. e. to let binding force overwhelm Coulomb repulsive force. This condi-
tion implies necessity of very high temperatures and its keeping for long enough
time. Such conditions were reached in nuclear weapons (Hydrogen bombs) and
in limited way in several experimental devices, but never in stable regime and
sufficient amount for energy production.

2.2 Nuclear fusion
In the Sun, the fusion reactions are kept running due to very high density and
temperature via gravity of the Sun allowing fusion of protons (light hydrogen
nuclei). Keeping of this reaction is too difficult on Earth for now, because its
probability, the reaction cross–section, is too low. To gain energy various reactions
with higher cross–sections can be used (3), (4). Most probable are reactions2:

21 eV=11 600 K
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D + T → 4He (3.52 MeV ) + n (14.06 MeV ), (2.1)
D + D → T (1.01 MeV ) + p (3.03 MeV ), (2.2)

D + D → 3He (0.82 MeV ) + n (2.45 MeV ), (2.3)
D + 3He → 4He (3.67 MeV ) + p (14.67 MeV ). (2.4)

Figure 2.2: Possible fusion reactions cross–sections.

Each of the reactions has advantages and disadvantages. One of the most
important properties is probability of reaction, the cross–section of the reaction,
which is strongly dependent on kinetic energy of the reacting particles. The best
reaction from this point of view is the reaction of deuterium and tritium, see
Fig. 2.2, but there are several issues. At first, the tritium is radioactive, half-life
of Tritium is relatively short, approximately 12.32 years. Therefore, it has to
be manufactured directly in the fusion power plant, e. g. by reactions between
neutrons and the reactor’s Lithium blanket (4):

n + 6Li → 4He (2.1MeV ) + T (2.7MeV ). (2.5)

Another point of view emphasise ratio of energy of charged and neutral prod-
ucts. This governs the ratio of energy from the fusion reaction that could be
directly used for heating of the particles, particularly in magnetic confinement
devices. There is an issue of free neutrons that cause material activation but it
is usable for tritium production as well.
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In present, it is hard to achieve and keep fusion reactions running at all.
Therefore, present day plans for fusion exploitation rely on the reaction 2.2 of
deuterium and tritium due to the highest reaction cross–section, see Fig. 2.2.
Required particle energy of tens or hundreds of keV imply that the material is in
a state of ionized gas called plasma.

2.3 Plasma
(3) (4) (5) (6) (7) (8)

The term plasma is used for high-energetic state of matter, in principle ionized
gas. Plasma is commonly marked as the 4th state of matter, but this indication is
not fully correct because there is no phase transition nor other step–like change of
properties of the gas by ionization. It was first identified by Sir William Crookes
in 1879 and named by Irving Langmuir. The more precise definition of plasma,
according to (3), is:

Plasma is a quasi neutral ionized system of charged particles
large enough to behave collectively.

In principle, there are several requirements that must be fulfilled as the gas can
be called plasma:

• The degree of ionization must be high enough so that the mean time be-
tween collisions with neutrals is usually long compared to the period of
plasma oscillation. The plasma properties must be mostly determined by
electromagnetic forces.

• Ionized gas is marked as quasi neutral when the charge density of all parti-
cles is so high, that the Debye length of shielding λD is very short compared
to the dimension of plasma. Debye length is defined as:

λD =
√
ϵ0kBTe

ne2 , (2.6)

where ϵ0 is the permittivity of vacuum, e is the elementary charge, kB is
the Boltzmann constant, and Te is plasma temperature. Meaning of λD

is e–folding distance of the potential of any charged object inserted into
plasma due to shielding by another charged plasma particles.

• Collective behaviour means that there is a large number of particles within
a sphere with a radius of the Debye length λD involved in every plasma
process. The collective behaviour causes major part of the large variety
of the plasma processes that could make their mathematical description
difficult.

Plasmas (and also plasma physics) are sorted according to temperature into
hot and cold plasmas. In cold plasmas only a small fraction of atoms is ionized,
the temperature of gas is low (mostly less than a few eV).

Full ionization takes place in fusion plasmas, and the particles have the tem-
perature mostly between 10 eV and 10 keV.
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2.4 Lawson criterion

When the temperature is high enough (T ≥ 5 keV), the particles from the tail
of the energy distribution function are fast enough to pass the Coulomb barrier,
so the hot plasma allows to fuse the nuclei. The condition for a fusion reactor
with positive energy gain, i. e. the reactor produces more energy than needed to
sustain the plasma enough heated, is expressed in Lawson criterion (3):

L = nτETi > Lcrit, (2.7)

where n is the plasma density, τE is the mean value of the energy confinement
time and Ti is the plasma ion’s temperature. Lcrit is a Lawson coefficient that
changes for different reactions. For example the Lawson condition for the D–T
reaction nτE ≥ 0.5 × 1020 m−3s, for the D–D reaction nτE ≥ 0.5 × 1022 m−3s,
where Ti is taken between 10 ∼ 20 keV, according to (4).

The main reasons why the power producing fusion reactors do not operate
yet are the problems with heating and confining of the burning plasma and lack
of materials that are sufficiently resistant. There are two technical approaches
to meet the Lawson criterion (principles of fusion devices), inertial and magnetic
confinement. The optimum temperature of the ions is very limited and, there-
fore, these approaches focus on the remaining parameters, density ne and energy
confinement time τE.

2.4.1 Inertial fusion

First approach uses fast compression of the deuterium–tritium fuel and it is the
basic principle of the thermonuclear weapons. Atoms of the fuel are accelerated by
impulse of energy from laser beam and get close enough for the fusion reaction
just by their inertia, it is called inertial fusion. Reactor uses a very short but
very intense pulses of lasers focused on the sphere from solid Deuterium–Tritium.
Very high n is achieved by this approach, however, only for a very short time τE.
According to (3), n ∼ 1032 m−3 and τE ∼ 10−11 s. The main issue is precise and
homogeneous compression of the fuel pellet within the large reaction chamber
(diameter of ∼ 5 m with high energy laser pulse and high repetition rate. For
vital fusion power plant it is necessary to ignite the pellet with the lasers every
0.1 s at minimum. The present day lasers are able to get an impulse with enough
energy only once per a few hours. Even more challenging is the precise alignment
of all the lasers on the small target during end of explosion of the previous pellet.

Recently, the largest device for inertial fusion NIF3 have obtained more energy
that has been delivered into the fuel pellet (9), but it is still incomparably low
to total energy of the laser pulse (2 MJ), not mentioning the energy needed to
power the lasers.

Therefore, the inertial fusion is still pursued to study extreme states of matter
or for military research without prohibited nuclear weapons tests.

3National Ignition Facility in Lawrence Livermore National Laboratory in Livermore, Cal-
ifornia, USA, operational since June 2009.
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2.4.2 Magnetic confinement
Second approach uses magnetic field to confine large number of charged particles
of the plasma and reaches the fusion relevant temperature by continuous heating.
I. e. the magnetic devices (closed systems - toruses) improve the other parameters
in Lawson criterion (eq. 2.7), especially τE at modest level of n and Ti. According
to (3), the typical values of density and energy confinement time are n ∼ 1021 m−3

and τE ∼ 0.1 s.
Due to nature of plasma as a composition of negative and positive ions, several

principal instabilities appear in plasma within inhomogeneous magnetic field.
Most of the instabilities can be mitigated by twisting of the magnetic field lines.
This helicity of the magnetic field can be driven by two method. Direct creation
of the helical field by coils or force the electric current inside the plasma that
produces additive poloidal magnetic field. From this point of view, two sorts
of facilities have been developed since the beginning of nuclear fusion research:
helical systems (stellarators) with coil–created helicity and tokamaks with helicity
driven by toroidal electric current in the plasma (the plasma current). Each
of them has some advantages and disadvantages. The stellarators have better
stability of the plasma, but the gas have to be externally heated from the ambient
temperature. The tokamaks heat the plasma to temperatures up to ≈ 1 keV
by ohmic heating from induced plasma current, but this plasma current causes
local instabilities that can move the whole plasma column, and these effects need
strong coils for feedback. Elsewhere, the plasma current can cause a disruption
that can damage the vacuum vessel or the wall of the vessel itself. Principles of
the devices and their important representatives (operated or under construction)
will be described later.

2.5 Stellarator
The stellarator is a device where the magnetic field necessary to confine the
plasma is completely generated by external coils. It was invented by Lyman
Spitzer and the first devices were built at the Princeton Plasma Physics Labo-
ratory in 1951, see Fig. 2.3. The name was given to this early fusion concept
because of the possibility of harnessing the power source of the sun.

Stellarators have a toroidal magnetic field as tokamaks, but they are not
azimuthally symmetric. They have a discrete rotational symmetry instead, i. e.
a few segments that are repeated and create enclosed structure.

It is generally agreed that the development of stellarators is less advanced than
tokamaks due to technological breakthrough in tokamak operation in 60–ties of
20th century (10), although the intrinsic stability they provide. Nonetheless, this
concept is actively and continuously developed. Stellarators, unlike tokamaks,
do not require a toroidal electric current in the plasma, so the expense and com-
plexity of current drive can be avoided as well as periodic stresses of the pulsed
operation. In addition, there is no risk of current disruptions.

On the other hand, it is necessary to heat the plasma from ambient tem-
peratures by additional systems. Moreover, the three–dimensional nature of the
field, the plasma, and the vessel introduce many challenges to theory or experi-
mental diagnostics for stellarators. Space inhomogeneity in magnetic field cause
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Figure 2.3: Photograph of the first Stellarator with its inventor Lyman Spitzer
on Princeton Plasma Physics Laboratory (11).

trapping of plasma in several regions that cause another instabilities. On the
other hand, it is possible to use the additional degrees of freedom to optimize
magnetic topology of the stellarator in ways that are not possible with tokamaks.
Main technological issues lay in the creation of the 3D magnetic field topology
that needs special central coils twisted helically together with the vacuum cham-
ber (older approach, e. g. TJ–II) or separate extremely shaped coils (modern
approach, e. g. Wendelstein–7X). Both methods are hard to manufacture, partic-
ularly in case of superconducting coils) and require extremely precise production
and installation. Another difficulty is to design a divertor (the section of the wall
that receives most of the hot particles escaping from the plasma) in a stellarator,
the non–planar magnetic coils (common in many modern stellarators and possi-
bly all future ones) are much harder to manufacture than the simple, planar coils
which suffice for a tokamaks, and the utilization of the magnetic field volume and
strength is generally poorer than in tokamaks.

The stellarators were due to the difficulties with heating and the instabili-
ties caused by the magnetic field complexity less successful than tokamaks and
therefore less supported possibility for fusion reactor, particularly in the early
stages of fusion research. The stellarator concept rises on popularity again due to
principal continuous operation and high performance of present day computers
allowing full 3D modelling of the optimum magnetic field topology and required
coil shaping.
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2.5.1 Wendelstein–7X
Wendelstein–7X is a large stellarator with modular coils operated in Greifswald,
Germany. First plasma was achieved in December 2015, after 10 years of con-
struction (12). The main problem during the construction was manufacturing
the 3 m high, non–planar, modular superconducting coils with precision less than
1 mm, see Fig. 2.4. It will be capable of long–pulse high power discharges with
active cooling of all in–vessel components after the full completion in 2019. It
shall be competitor for tokamaks of similar size and magnetic fields. This exper-
iment shall determine the feasibility of the stellarator concept for fusion power
plants.

Figure 2.4: Schematic drawing of German stellarator Wendelstein–7X.

Major radius 5.5 m
Minor radius ∼ 0.53 m
Toroidal magnetic field < 3 T
Pulse length < 1800 s
Plasma volume ∼ 30 m3
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2.6 Tokamaks
Tokamak is a magnetic toroidal plasma confinement device designed in 1951 by
the Russians Tamm and Sakharov. The term tokamak is an acronym from the
Russian words TOroidalnaya KAmera s MAgnitnymi Katushkami (toroidal cham-
ber with magnetic coils).

Basically, tokamak is a toroidal vacuum vessel with strong toroidal and poloidal
magnetic fields. The vessel, torus, has two symmetry axes, major and minor, to
characterize two basic directions: toroidal which is parallel to the minor axis and
poloidal which is azimuthal to the minor axis. Other important geometrical pa-
rameters are minor and major radius. Major radius R is the shortest distance
between major and minor axis and minor radius a is the shortest distance between
the minor axis and the edge of a vessel torus, see Fig 2.5.

Figure 2.5: Tokamak configuration scheme.

The plasma is mainly confined by strong toroidal magnetic field BT . The
poloidal component of magnetic field BΦ is introduced to increase stability of
plasma column. Poloidal magnetic field is produced by plasma current Ip, ac-
tually current of plasma particles in toroidal direction, induced as current on
secondary single wire winding of transformer. The resultant magnetic field is
helically shaped and its lines form nested closed magnetic surfaces (3) as in stel-
larators. This solution allows usage of planar coils that are easy to manufacture
and even the manufacturing tolerances are much higher than in case of the pre-
cise complex 3D field of the stellarator. Additional poloidal coils are necessary
for plasma position control. These coils have to allow swift change of magnetic
field as it is necessary for avoiding contact between plasma column and the wall
of the vacuum vessel.

The plasma current is the main advantage and disadvantage at the same time.
The advantage is that the plasma is heated up to temperature of a few keV by the
plasma current. Next, the plasma column is well stabilized as a whole and allows
easier plasma position control, but when the plasma accidentally hit the wall,
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most of the energy within the plasma is deposited on small area in a very short
time, so–called plasma disruption. Moreover, there are many local instabilities
within the plasma. Last but not least disadvantage is the necessity of keeping the
plasma current that leads to operation in pulses or requires complex solutions of
non–inductive current drive (e. g. Lower Hybrid wave Current Drive – LHCD,
off–axis Neutral Beam Injection – NBI) for continuous operation.

Tokamaks hold records for total fusion power production and maximum peak
fusion power out of all experiments for controlled fusion (13). Following section
describes two largest tokamaks in the world, the presently operated one (JET)
and one the being constructed (ITER).
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2.6.1 JET tokamak
(4)

JET – Joint European Torus at Culham Science Centre, UK – is nowadays the
largest running tokamak experiment. The device built in 1983 has no supercon-
ducting coils. Actually, it was built as tokamak with limiter and the divertor was
added later. This device is holding record values of 16 MW of fusion power (13).

Moreover, JET employs large fraction of technology that is necessary for
ITER, see Sec. 2.6.2, e. g. large neutral beam injectors, ITER–like ICRH antenna,
remote mechanical arm for in–vessel manipulations and repairs, and nowadays it
is only one device allowing D–T plasma operation, i. e. fuel assumed for ITER
and fusion power plants.

Figure 2.6: Photograph of JET tokamak.

JET parameters:

Major radius 2.98 m
Minor radius ∼ 1.25 m
Plasma volume 80 m3

Toroidal magnetic field ≤ 3.5 T
Plasma current ≤ 4.5 MA
Pulse length ≤ 10 s
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2.6.2 ITER tokamak
(14) (15)

ITER is an acronym for International Thermonuclear Experimental Reactor.
The aims of this project are to demonstrate the scientific and technical feasibil-
ity of controlled fusion (16). It will be the test facility for all the technology
needed for fusion power plant. The partners in the project are the European
Union represented by EURATOM, Japan, the Peoples Republic of China, India,
the Republic of Korea, the Russian Federation and the USA. ITER is being con-
structed at Cadarache in the south of France. The construction started in 2006
and the first plasma is expected in 2025. Full power with D–T plasma is planned
in 2035.

Figure 2.7: Schematic drawing of ITER.

ITER parameters:

Major radius 6.2 m
Minor radius 2.0 m
Plasma volume 837 m3

Toroidal magnetic field ≤ 5.3 T
Plasma current ≤ 15 MA
Fusion power ≤ 500 MW
Burn flat top 400 s
Power Amplification ∼ 10×
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3. Goals of the thesis
Measurement of the magnetic fields in tokamaks is crucial for the control of
the plasma. But, it can supply additional information about numerous plasma
instabilities and processes. Individual tasks are:

• Analyse effect of neutron irradiation on semiconductor Hall sensors based
on InSb. Compare effect of slow and fast neutrons. Perform dedicated
irradiation experiment on a fission reactor for this purpose.

• Investigate the turbulent plasma structures appearing in the scrape–off layer
of the tokamak and their characterisation, particularly evaluation of the
parallel electric current flowing along these turbulent plasma structures.
Development of a new diagnostics for toroidal electric current measurement
carried by the plasma structures is expected.

• Investigate the dependence of the parallel electric current flowing along the
turbulent plasma structures on parameters of global plasma or the plasma
structures themselves.
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4. Hall sensors for fusion
applications
Present fusion devices use magnetic coils to measure the magnetic field for plasma
position control. The coil–based diagnostic satisfy due to short pulses of the
devices when the coils with low–noise integrators satisfy their requirements for
plasma control and safe operation. However, future fusion devices as ITER or the
power producing reactor with significantly longer pulse duration (or continuous
operation) will need a new diagnostic system for direct measurement of the mag-
netic field to control the plasma shape and position or at minimum to correct the
integrator offset drift of the coil signals used for the plasma control (17), (18).
One of the possibilities is the Hall effect sensors that are widely used in industry.

4.1 Hall effect
(5) (6) (19) (20) (21)

The Hall effect was firstly observed in 1879 by Edwin Herbert Hall at the
John Hopkins University. Its physical principle is illustrated in Fig. 4.1.

Figure 4.1: Principal scheme of a Hall sensor.

Let constant current I flowing perpendicularly to the magnetic field B through
a conductor or semiconductor. Moving particles with charge Q and velocity v
within a magnetic field B experience Lorentz force:

F⃗ = Q (v⃗ × B⃗), (4.1)
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which is perpendicular to the direction of both B⃗ and v⃗. As a result, charge
carriers are separated to different sides and therefore an electric field E⃗H appears
across the conductor:

E⃗H = µ
(
E⃗ × B⃗

)
, (4.2)

where E is longitudinal electric field in the conductor and µ is charge carrier
mobility. For homogeneous rectangular block of the conductor is the electric field
given as:

|E⃗| = V

l
, (4.3)

where V is voltage used for the current drive along the conductor and l is the
conductor length. Voltage over the width of the conductor, the Hall Voltage, can
be calculated as integral of the electric field over the conductor width:

VH =
∫
E⃗H d⃗w. (4.4)

Then, we obtain formula for the Hall voltage by usage of former equations as:

VH = µ
w

l
V Bsinα, (4.5)

where α is the angle between magnetic field B and the axis of the sensor (direction
of external electric field E). The Hall voltage can be expressed in dependence on
biasing electric current IH as:

VH = 1
ent

IHBsinα (4.6)

where e is electron charge, n is charge carrier concentration and t is thickness of
the conductor. The latter expression can be simplified as:

VH = kHIHBsinα, (4.7)
where kH is the Hall coefficient which depends on geometry, temperature, etc.

That means the magnetic field strength can be measured by driving the known
current through a conductive slab, because the Hall voltage is proportional to
the current and the magnetic field strength. Hall sensors, contrary to the coils,
allows by nature a measurement of stationary magnetic fields. The voltage across
the sensing layer persists even when the current and magnetic field strength are
constant over time. Eq. 4.6 with Hall current IH reduces the temperature effect
on resistivity of the sensor.

The main problem of the Hall sensors is low value of kH and consequently low
Hall voltage VH . The sensitivity of the Hall sensors differs from 10 to 10000 mV/T
in dependence on sensing material. Formula 4.6 shows that higher values are typi-
cal in materials with lower charge carrier density like in semiconductors. However,
charge carrier density in semiconductors is strongly dependent on temperature
and stability of the crystalline structure of the semiconductor. Therefore, the cur-
rent commercial application and most of research is focused on semiconductor–
based Hall sensors and usually not for high temperatures and no radiation.

It is clear that the application in fusion reactor is far away from ideal con-
ditions suitable for the semiconductor based Hall sensors. The temperature of
sensor could reach several hundred degrees of Celsius and radiation reaches a few
dpa per reactor lifetime. The Hall sensors will be significantly affected by heating
and radiation damage. Therefore, new materials and manufacture technologies
are tested to allow usage of Hall sensors in thermonuclear reactors.
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4.2 Operation conditions in fusion reactor
The magnetic field measurement in future fusion devices is crucial for proper
plasma position control and stabilization. Therefore, the diagnostics allowing
measurement of constant magnetic field have to be developed, because the fusion
reactors will be operated in long–pulse (tens of minutes per pulse) or steady state
regimes. Expected operation conditions are typically temperatures in order of
≈ 300 − 500oC and radiation damage up to 100 dpa (22).

The important test of the Hall sensors usability in fusion reactor environment
will be their implementation in ITER reactor as a steady–state magnetic sensors,
see Sec. 2.6.2. The estimated operational environment at projected position of
the Hall sensors in ITER assume temperature up to 220oC during the vacuum
vessel baking and fluence rate of neutrons in order of up to 1015 m−2s−1 that
represents lifetime fluence in order of 1022 m−2 for sensors located at HFS outer
surface of the vacuum vessel, see Tab. 4.1 (23), (24).

The energy of fusion neutrons is 14.6 MeV or 2.4 MeV from fusion of D–T and
D–D respectively, see Sec. 2.2. But, the energy spectrum of the neutrons at the
position of the steady–state magnetic diagnostics is significantly broadened. This
fact is given by energy reduction due to collisions during the passage of neutrons
through the vacuum vessel material that depend on number of collisions and
the actual nucleus involved in the collision. Therefore, the neutron flux and the
energy spectrum will be strongly dependent on the position within the poloidal
cross-section of the fusion device. One of the important results of the neutron
simulations for the purpose of testing the sensors, optical elements, etc., is that
the spectrum is comparable to the spectrum of the fission reactor close to fuel
element in the reactor core, see Sec. 4.3.

Neutron Energy 0.0 – 0.1 MeV 0.1 – 12 MeV > 12 MeV Total
Fluence rate [m−2s−1] 3.27 × 1014 4.18 × 1014 2.59 × 1013 7.71 × 1014

per discharge (3000 s) [m−2] 9.81 × 1017 1.25 × 1018 7.77 × 1016 2.31 × 1018

per lifetime (4700 h) [m−2] 5.53 × 1021 7.07 × 1021 4.38 × 1020 1.30 × 1022

Table 4.1: Maximum neutron fluence and fluence rate expected in ITER tokamak
at location of steady state magnetic diagnostics (at HFS ex–vessel location).

4.3 Hall sensor testing
As the sensitivity of the sensors is given by the free charge carrier density n, see
Eq. 4.6, the stability or predictability of the Hall sensor performance is given by
predictability of the free charge carrier density in the sensing material during the
irradiation and temperature changes.

Institute of Plasma Physics of the Czech Academy of Sciences (IPP–CAS) es-
tablished cooperation with two developers of the temperature and radiation resis-
tant Hall sensors. The first one is Magnetic Sensor Laboratory in Lviv, Ukraine
(MSL) which focused particularly on the radiation resistance. MSL developed
method of optimization of the semiconductor doping with respect to expected
type of irradiation including its spectrum, fluence rate and expected lifetime flu-
ence. This optimisation ensures very stable sensitivity of the Hall sensor for a
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high fluence of the neutrons with given energy distribution function (energy spec-
trum) (25). The second cooperating institution is Faculty of Technical Physics,
Poznan University of Technology in Poznan, Poland (FTP–PUT). This Labora-
tory focused particularly on improvement of Hall sensors manufacturing technique
to obtain high–temperature Hall sensors. Assessment of the radiation effects on
the newly developed sensors was subject of my investigation.

Testing of the Hall sensor’s performance in high temperature environment
require the source of strong and homogeneous magnetic field with ability of oper-
ation in such high temperature environment. Commercially available Helmholtz
coils operate with low magnetic field and do not allow high temperature opera-
tion and, therefore, I designed a special Helmholtz coils providing magnetic field
up to ≈ 200 mT and operation temperature up to 250oC (26). They were man-
ufactured in the mechanical workshop of the IPP–CAS. Irradiation of the Hall
sensors samples was performed in research reactor LVR–15 in Research Center
Řež (RC Řež).

4.3.1 Light water research reactor LVR-15
(27)

Research reactor LVR–15 is a light water tank–type research reactor located
in RC Řež, northern from Prague. It was commissioned in 1989 after recon-
struction and improvement of the former research reactor VVR–S. Full power of
10 MW thermal was reached in 1995. It is located in stainless steel vessel with
atmospheric pressure under shielding cover. Forced cooling of the reactor with
demineralized water keep the temperature below 56oC during maximum thermal
power of 10 MW. The cooling water serve as the neutron moderator as well. The
reactor core configuration change according to actual demands. Technical pa-
rameters of the LVR–15 reactor are summarized in Tab. 4.2. Fig. 4.2 shows the
overall photograph of the reactor hall and the reactor scheme.

Reactor vessel diameter 2300 mm
Reactor vessel height 5760 mm
Water volume in the vessel 22 m3

Maximal thermal power 10 MW
Maximum thermal neutron flux in the core 1 × 1018 m−2.s−1

Maximum fast neutrons flux in the core 3 × 1018 m−2.s−1

Pressure atmospheric
Temperature of cooling water max. 56 o C
Cooling water flow 2000 m3/h
Fuel enrichment 19.75% 235U

Table 4.2: Main parameters of the LVR–15 research reactor.

4.3.2 Hall sensors irradiation
Hall sensors manufactured in FTP–PUT are based on Indium–Antimony InSb
sensing layer doped by ArsenicAs and deposited on substrate made ofAl2O3/AlN .
Special manufacturing technique allow operation of the sensors up to tempera-
tures of 300 oC that is extreme for semiconductor components (28). We obtained
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Figure 4.2: Research reactor LVR–15. Left - photograph of the reactor hall, right
- scheme of the reactor.

8 operational Hall sensors and 10 samples of new testing material components
for irradiation tests. 4 Hall sensors and part of material samples were shielded
by InSb/CdTe glass plates in form of sandwich.

I measured basic parameters of the Hall sensors as input and output resistance
Rin, Rout, Hall coefficient kH and offset voltage Voff before the irradiation. The
input and output resistances were measured by four–point method using constant
current of I = 10 mA. Hall coefficient and the offset voltage was measured on
our Hall sensor test bench (26). Each Hall sensor was biased with a constant
current of IH = 40 mA. Testing magnetic field was kept at value of B ≈ 200 mT
and measured together with other data. Moreover, I calculated the charge carrier
density n as one of the most significant parameters describing the radiation effect
on the sensor. The properties of the sensors are summarized in Tab. 4.6 (and
compared with the properties measured after the irradiation).

After the pre–irradiation testing, the Hall sensors were cleaned out of all un-
necessary components, particularly the soldered copper wires and soldering tin,
in order to minimize the activation of the material. This significantly reduced
time necessary of so–called cooldown after the irradiation to allow personal ma-
nipulation with the samples according to the rules of radiation protection. As a
final step of the sample preparation, we wrapped them in aluminium foil and then
inserted them into the irradiation container. The container is a simple aluminium
cylinder with diameter of 25 mm and height of 125 mm, see Fig. 4.3.

Irradiation itself was performed inside the LVR–15 reactor, see Sec. 4.3.1. All
the samples were irradiated together on 12th December 2008. The target neutron
fluence was 1021 m−2 and the irradiation container was inserted in vertical exper-
imental channel H8 near the reactor core. Samples were irradiated for 30 minutes
on average flux density of ψ = 6.22 × 1017 m−2s−1. The neutron energy spec-
trum within the container was measured using combination of several different

23



Figure 4.3: Photograph of samples and container before final packing for their
irradiation in the LVR–15 reactor.

activation foils. The neutron energy spectrum was evaluated from measured ac-
tivation of the foils and analysis using the numerical code SAND II in the RC
Řež. Summary of the measured spectrum is given in Tab. 4.3. Ratio of number
of neutrons with energies below and above 0.1 MeV is 8.64 that denotes more
thermal spectrum in comparison to values expected in ex–vessel location of the
steady state magnetic diagnostics in ITER with ratio of 1.35. Temperature of
the irradiation container was kept by reactor cooling water at value of ∼ 45 oC.

Energy interval fluence [1019 m−2] fluence rate [1016 m−2s−1]
0.0 eV – 0.10 eV 60.5 33.6
0.1 eV – 0.398 eV 19.0 10.6
0.398 eV – 10 keV 16.8 9.4
10 keV – 0.1 MeV 3.9 2.2

0.1 MeV – 0.5 MeV 4.1 2.3
0.5 MeV – 1 MeV 2.6 1.5
1 MeV – 20 MeV 4.9 2.7

Total 111.8 62.2

Table 4.3: Number of neutrons per energy interval according to measurement
within the irradiation container evaluated using code SAND II, standard devia-
tion is σ = 9.3 %.

The radiation itself perform several types of damage within the material de-
pending on type and energy of the radiation. In fusion reactor practically only
neutron and gamma radiation takes place and, therefore, I will discuss only ef-
fect of these types of radiation. Total radiation effect depend not only on the
fluence rate of the radiation but the reaction probability (reaction cross–section)
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that differs for the target elements and isotopes and radiation energy. But the
radiation effect can be generalized in following groups:

• fast neutrons (E > 0.1 MeV) cause mostly the structural damage on the
crystal lattice, i. e. displacing the atoms out of their positions.

• thermal neutrons (E < 1 eV) are easily captured in nuclei causing activation
and transmutation of elements into other elements.

• gamma radiation interact mostly with electrons causing excitation or ion-
ization of the atoms. Consequently it causes heating of the material.

In case of the tested sensors (based on InSb doped with As), following trans-
mutation reactions are expected as the most significant (29):

115In+ n → [β54min]116Sn+ (3.40 MeV ) (4.8)
121Sb+ n → [βγ2.8d]122Te+ (1.98 MeV ) (4.9)

75As+ n → [β1.1d]76Se+ (2.96 MeV ) (4.10)

Hall sensor samples and substrates were activated during the irradiation. As
mentioned above, several samples were protected by CdTe/InSb glass plates.
This shielding have high probability of slow neutron capture, particularly due
to In and Cd with high neutron capture cross–section. As a consequence, we
are allowed to distinguish the effective level of sensitivity change due to the fast
and the slow neutrons. We have computed composition of the InSb sensing
layer for predicted neutron spectrum and fluence rate. Support plates made
of Al2O3/AlN were not expected to be highly activated due to lower neutron
capture cross–section. Calculation of the activities was performed by FISPACT
code developed in EURATOM/UKAEA Fusion Association (presently, Culham
Centre for Fusion Energy CCFE UK) (25). The isotopic composition of the
samples allow estimation of the time necessary for decrease of the total activity
below the safe level. Summary of the expected composition of the sensing layer
without shielding immediately after the irradiation is summarized in Tab. 4.4.

The property of the semiconductor is defined by its doping usually at relative
concentration in order of 10−4 − 10−6. Therefore, transmutation into different
elements is important. During the irradiation is expected transmutation of In
and Sb particularly into Sn, Te and Cd with stable or radioactive isotopes.
The relative concentrations of these new elements after irradiation are cSn =
7.58×10−6, cT e = 2.42×10−7 and cCd = 4.15×10−9. The high fraction of the Sn
is expected to dominate the transmutation effects on the Hall sensor sensitivity.

After irradiation and partial cooldown, it was found the activity remain higher
than expected. We attempted to reduce the activity by unwrapping the Hall
sensors and removing all the additional shielding glass in order to reduce the
amount of activated material. Removing of the sensors from the aluminium foil
revealed strong effect of the gamma heating that took place in the irradiation
container. All the shielding glass plates changed color to dark brown, see Fig. 4.4.
The shielding glass removal was very challenging and in case of sensor C7 we were
unable to remove the top shielding glass plate without damage of the sensor.
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Isotope rel. conc. [-] Activity [Bq] Halflife [s]
110mAg 1.36 × 10−12 5.41 × 10−3 2.16 × 107

112Cd 1.19 × 10−9 - Stable
113mCd 1.48 × 10−11 2.80 × 10−3 4.45 × 108

114Cd 2.95 × 10−9 1.30 × 10−17 1.89 × 1025

115mCd 5.81 × 10−13 1.24 × 10−2 3.85 × 106

113In 2.05 × 10−2 - Stable
114∗In 7.34 × 10−15 8.49 7.19 × 101

114mIn 4.57 × 10−10 8.80 4.32 × 106

115In 4.65 × 10−1 2.75 × 10−6 1.39 × 1022

112Sn 8.67 × 10−10 - Stable
113Sn 1.06 × 10−16 8.97 × 10−7 9.94 × 106

114Sn 9.14 × 10−8 - Stable
116Sn 7.49 × 10−6 - Stable
119mSn 6.42 × 10−13 2.02 × 10−3 2.53 × 107

120Sn 3.10 × 10−8 - Stable
121∗Sn 3.29 × 10−15 2.65 × 10−3 9.74 × 104

121mSn 7.57 × 10−11 3.41 × 10−3 1.74 × 109

122Sn 1.27 × 10−8 - Stable
123Sn 7.49 × 10−12 5.17 × 10−2 1.12 × 107

121Sb 2.93 × 10−1 - Stable
123Sb 2.22 × 10−1 - Stable
124Sb 3.87 × 10−9 1.57 × 10−12 5.20 × 106

125Sb 3.42 × 10−13 2.98 × 10−4 8.71 × 107

122Te 4.75 × 10−7 - Stable
123mTe 1.37 × 10−17 1.03 × 10−7 1.03 × 107

124Te 2.42 × 10−7 - Stable
125mTe 4.55 × 10−15 6.95 × 10−5 4.96 × 106

Table 4.4: Composition and activity of the Hall sensor sensing layer assessed by
FISPACT code (only isotopes of significant amount or activity).

Figure 4.4: Photograph of Hall sensor C7 bare (left), with shielding before
irradiation (middle), after irradiation (right).
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Later testing showed, that we damaged the contacts to the sensing layer despite
the very careful manipulation. Evaluation of radiation effect on this sensor was
impossible.

Sensor isotope halflife activity total
[days] measured [kBq] activity [kBq]

C2 110mAg 250.00 2.00 × 102 2.04 × 102
124Sb 60.20 5.61 × 10−1
132Te 3.20 3.17 × 10−4
144Ce 285.00 2.90
197Hg 2.67 1.04 × 10−2
198Au 2.70 9.58 × 10−4

C3 110mAg 250.00 1.64 × 102 1.66 × 102
124Sb 60.20 4.24 × 10−1
132Te 3.20 1.83 × 10−4
144Ce 285.00 2.31
198Au 2.70 9.08 × 10−4

C4 110mAg 250.00 1.65 × 102 1.68 × 102
124Sb 60.20 3.76 × 10−1
132Te 3.20 2.63 × 10−4
144Ce 285.00 2.23
197Hg 2.67 1.00 × 10−2
198Au 2.70 7.79 × 10−4

C6 shielded 110mAg 250.00 1.59 × 102 1.62 × 102
124Sb 60.20 3.39 × 10−1
132Te 3.20 2.21 × 10−4
144Ce 285.00 2.35
198Au 2.70 7.31 × 10−4

C7 shielded* 47Sc 3.35 2.95 × 10−3 4.14 × 102
110mAg 250.00 1.38 × 102
122Sb 2.72 1.80 × 10−3
124Sb 60.20 2.73 × 102
144Ce 285.00 3.65
198Au 2.70 7.63 × 10−4

C8 shielded 110mAg 250.00 1.67 × 102 1.70 × 102
124Sb 60.20 4.16 × 10−1
132Te 3.20 3.76 × 10−4
144Ce 285.00 2.43
198Au 2.70 8.60 × 10−4

C9 110mAg 250.00 1.73 × 102 1.76 × 102
124Sb 60.20 4.00 × 10−1
144Ce 285.00 2.36
197Hg 2.67 1.17 × 10−2
198Au 2.70 9.89 × 10−4

C10 shielded 110mAg 250.00 1.45 × 102 1.47 × 102
124Sb 60.20 3.37 × 10−1
144Ce 285.00 2.11
198Au 2.70 7.35 × 10−4

Table 4.5: Measured activity of most important radioisotopes within the samples
on 16/02/2009, i.e. 66 days after the irradiation. *Sample C7 measurement is
influenced by one remaining shielding glass that was not removed.

The activity of individual unwrapped and cleared samples was measured with
sensitivity to emitted radiation energy to identify the most radioactive elements
within the sample and assess the cooldown time more precisely. Activities of the
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most significant isotopes within the samples measured 66 days after the irradia-
tion are summarized in Tab. 4.5.

It is to see, the activities of shielded and unshielded Hall sensors are compara-
ble. The unshielded samples have generally higher total activity, but comparison
of the same isotopes gives similar values, mainly the isotopes 110mAg and 144Ce.
They belong to main sources of activity for a long time due to long half–life of
250 days and 285 days, respectively.

Further analysis of the appearance of the unexpected isotopes in such a high
amount revealed usage of silver based contacting pasta. Therefore, any compar-
ison of measured activity of the whole sample and computed composition of the
active layer itself is not possible. Amount of additional materials, pastas and
glues shall be minimized in future. The composition of the all used materials
shall be analysed before the irradiation and consulted with the technicians of
irradiation facility (LVR–15 reactor).

4.3.3 Hall sensors properties after the irradiation
We compared the basic properties of the sensors measured before and after the
irradiation. Summary of the properties is in Tab. 4.6. The obtained neutron
fluence ϕ = 1021 m−2 is one order of magnitude lower than the ITER lifetime
fluence (ϕ ≤ 1.3 × 1022 m−2). We observed change of all the parameters of the
tested sensors in range of a few percent. The input and output resistance have
increased by mean value of 5.8% (6.7% for unshielded and 4.9% for shielded
sensors). Sensitivity has decreased by mean value of 1.9% (2.0% for unshielded
and 1.8% for shielded sensors).

The significant change in the offset voltage, apparent namely at sensors C4,
C9 and C10, was unexpected. The offset voltage appears mainly due to improper
alignment of the measuring contacts at the sensitive layer, i. e. geometric layout
of the sensor that shall not change during the irradiation.

As the used InSb/CdTe shielding glass plates do not mitigate but only reduce
the thermal neutron fluence, we can compare the effect of thermal and high–
energy neutrons qualitatively only. The sensor C3 appear as partially damaged
as there is high increase in output resistance. The rest of the sensors changed
similarly in all the parameters. Mean values of changes in tested parameters are
summarized in Tab. 4.7.

The input and output resistance increases more in case of the unshielded sen-
sors. But the most important parameter, the sensitivity change and consequent
charge carrier density change are almost the same for both sensor groups, shielded
and unshielded. In total, the thermal neutrons seems to have weaker effect than
the high–energy neutrons.

Moreover, testing that simulates baking of the vacuum chamber after the dis-
charge was performed. The sensors were heated up to 350oC and after 20 minutes
of keeping the temperature were slowly cooled down again. The resistance and
sensitivity of the Hall sensors was measured during this ”annealing” of the Hall
sensors, see Fig. 4.5. The heating up of material increase mobility of the atoms
in the crystal lattice and thus make faster the restoration of the former structure.
This shall reduce the radiation damage caused by fast neutrons.

It is to see, the final resistance is slightly lower than before irradiation and the
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sensor property unit before irr. after irr. change
C2 Rin Ω 8.11 8.80 8.4%

Rout Ω 7.06 7.77 10.1%
Sensitivity VT−1A−1 1.62 1.60 -1.1%
offset mV 0.239 0.726 0.487
charge carrier density 1024 m−3 4.30 4.34 1.07%

C3 Rin Ω 19.04 20.66 8.5%
Rout Ω 18.96 23.46 23.7%
Sensitivity VT−1A−1 6.07 5.27 -13.2%
offset mV 0.863 11.60 10.74
charge carrier density 1024 m−3 1.14 1.32 15.21%

C4 Rin Ω 10.72 11.22 4.6%
Rout Ω 10.53 10.98 4.3%
Sensitivity VT−1A−1 2.40 2.33 -2.7%
offset mV 0.077 1.200 1.123
charge carrier density 1024 m−3 2.90 2.98 2.86%

C6 shielded Rin Ω 10.63 11.26 5.9%
Rout Ω 10.39 10.88 4.8%
Sensitivity VT−1A−1 2.35 2.30 -2.0%
offset mV 1.300 0.920 0.380
charge carrier density 1024 m−3 2.96 3.02 1.94%

C7 shielded Rin Ω 10.50
Rout Ω 10.20
Sensitivity VT−1A−1 2.29
offset mV -1.40
charge carrier density 1024 m−3 3.04

C8 shielded Rin Ω 12.98 13.66 5.2%
Rout Ω 11.47 12.03 4.9%
Sensitivity VT−1A−1 2.46 2.42 -1.9%
offset mV -3.90 -2.60 1.300
charge carrier density 1024 m−3 2.82 2.88 1.95%

C9 Rin Ω 9.98 10.59 6.1%
Rout Ω 9.75 10.45 7.2%
Sensitivity VT−1A−1 2.21 2.16 -2.2%
offset mV 0.645 0.015 0.630
charge carrier density 1024 m−3 3.13 3.21 2.63%

C10 shielded Rin Ω 10.31 10.74 4.2%
Rout Ω 10.17 10.59 4.2%
Sensitivity VT−1A−1 2.24 2.21 -1.4%
offset mV -0.852 -0.037 0.815
charge carrier density 1024 m−3 3.07 3.15 2.71%

Table 4.6: Expected and measured activity of the samples one year after the
irradiation.

sensitivity is increased. That means the annealing reduces the radiation effect
on the Hall sensor’s sensitivity significantly. That might be useful particularly
in the ITER tokamak where pulsed regime with wall conditioning between the
pulses is expected. In comparison to the original values, the input resistances
of unshielded sensor C9 is 6.0% higher and shielded sensor C10 is 1.8% higher.
The sensitivities are 1.4% higher for unshielded sensor C9 and 1.5% higher for
shielded sensor C10.

Final status of the sensors with similar or higher sensitivity is encouraging.
However, the fact that the sensitivity changes in dependence on actual radiation
and temperature environment is less favourable. The Hall sensors will need recal-
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property unshielded shielded
Rin 6.3 % 5.1 %
Rout 7.2% 4.6%
Sensitivity -2.0% -1.8%
charge carrier density 2.19 % 2.20 %
offset 0.748 mV 0.832 mV

Table 4.7: Mean values of measured parameters change after the irradiation in
comparison of shielded and unshielded.

Figure 4.5: Resistance and sensitivity of sensors C9 (unshielded) and C10
(shielded) during the annealing process. Branches of heating and cooling of the
sensors are separated.

ibration in–situ before each discharge of the fusion reactor. The total radiation
fluence and consequent effect on sensitivity during one discharge of the ITER
reactor is low enough to allow operation of the Hall sensors with in–situ recali-
bration during the pause between the pulses. Longer discharges of fusion power
reactors increase requirement on the calibration precision.

4.4 Conclusions
We have prepared irradiation tests of the Hall sensors manufactured in FTP–
PUT based on InSb doped with As. Part of the Hall sensors were protected with
InSb/CdTe glass plates in order to reduce influence of the thermal neutrons.
Sensors were irradiated on LVR–15 research reactor near the reactor core during
30 minutes to total fluence of ϕ = 1.12 × 1021 m−2. Incident neutron energy
spectrum measured with group of activation foils is more thermal but comparable
to the neutron energy spectrum expected in ex–vessel location of steady state
magnetic diagnostics of the ITER.

We have measured basic properties of the Hall sensors (resistance and sen-
sitivity) before and after the irradiation. The sensors parameters changed by a
few percent as a consequence of the irradiation damage. Resistance increased by
5.7% and the sensitivity decreased by approximately 1.9% in average. There is
higher change in the properties of unshielded sensors, i. e. with higher level of
radiation damage caused by the thermal neutrons.

As a last step of testing, our colleagues in FTP–PUT performed annealing
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of the Hall sensors in order to simulate the process of the vacuum vessel baking.
Heating up of the sensors to temperature of 350oC restored their sensitivity.
Actually, the sensitivity reached higher values in comparison to the original values
by approximately 1.4%. Results have been published in (30).

Change of the sensitivity after the annealing confirm changes within the sens-
ing layer in dependence on the temperature and radiation environment. This
dependence introduce necessary in–situ recalibration of the sensors. The changes
in sensitivity of the tested Hall sensors are low enough to satisfy the require-
ments of the ITER of ±0.1% with recalibration before each discharge. Stability
of the Hall sensors shall be improved according to the duration of the discharge
on future fusion reactors.

Development of the Hall sensors based on Bismuth for the ITER tokamak
successfully follows my research (31). These sensors have material behaviour
similar to metals but hall sensitivity closer to the semiconductors. However, usage
on fusion power plant is limited by low melting point of Bismuth of 271.3oC.
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5. COMPASS tokamak
COMPASS tokamak is COMPact ASSembly tokamak, where all the compo-
nents are located within the toroidal magnetic field coils. This construction re-
duce spatial requirements of the tokamak itself and tests mutual influence of all
the systems for measurement and control of the tokamak particularly. It was
designed and manufactured at Culham (UK) in 1989. It is a flexible, medium–
sized tokamak with an ITER–like plasma shape (Sec. 2.6.2) and, due to installed
neutral beam heating system, it is able to access the plasma parameters relevant
in many aspects to ITER. Furthermore, the data obtained contribute to the un-
derstanding and scaling of the physics processes towards ITER by comparison
with JET and ASDEX–U1 tokamaks.

Figure 5.1: Photograph of the COMPASS tokamak reinstalled in IPP–CAS.

Major radius 0.557 m
Minor horizontal radius 0.232 m
Elongation 1.8
Toroidal magnetic field ∼ 1.6 T
Toroidal plasma current < 400 kA
Pulse length < 0.6 s
Neutral beam power 2 × 400 kW

Table 5.1: Main parameters of the COMPASS tokamak

1The ASDEX–Upgrade divertor tokamak (Axially Symmetric Divertor EXperiment) went
into operation at Max–Planck–Institute für Plasmaphysik in Garching in 1990. At present, it
is German largest tokanmak.
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This tokamak has been moved to Institute of Plasma Physics, Academy of
Sciences, Czech Republic, Prague (IPP–ASCR) during 2007. First plasma of
reinstalled tokamak was reached on 12th December 2008 and first H–mode was
reached on 29th November 2012 (32). The COMPASS tokamak was equipped
with 2 Neutral Beam Injector (NBI) heating systems with powers up to 400 kW
each (33).

Tokamak COMPASS is equipped with more than 400 diagnostic coils includ-
ing large amount of saddle loops measuring the magnetic fields, 2 systems of di-
vertor probes, 2 reciprocating manipulators (midplane and top), high–resolution
Thomson scattering diagnostics, interferometer, reflectometer, Lithium diagnos-
tic beam, several arrays of AXUV bolometers for tomography, spectrometers, fast
cameras including infra–red camera for plasma–material interaction measurement
etc., see Fig. 5.2. Most of the diagnostic tools are optimized for investigation of
the plasma edge, SOL and interaction of the plasma with the wall and divertor.
I have put in operation the diamagnetic diagnostics measuring plasma energy
in dependence from change of toroidal magnetic flux (34), and a combined elec-
tromagnetic diagnostic probe head called U–probe that is described in details in
Sec. 7.

Figure 5.2: Distribution of important diagnostics on COMPASS tokamak in a
top view.

Combination of COMPASS tokamak main parameters allow operation in im-
proved regimes of plasma performance, i. e. not only in ohmic mode but also in
H–mode where transport barrier at the edge of the plasma is created, see Fig. 5.3.
In fact, the COMPASS tokamak is able to reach the H–mode without additional
heating, i. e. able to reach the ohmic H–mode regime. Therefore, it is most suit-
able for studying of the conditions leading to transport barrier establishment.
The presence of the transport barrier significantly reduce outflow of the energetic
particles from plasma and consequently improve the energy confinement time τE

and, therefore, is required on fusion reactors. However, even the transport barrier
may collapse occasionally and release large amount of the hot particles to the wall
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and divertor. There is low risk of damage of the vessel components in COMPASS
tokamak from these plasma structures in SOL, but larger fusion devices have to
reduce all the energy flows to prevent melting of the divertor target plates and the
first wall. Prediction of many properties of these instability (e. g. carried energy,
effect on energy confinement time τE, etc.) is based on empirical formulas.

Figure 5.3: Comparison of confinement modes. Left – comparison of plasma
pressure profiles in L–mode and H–mode, right – evolution of plasma current
(top) and interaction of the plasma with wall (bottom) during L–mode (black,
#9301) and H–mode (red, #9339).
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6. Scrape–off layer plasma
structures
Scrape–off layer (SOL) within the tokamak is a space between the last closed
flux surface (LCFS), sometimes called separatrix, and the first wall, where the
magnetic field lines intersect the divertor on both sides, see Fig 6.1. Turbulent
plasma structures propagates from confined plasma through the SOL and carry
away significant fraction of the particles from plasma and thus strongly influence
the particle and energy transport within the tokamak. Therefore, suppression of
these turbulent structures is crucial in order to reach sufficient energy confinement
within the fusion plasma and consequently effective operation of the fusion power
plant. Similarly as the structures carry hot particles, they depose energy locally
and thus heat the first wall and divertor and could cause damage of the plasma
facing components of the fusion reactor. In principle, there are two basic groups
of instabilities according to their creation. The first is drift driven instabilities
that are usually found in the confined plasma but may support creation of the
second group that is interchange driven (or Rayleigh–Taylor) instabilities that
appear usually in the SOL (35).

Figure 6.1: Plasma regions in poloidal cross–section of the COMPASS tokamak
(#9373, t=1070 ms). Black – vacuum vessel and limiter, red – plasma core,
yellow – edge plasma, green – SOL, blue – wall shadow.
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6.1 Ohmic–mode / L–mode filaments
Plasma filaments, sometimes called blobs, are plasma structures in SOL that are
elongated along the magnetic field lines with density and temperature higher than
the surrounding plasma (36). In principle, it is most probably the interchange
driven instability driven by gradient of plasma pressure (35), (37). Fig. 6.2 shows
average filament on the TCV tokamak and its density ne, temperature Te, vor-
ticity Ω and plasma potential Φ as computed by numerical model ESEL (37).
It might be seen, the filament have significant peak in density and temperature
and double–extreme character (minimum and maximum) of vorticity and plasma
potential that are mutually shifted by π/2. Plasma filaments are turbulent struc-
tures appearing in all magnetic confinement devices within all magnetic topolo-
gies, e. g. on RFX-mod (38), CASTOR (39), TJ–II (40), TCV (41), MAST (42),
etc. They appear on inner side of the separatrix near midplane where the gra-
dients of magnetic field and plasma pressure have the same direction and thus
the interchange drive of instability is strongest (43). The turbulent structures
propagate outwards from the plasma according to the Ei × BT force, where Ei

is internal electric field within the filament. During the movement the plasma
structure rotates and moves poloidally as well. The movement is result of com-
bination of forces caused by density gradient within the filament, the electric
fields within the SOL, and gradient of the toroidal magnetic field with increasing
distance from tokamak main axis (44).

Figure 6.2: Conditionally averaged plasma filament poloidal cross–section accord-
ing to the simulation by ESEL code in radial–poloidal plane. Top left – electron
density, top right – electron temperature, bottom left – plasma vorticity, bottom
right – plasma potential. Courtesy of Jakub Seidl.

The fluid numerical models usually calculate self–consistent local evolution
of electron density ne, plasma potential Φ and vorticity Ω. Individual models
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are improved by additional equations computing e. g. electron temperature Te

(e. g. ESEL). Parallel electric current was expected as negligible for a long time
(e. g. SOLF1D) (45) or theoretically approximated by magnetic balance (44).
This simplifications are based on fast equilibrium formation along the magnetic
field line due to high mobility of electrons which is by several order of magnitude
higher than the perpendicular velocities. Recently, new codes calculating parallel
electric current density jpar appeared with increased computational force (e. g.
TOKAM3X) (46), (47). There are even more complicated codes that take into
account gyro–motion effects or even the kinetic effects of individual particles.

Experimental data for validation of the theoretical models are usually ob-
tained in locations of Gas–puff imaging or reciprocating manipulators, i. e. LFS
midplane and from top of the vacuum vessel, and in the divertor region. Data
from the other locations are usually mapped to the LFS midplane where the tur-
bulence originates. However, measurement in other locations can be affected by
local processes, e. g. divertor data can be influenced by different behaviour of so–
called attached or detached plasmas where cloud of neutral particles effectively
insulate the plasma from the probes located in the divertor. Poloidal asymmetry
of the plasma structures and transport is investigated as well

Last but not least, there is only a few measurements of the electric current
flowing along the plasma filament. The models are mostly based on assump-
tions of e. g. circuit closure on the wall, finite bending the magnetic field lines
within the blobs or diffusion based closure of the current circuit (48). Therefore,
measurement of the parallel electric current could improve understanding of the
complex processes of the plasma filament transport within the SOL. Particularly,
the parallel electric current is expected to influence radial transport of the blobs
according to (36):

dΩ
dt

∼ ∇∥j∥ (6.1)

Reliable description of the filament behaviour is important particularly due
to similar structures appearing in high–confinement–mode (H–mode) and known
as Edge Localized Modes.

6.2 Edge Localized Modes
The most characteristic feature of the H–mode is presence of transport barrier in
the plasma edge that strongly reduces particle and energy outflow by shearing of
the turbulent structures (49). However, some configurations of the H–mode are
not stable enough and the transport barrier may collapse. The (in)stability of
the transport barrier is strongly influenced by coherent MHD structures in the
edge plasma (Edge Localized Modes – ELMs). These structures can disintegrate
the transport barrier and cause release of a large amount of hot plasma particles
out of the plasma within short time in order of milliseconds, see Fig. 6.3 showing
the interaction of the plasma with vessel wall (Hα) and Ion saturation current at
divertor probe (#22 near the outer divertor leg) corresponding to plasma density
ne. This released hot plasma (usually still called ELMs according to the source
instability) carry high amount of energy. E. g. release of more than 5% of the
plasma energy by a single ELM event was observed on the JET tokamak (50).
The carried amount of particles and energy in the ELMs is dangerous not only
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for inserted diagnostic tools (probes, mirrors) but even for the first wall and the
divertor plates that cannot endure the high heat flux and start to melt (51).

The origin of the ELMs is not fully known but could be different from the ori-
gin of the plasma filaments. Nonetheless, their behaviour in the SOL is very sim-
ilar as there are similar forces acting on the structure (E×BT particularly) (36).
This is highly probable due to increased release of the adsorbed gas from the walls
after the heat shock caused by the ELM. Actually, detachment is investigated as
one of the important ways that could reduce the damage of the plasma facing
components due to ELMs.

Figure 6.3: Evolution of Hα signal (top) and Ion saturation current signal on
divertor Langmuir probe (LP22, bottom) during the ELMy H–mode phase of
discharge #8175.

Several methods of the risk reduction has been tested (52), (53), (54). Most
promising are methods based on forced increase of the ELM frequency (magnetic
perturbations, pellet injection) and consequently individual ELMs do not perform
damage to the plasma facing components by one hit (no melting). On the other
hand, consequent high frequency (∼ 1 kHz) reduces the energy confinement time
and pulsed heating of the first wall looms with cycled thermal stressing and
fatigue cracking of the plasma facing materials.

There are 2 main groups of ELMs (ELM types) (4):

• Type I ELMs – large ELMs carrying large amount of particle and energy.

• Type III ELMs – small ELMs causing decrease of confinement.

Certainly, there are more types of ELMs but these 2 types are observed on
most fusion devices and during most of their operational regimes. The other ELM
types are rare.

The ELMs are useful in sense of continuous fusion reactor operation as they
increase high–Z impurity transport from plasma, i. e. fusion ”ash” (He) re-
moval (55).
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On the other hand, the ELMs influence on plasma position assessment. Mea-
surement of plasma position is usually based on magnetic measurements. There-
fore, any plasma structure that carry out a significant part of the plasma current
influence the plasma position calculation, see Fig. 6.4.

Figure 6.4: Effect of the ELMs on measurement of plasma current IP and the
horizontal and vertical magnetic field, Bhor and Bvert, characterizing position of
the plasma on COMPASS tokamak (#5944)
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7. U–probe
As mentioned in Sec. 6.1, understanding of behaviour of turbulent plasma fila-
ments and ELMs is crucial for operation of fusion reactor in the sense of melting
avoidance for all plasma facing component and particularly the divertor target
plates. Recently, the role of full electromagnetic simulations within the SOL
started to increase. Therefore, I started to develop a dedicated diagnostic tool
allowing measurement of electrostatic and magnetic properties of the filaments
and ELMs.

Since the very beginning, we established collaboration with the research group
on RFX–mod (M. Spolaore, N. Vianello, E. Martines) that developed and suc-
cessfully operate probe head with similar purpose on the RFX–mod (38). Their
experience was important during development of the probe head for the COM-
PASS tokamak.

7.1 Initial ideas
I decided to contribute to the turbulent plasma structures research and under-
standing, particularly by measurement of the parallel electric current. Measure-
ment at non midplane position can improve poloidal asymmetry understanding
and improve numerical codes. Therefore, I prepared probe:

• able to detect the plasma structure using a well–established method,

• able to measure parallel electric current,

• optimized for unusual poloidal location of the probe within the tokamak to
add missing points in the models.

Reliable detection of the plasma structures is based on Langmuir tips and
well proved features of the plasma structures, particularly the increased density
in comparison to the surrounding plasma. Higher probability of detection and
better characterisation of the filament parameters can be reached by arrays of
Langmuir tips. Additionally, I decided to put a triplet of Langmuir tips at the
top of the probe to characterise the plasma condition the probe is facing to.

Langmuir probes are widely used diagnostic tool because of their inexpen-
siveness, simplicity and high spatial and temporal resolution to study various
plasma parameters in different plasmas. In principle, the Langmuir probe is a
small electrode (conductor) inserted into the plasma. Connected power supply
set potential of the probe Vprobe to negative or positive voltage with respect to the
plasma potential Φ. Unbiased probe measure so–called floating potential Vfloat

that balances flows of the electrons and ions. Otherwise, the voltage difference
between the plasma and the probe reduces flow of electrons or ions to the probe
and results into a net electric current I. The dependence of the measured current
on applied voltage is called I − V characteristics and allow establishment of the
important plasma parameters, e. g. floating potential Vfl, electron density ne,
electron temperature Te, plasma potential Φ, and in some cases even the whole
energy distribution function of the particles F (ϵ), particularly the electrons. Ap-
plication of Langmuir probes in tokamaks is limited to regions near the wall due
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to risk of transition to self–emitting state (56). Similarly, the probe dimensions
in tokamaks are usually ≥ 1 mm due to high heat flux in the deeper position.

The time scale of the plasma structures passage over the Langmuir tip during
that we want to measure are in order of µs. Such a short times effectively prevent
measurement of the whole I–V characteristics during the event. Therefore, I
measure only a few important points on the whole I–V characteristics (need ≥
0.1 ms). They are the floating potential Vfl and ion saturation current Isat that
are usually used for electron temperature Te and density ne estimation.

Te = 1
α

(Vfl − Φ) (7.1)

ne = Isat

ecsAeff

(7.2)

(7.3)
where α is temperature coefficient (Langmuir tips in deuterium plasma use α ≈
2.8) and cs is ion–sound speed in plasma.

Measurement of the parallel electric current is possible in following way:
• measurement of current using the Rogowski coil (57),

• measurement and calculation from several discrete magnetic sensors within
2D arrangement oriented perpendicularly to magnetic field line and mea-
suring magnetic field within this plane at least.

Both solutions can offer reliable information about parallel electric current. How-
ever, Rogowski coil require continuous protecting block of material around the
filament, i. e. the filament has to pass over block of a solid material to let me
measure its parallel current. In order to reduce the effect of plasma flow block-
ing material, we decided to use open concept with several independent magnetic
sensors in 2D plane. Additionally, separate magnetic sensors allow evaluation of
magnetic fluctuations as well.

The Hall sensors could be manufactured much smaller than coils which allows
reduction of the size of the tower inserted into the plasma. However, Hall sensors
have low frequency response (58). Another issue of the Hall sensors usage lays in
the strong dependence of the sensitivity on temperature that might change during
the plasma discharge. Therefore, I use coils that are simple and well known tool
with direct response to the temporal change of the magnetic field passing through
the coil:

V = −Aeff
dB

dt
. (7.4)

where Aeff is the effective area of the coil.
Concept of open access of the plasma filament in between the magnetic sensors

implied probe head in form of two towers housing the magnetic sensors and
Langmuir tips. Thus the probe head have shape of letter ”U”, that was used
as a name of the probe head, the U–probe, see Fig. 7.1.

Location of the U–probe on COMPASS tokamak is limited by existing access
ports of the vacuum vessel and their occupancy with other diagnostics. Axial
ports above or below the midplane assigned as AU and AL with diameter of
100 mm were found as most suitable. They allow insertion of rather large and
complex probe head. Location out of midplane is useful for poloidal asymmetry
investigation.
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Figure 7.1: Basic concept of the U–probe.

7.2 Engineering of the U–probe

Determination of the requested probe head dimensions and the dislocation of the
measuring elements is influenced particularly by the minimum manufacturable
size of the magnetic coils, required free space between the towers, and size of the
access port. Radial dimensions were not an issue in this case as the probe head
will be only partially protruding from the access port and all the construction
parts will be hidden in special port plug to be manufactured on demand.

The towers are designed with rectangular shape that is easy to manufacture.
The triple probe is located at the top of the tower 7.2–(a). The radial array of
Langmuir tips (b) (Rake probe (59)) is located on the poloidal wall facing towards
the midplane. The coil blocks (d) are inserted inside the tower in radial array.
The coil blocks and all the Langmuir tips are in toroidally shifted parts of the
tower in order to reduce the poloidal size of the tower. I decided to make the
towers identical in order to keep better interchangeability and to allow comparison
of the filament parameters between towers and outside towers.

Determination of the dimensions had to start from the block of the coils.
Colleagues on RFX–mod used for their probe coil blocks allowing measurement
of all 3 magnetic field components with outer dimensions of 8×8×8 mm. It is very
challenging to manufacture such a small coils and, therefore, I used experience
of the RFX–mod team and asked for manufacturing of the coil blocks for U–
probe on the COMPASS. The coil blocks are fixed in their own minimized casing
that fix (Fig. 7.2-f) them together in position and orientation within the tower.
This casing enlarge their toroidal and poloidal dimensions by 2 mm and 4 mm
respectively.

Thickness of the tower walls has to be at least 6 mm as a good practice based
on experience of colleagues in order to sustain mechanical stress, thermal shocks
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and to keep large enough cross–section for thermal energy conduction. In total,
the poloidal size of the tower reach 24 mm. The size is defined by the triplet of
Langmuir tips located at the top of the tower as well. The whole U–probe uses
robust graphite Langmuir tips with cylindrical shape of diameter dtip = 2 mm
with axial distance of the tips in poloidal direction of pdist = 4 mm, i. e. the free
space between the tips is 2 mm. I use 6 tips in Rake probe on each tower. The tips
are separated by 4 mm again and cover range of 20 mm. It should be highlighted
that the radii covered by the Rake probe corresponds to the radii covered by the
coil systems. All the Langmuir tip arrays are in a plane perpendicular to the
magnetic field lines.

Requirement of minimum influence of the probe head on the plasma filaments
(poloidal dimension of a few centimetres, see Sec. 6.1) imply maximum free space
between the tower. On the other hand, calculation of parallel current require
the points of magnetic field measurement as close to each other as possible, see
Sec. 8. And the last, the maximum distance between the towers is limited by the
diameter of the access port of dport = 100 mm. Final distance between the towers
was set to dtow = 20 mm as a balance between all the conditions. Schematic
design of the U-probe is displayed in Fig. 7.2

Figure 7.2: Scheme of the U–probe. a – triple probe, b – Rake probe, c – support
plate for Langmuir tips, d – 3D coil block, e – coil core support, f – PEEK coil
array casing, g – reconnection plate, h – coffin with the slots forming the tower,
i – covering lid.

Next group of questions relate to material of the probe head, Langmuir tips
and internal support parts like the coil block casing. Naturally, all the materials
have to be vacuum compatible and plasma facing materials have to sustain high
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heat flux and consequent high temperatures. The COMPASS tokamak reaches
usually high plasma parameters even in the near SOL (nSOL

e ≤ 3 × 1018 m−3,
T SOL

e ≤ 30 eV (60), (61)).
The probe head had to be made of electric insulator to minimize short circuit-

ing of the plasma filaments and particularly the floating potential across different
layers of the SOL plasma. This requirement excludes the usually used mate-
rial (e. g. graphite) for probe head covers. I prefer not to use any thin–layer
coating of the graphite as these layers are usually brittle and due to different
thermal properties could get peeled off. Finally, I choose the boron nitride (BN )
as easily machinable material with high survival temperature (1200oC, limited
due to binder of BN powder). I used boron nitride (Grade A) slabs produced by
Saint–Gobain Ceramic Materials, see data sheet (62).

Langmuir tips diagnosing hot plasma are usually manufactured from graphite
or tungsten. I decided to use the graphite Langmuir tips due to much better
machineability.

I performed a simple simulations of heating–up of the probe head material
to confirm that no damage due to plasma heating will take place. I calculated
the temperature evolution within the 1D approximation of the material block
exposed to the plasma. The simulations have to address the worst case scenario.
Therefore, I do not calculate any cooling down of the material and I expect that
every incident particle delivers all its kinetic energy to the material surface layer.

Simulated plasma parameters rises up to ne ≤ 1019 m−3 and electron tem-
perature up to Te ≤ 50 eV that are much higher than expected in the deepest
position of the U–probe (∼ 2 cm outside of separatrix). The plasma discharges
on COMPASS tokamak have typical duration of t ≈ 0.5 s. I calculate flow of
both ions and electrons together on the same surface. Temperature ratio of the
ions and electrons is set to be Ti/Te = 1.0 typical in SOL (4). Effect of the BN
wall edge shaping is not taken into account.

At first, I analysed temperature of the wall made from boron nitride Grade
A. Logically, the highest temperature was obtained for discharge with highest
parameters, see Fig. 7.3. The maximum reached surface temperature is T out

max =
740oC that is far below the temperature limit of the boron nitride Grade A
of 1200oC. Temperature of the inner surface reach up to T in

max = 230oC after
the temperature equalisation. The temperature profile within the boron nitride
wall in dependence on the distance from the outer wall is presented in Fig. 7.4.
It is to see that the heat do not pass through the BN wall during the single
discharge of 0.5 s. On the other hand, the gradient of the temperature within the
material can cause its cracking. Maximum temperature gradient reaches value of
dT/dr = 610oC/m.

Similar simulation was performed for the graphite of Langmuir tip with thick-
ness of t = 1 mm. The tip surface shall reach up to Tmax = 2440oC.

The temperatures are high but still below the safety limits of the given mate-
rial. Moreover, the input constrains are very conservative (e. g. the full heating
power during the whole 0.5 s period) and maximum simulated plasma parameters
above the typical conditions in SOL. Real temperature of the boron–nitride tower
and Langmuir tip will be much lower.

Internal parts of the U–probe do not have to sustain the high heat fluxes. The
only requirements are the vacuum compatibility and good machineability.
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Figure 7.3: Temperature of the U–probe surface after 0.5 s discharge in depen-
dence on plasma parameters.

Figure 7.4: Temperature of the boron nitride wall in dependence on distance
from outer wall after end of the discharge.

The coil casing (Fig. 7.2-f) is not plasma facing material and therefore do not
need to be resistant to high heat flux. According to experience of IPP work-
shop, PEEK is good enough for this purpose and well machinable material. Pho-
tographs of the manufactured coil casing are presented in Fig. 7.5. The rift at
the top of the casing represents safe space for thin wires of the coils leading to
the reconnection plate in the rear part of the tower.

From construction point of view, one of the main issue is fixation and con-
tacting of the Langmuir tips. Langmuir tip within the U–probe have to be fixed
to support plate inserted inside due to their orientation. Moreover, I want easy
repair or exchange of the individual damaged tips, e. g. cracked and disintegrated
due to heat shock after disruption, etc. After discussion of fixation using springs
or squeezers, I decided for simple mounting as a nut screwed on a female screw
that is fixed on plate within the tower together with signal wire, see Fig. 7.6.

Another construction issue is the tower itself that have to allow insertion,
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Figure 7.5: Photographs of protective and fixing coil casing.

Figure 7.6: Scheme of Langmuir tip fixation. 1 – Signal conductor, 2 – screw, 3
– fixation plate, 4 – support nut, 5 – BN wall, 6 – graphite tip.

fixation and protection of the coil blocks and Langmuir tips into the tower. I
chose construction of the coffin with ”slots” for insertion of the coil blocks within
PEEK casing and for insertion the Langmuir tips to the poloidally oriented wall
and top of the tower. Rear part of the tower allow mounting of reconnection
plate, in fact a printed circuit board, where are the 0.5 mm thin wires of the
coils reconnected to robust vacuum compatible coax cables with Kapton insula-
tion. Figures 7.7 and 7.8 show the final design and several photographs from the
assembly of the probe head.

7.3 U–probe support structure
Another important part is the support structure of the U–probe that is necessary
for reliable measurement, safety of the probe head during strong or unstable dis-
charges and minimise effect of the probe head on plasma in dedicated campaigns.
The main functions of the support structure are:

• fixation mutual position of the towers to allow reliable calculation using the
poloidal distance including the parallel electric current, poloidal velocity,
etc.,
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Figure 7.7: Final design of the U–probe for the COMPASS tokamak. 1 – triple
probe, 2 – 3D coil blocks within the casing, 3 – reconnection plate, 4 – Rake
probe, 5 – support structure.

Figure 7.8: Photographs taken during the U–probe assembling.
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• setting radial position of the probe head allowing radial scan of the plasma
turbulence parameters or retracting the probe head to limit interaction of
plasma with probe head,

• adjusting of angles to the magnetic surfaces and magnetic field line to limit
effect of the probe head on radially moving plasma structures and avoid
gap narrowing due to wrong angle between the magnetic field line and axis
of the gap between the towers,

• vacuum feed through for all the signal wires from Langmuir tips and coils
with minimum distance between measuring element and the conditioning
electronics.

Additionally, adjusting of angles between the probe head axes and magnetic
field lines are important, see Fig. 7.9. Top of the both towers shall reach the
same magnetic surface, set up by angle α. The towers have to allow passage of
the magnetic field line between the towers, set up by angle ϕ. Moreover, the
radial position adjusting r has to be be available without opening of the vacuum
vessel. Last, it has to be as simple as possible to allow reasonable construction
in limited space.

Figure 7.9: U–probe scheme with highlighted movement requested for support
structure (r – radial, α – alignment to mag. surface, ϕ – alignment with magnetic
field line).

Original ideas of fixation of towers expected adjustable mutual distance. But,
the final size of the towers do not offer larger gap than 23 mm within the ac-
cess port with diameter of 100 mm. Therefore, we chose fixed mutual distance
of 20 mm with a small spatial reserve that allows tilting of the probe head if
necessary.

Adjustment of the U–probe radial position is important for radial scan of
the SOL turbulence properties. I decided for the simplest solution using manual
pulling rod passing through the vacuum feed through that is adjusted on the
shot–to–shot basis. This solution is suitable for the statistical evaluation of the
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turbulent structure measurement. The chosen rod and vacuum feed through1

allow change of not only radial position r but the angle ϕ to the magnetic field
lines as well. Therefore, the probe position and orientation could be corrected
according to requested discharge parameters. Practically, the probe head can
be moved near the separatrix during the flat–top of standard discharge (nearest
position is rmin

sep ≈ 20 mm), see Fig. 7.10.

Figure 7.10: Left - Picture of U–probe within the COMPASS tokamak, right –
schematics of U–probe at maximum position within the COMPASS vessel poloidal
cross–section with indicated separatrix (green, #8118, t=1100 ms).

The angle α between the U–probe axis and the magnetic surface have to be set
before insertion of the U–probe into the tokamak vessel and cannot be changed
during the campaign.

Finally, It has to be possible to retract the U–probe into the wall shadow
within the access port. Vacuum flange has to be manufactured as a deep cylinder
that allow retraction of the probe head far enough without damage of the wires
that lead the signals from the rear part of the U–probe towers. Therefore it has a
shape of a pot. 3 vacuum feed throughs of 19 pin for signal cables each are located
at the sides of the flange pot, 2 for coils of tower A and tower B independently
and one for all the Langmuir tips together. Feed through for the pulling rod is in
axis of the flange pot. Final composition of the support structure including the
flange pot is in Fig. 7.11.

Final location of the U–probe is below the midplane at south east port 14/15AL.
Large space between the separatrix, vessel wall and outer divertor leg allows in-
sertion of the large probe. Due to its fixed position, the U–probe is optimal
for statistical analysis of the SOL plasma structures and poloidal asymmetries
investigation.

1MDC vacuum #672009 - Rotary Linear Direct Feed Through, NW40, Flange, HV
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Figure 7.11: Photograph of the U–probe mounted on support structure including
the flange pot and pulling rod.

7.4 Measurement set up and data acquisition
Signals from coil sets and Langmuir tips are amplified by dedicated electronics
and acquired by DTACQ216 data acquisition system with sampling rate 5 MSPS.
Floating potential measurement used Voltage divider of 1 MΩ : 15 kΩ followed
by operational amplifier2 of the signal allowing transmition of the high frequency
signal through the coax cables to the data acquisition system. Ion saturation
current measurement is biased by capacitor bank (1 mF) with controlled output
voltage of Vbias = −180 V. The current is measured on 10 Ω resistor connected
in series. The coil signals are amplified by factor of 7× or 40× in dependence
on orientation of the coil. The same type of operational amplifier as in case
of floating potential signals is used. The coil signals are integrated numerically
during the data post processing. I choose this way because the development of low
noise integrators is challenging process and the sampling rate of data acquisition
is high enough to minimize the errors. Moreover, I am focused particularly on the
high frequency fluctuations (> 10 kHz). The used software filter do not influence
the signal during the ohmic mode filaments with time of passage over the U–probe
of tpass < 10 µs.

Parallel electric current within the filament can be calculated using the Maxwell
equations in integral or differential form. Detailed comparison of the methods in-
cluding the error assessment is in Sec. 8.

I use following regimes of the probes:

• the top triplets are connected in ion saturation current (middle tip) and
floating potential (2 edge tips) regime,

• the Rake probe on the outer side (tower A) is connected in ion saturation
regime,

• the Rake probe in between the towers (tower B) is connected alternately in
floating potential and ion saturation current regimes starting with floating
potential on the tip closest to the separatrix.

2MCP6022 with wide bandwidth of 10 MHz (63)
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Langmuir tips of Rake probes operating in the same regime are used for cor-
relation analysis such as estimation of filament radial velocity and effective size.
Dependent variables as local plasma density ne and temperature Te are not calcu-
lated as we are not able to measure all the parameters needed for their evaluation,
particularly the plasma potential Φ. Future improvement of the probe shall solve
this issue.

The U–probe design and first results were published in (64) and (65).
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8. Calibration of parallel current
This section summarizes simulations and measurements performed in order to
assess reliability of the parallel electric current assessment from magnetic coils of
U–probe. The document describes methods of jpar computation and comparison
of these methods in 4 steps. Comparison is performed on simulation within the
optimum conditions of the method (high measurement point density), simulation
within the U–probe geometry (application of the methods on measurement in
positions of the U–probe coils), experiment using U–probe coil signals (real mea-
surement under defined conditions with single wire instead of current filament),
and simulation of the plasma current effect (two wire simulation evaluating ef-
fect of nearby source of magnetic field with amplitude higher by several orders of
magnitude).

8.1 Methods of jpar calculation
Let’s begin with definition of a few terms used in following description:

• test wire – imaginary wire in a point approximation perpendicular to the
radial - poloidal plane. If not specified I assume current of 1 A flowing
through the wire.

• measurement point – point where magnetic field is calculated

• evaluation region – space enclosed by measuring points, where the parallel
current is assessed

• point density – density of the measuring points net (number of measuring
points per 1 m or per 2π radians along the integration path of Ampere’s
Integral)

I use only the exact magnetic field in the measuring points including the
section describing simulated signals on U–probe, i. e. I ignore possible errors
resulting from measurement and integration of the coil signal in simulations.

Evaluation of the electric current from magnetic measurements is possible via
Ampere’s circuital law in its differential or integral form (Ampere’s integral).

1. Differential form (method ”rotB”) uses the expression of

j⃗ = 1
µ0
rotB⃗ ⇒ Itor = 1

µ0
(∆Brad

∆p − ∆Bpol

∆r )S, (8.1)

where ∆Brad and ∆Bpol is difference of radial and poloidal magnetic field
between 2 points of the space separated poloidally or radially by ∆p or ∆r
and S is area enclosed by the points, see Fig. 8.1.

2. Integral form uses the ”Ampere’s integral” (method ”AI”):

I = 1
µ0

∮
B⃗.d⃗l ⇒ I = 1

µ0

∑
0−360o

B⃗.d⃗l, (8.2)
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Figure 8.1: Schematics of current density calculation using Ampere’s circuital
law (rotB method). Red point denotes point of calculation where the current
density is calculated and black points denote the measurement points used for
calculation. Blue and green points represent the test wire position in case of wire
inside or outside the evaluation region enclosed by black line.

where the current I is the total current flowing through the space enclosed
by the curve (flowing in direction of the surface normal vector), B is local
magnetic field on the section of the circle with length of dl (distance of the
points). In computer realization, we use simplest curve, a circle, and I sum
sequence of products of the magnetic field vector with the vector of distance
between the points, see Fig. 8.2. Principle of the calculation is indicated by
significantly lowered number of the measurement points.

Figure 8.2: Schematics of current density calculation using Ampere’s Integral
(AI method). Red point denotes point of calculation where the current density is
calculated and black points denote the measurement points used for calculation.
Blue and green points represent the test wire position in case of wire inside or
outside the evaluation region enclosed in black line.
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Both methods assume measurement points close to each other. This assump-
tion could not be met in real situation due to the size of the measuring elements
– coils, encapsulation of the measuring elements within plasma protecting probe
head and necessity of free space allowing presence of the plasma filamentary
structure in between the towers.

8.2 Validation of the methods
Validation of the methods is divided into several steps. The first is convergence
of the methods with increasing point density. The second is dependence of the
method on the position of the testing wire with respect to the measuring points.
The third is application of the method on the geometry of the U–probe compared
with real measurement under defined conditions, and the last is assessment of
possible effect of global plasma current on the filament current measurement
within the U–probe geometry.

8.2.1 Convergence in optimal configuration
This part is used to assess dependence of the errors due to limited and distant
number of elements. I perform the simulation in two parts. One with wire in the
center of the measuring region enclosed by measurement points and one outside
this region. Comparison of these two parts evaluate possibility of distinguishing
between the test wire inside and outside the evaluation region enclosed by the
measured points. Test wire inside the region was set in position of rin = 0∗∆ and
pin = 0 ∗ ∆ in case of rotB method, where ∆ is the step of the points net, and
rin = 0∗Rc and pin = 0∗Rc in case of AI method, where Rc is radius of the circle
surrounding the evaluation point and used as the curve of the integration. Test
wire outside the evaluation region was similarly located at positions of rout = 1∗∆
and pin = 1∗∆ in case of rotB method and rout = 1∗Rc and pout = 1∗Rc in case
of AI method, as indicated in Figs. 8.1 and 8.2. During the simulation I changed
the step of the point net ∆ in the rotB method and number of the points per
circle in the AI method. I computed magnetic field at every measurement point
and then assessed the response of the method for given situation. Naturally,
expected response current in case of the test wire inside the evaluation region is
I in

res = 1 A and in the case of the test wire outside the evaluation region Iout
res = 0 A.

Response current Ires of the rotB method remains constant for all the range
of distances between measuring points in both cases of the test wire location,
see Fig. 8.3. The response current reach the value of Ires = 1 A in the center
as expected. The outer point shows the response current value of Ires = 0.2 A
that differs from the expectation. It might be seen that the response does not
depend on the point density. Minor changes are caused only due to numerical
errors due to number rounding in computer. The reason for constant values is
in the constant ratio of the distance between the test wire and the 4 measuring
points and the step of the point net. Calculation of the magnetic field rotation
uses exactly 4 points in a space and cannot be changed. Therefore the resulting
value of the parallel current does not depend on the point distance but only on
mutual position of the test wire and measuring points.
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Figure 8.3: Response of the rotB method in dependence on the measurement
point density. Left – wire inside, right – wire outside. Within the inserted images
are plotted fluctuations of the response.

Regarding the AI method, I have possibility to change number of integration
elements and radius of the integration circle. I will focus on effect of number
of measurement points within the circle of integration, see Fig. 8.4. It can be
shown, that the value of the response current Ires in case of the test wire located
in the center of the integration circuit is given by the ratio of the area enclosed
by the integration path and the circle. The error reaches value of ±0.1 A, i. e.
10% of the original current, for simulation with 8 points/2π for the case of the
wire inside. The error level of ±0.1 A is not reached in case of wire outside for
the AI method.

Figure 8.4: Response of the AI method in dependence on the measurement point
density. Left – wire inside, right – wire outside.

Test of dependence on point density suggests the rotB method shall be better
in real measurements with limited number of measuring elements, though the
errors of AI method are expected low as well. On the other hand, it is clear that
the mutual position of the test wire and the measuring points have to be analysed,
particularly for the rotB method and low number of measurement points of the
AI method.
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8.2.2 Dependence of the response on position

Dependence of the response current Ires on the position of the test wire with re-
spect to the measuring elements was evaluated as a map of the response current
for different locations of the test wire. Used point densities for this analysis for
the AI method is 100 points/2π that ensures minimum effect of substitution of
integral by consecutive summation and I added one simulation with only 4 mea-
surement points for better comparison with the rotB method that uses exactly
4 measurement points from the theory, see Sec. 8.1. Those maps of the response
current obtained by rotB and AI methods are plotted in Fig. 8.5

Figure 8.5: Response current in dependence on the position of the test wire with
respect to the measuring points. Top panels - rotB method, middle panels - AI
method of 4 point to compare with the rotB method, bottom panels - AI method
with 100 points. Left - 2D image of the response (green - measuring points), right
- radial cross-section of the response for p=0 (green line represents position of
the measuring points or integration circle).
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The rotB method shows significant lobes due to singularity close to each
of the measuring points. Similar shape show the AI method in case of only 4
measuring points, i. e. the same condition as rotB method. The central value
of the response current for the AI method with 4 points is Ires = 0.637 A, that
is the same as fraction of the area of the square with diagonal of 2Rc and circle
with diameter of 2Rc. Issue of singularity near the measuring points do not take
place during the real measurements that cannot be performed in such closeness
to any of the coils at least due to dimensions of the coil itself. On the other hand,
the lobes between the measuring points have a long and steady slope between the
expected values of 1 inside and 0 outside the evaluation region.

Response of the AI method using 100 points per the integration circle shows
minimum spatial dependence of the response current Ires on the test wire position
with respect to the measuring points, see Fig. 8.5-bottom.

Usage of any method with low number of points carry high uncertainty due
to strong dependence of the response on mutual position of the test wire and
measuring elements. Usage of the AI method with high number of measuring
points is clearly favourable. However, the U–probe has only 6 measurement points
(coil blocks) unequally distributed. Detailed analysis is therefore needed.

8.2.3 Response current in U-probe configuration
The next step was simulation of the response calculated from the positions of
U–probe coils to the 1 A current at different positions. Formulas of the response
current had to be modified according to the U–probe system, see Fig. 8.6. There-
fore, the AI method uses sum of the magnetic field multiplied by the difference
of the position vector:

µ0I =
∑

A1−A2−A3−B6−B5−B4−A1
(B

i
rad +Bi+1

rad

2 ∆r +
Bi

pol +Bi+1
pol

2 ∆p), (8.3)

where ∆r and ∆p are radial and poloidal distances of the coil blocks.
The rotB method uses always 2 coil blocks on the same poloidal position, e.

g. A1 − A2 −B4 (rA1 = rB4), and the formula is:

µ0j∥ =
BA1

pol −BA2
pol

∆r

− BA1
rad −BB4

rad

∆p

. (8.4)

Resulting response current Ires maps are plotted in Fig. 8.7
The map of the response current Ires obtained by the AI method shows clear

and symmetric saddle in the central region surrounded by the coil blocks. Values
in the region enclosed by the coils vary in range of I in

res = 0.373 − 0.636 A.
These values are significantly lower than the testing current Iwire = 1 A. But,
the values out of the U–probe (on sides or in front of it) are in range of only
Iout

res = −0.138 − 0.172 A (except the regions close to the area enclosed by the
coils) and, therefore, expected ratio of the signals inside and outside the measured
region shall be higher than I in

res/I
out
res > 2.167. The highest value of the ratio is

reached for test wires located at different sides of the U–probe tower and these
current filaments can be detected separately.

The map of the response current obtained by the rotB method for chosen coil
blocks A1 − A2 − B4 shows strong dependence on the position as suggests the
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Figure 8.6: Illustration of parallel current calculation from U–probe magnetic
measurements using the method of AI (blue arrows) and rotB (green triangle).

results in Sec. 8.2.2 already. The response is dominated by the region near the
tower where 2 coil blocks are used. Response current values located within the
space surrounded by the coils vary in range of I in

res = 0.139−0.442 A. The response
current values located outside the U–probe are in range of Iout

res = −0.206−0.219 A.
As a consequence the ratio is reaching the values I in

res/I
out
res > 0.636. That means,

I can measure stronger signal from outside the region than from inside for the
same amplitude of the parallel current within the filament. Moreover, the points
for the lowest value of the ratio are reached for test wires located just at the
opposite side of the BN tower. But, current filaments can be detected only at
one side of the tower and it will be very challenging to distinguish between them.
Therefore, I decided to try an improvement of the rotB method.

The most straightforward is calculation of the mean value response from all
combinations of the coils. This mean value response current map is in Fig. 8.7–
bottom. It is clear that the domination of only a few coil blocks is mitigated.
Actually, the response current map of the mean rotB method appear similar to
the map obtained with the AI method.

Response current values located within the space surrounded by the coils vary
in range of I in

res = 0.194 − 0.320 A. The response current values located outside
the U–probe are in range of Iout

res = −0.0743 − 0.0975 A. As a consequence the
ratio is reaching the values I in

res/I
out
res > 1.987. This ratio is already much better

than in the rotB method with single triplet. Therefore, I will use only the mean
rotB method instead of the simple rotB since now.

Both methods, AI and mean rotB, are comparable with similarly good re-
sults.

61



Figure 8.7: 2D image of the response current Ires in dependence on the position
of the test wire with respect to the U–probe for the methods rotB (top), AI
(middle) and mean rotB (bottom). Green – BN probe head, white – used coil
blocks).

8.2.4 Measurement of the response current using the U-
probe

The situation of single test wire used for parallel current evaluation is simple
enough to be tested in experiment and confirm the simulation predictions. I used
a long straight wire (approximation of infinite wire) in several positions with
respect to the U–probe coil blocks and performed the magnetic reconstruction
again.

Simple realization was performed using a wooden construction where I fixed
a wire (Cu, ⊘ 2 mm, enamel insulation) with 0.8 m long straight segment used
as a source of calibration magnetic field, see Fig. 8.8. Returning wire of the loop
was in a distance of 0.55 m from the calibration one.

62



Figure 8.8: Photograph of the calibration assembly. 1 – calibration wire, 2 –
U–probe on manipulator and flange pot, 3 – coil signal amplifiers.

This wire was biased with LC oscillating circuit with current peak of
Ipeak ∼ 170 A and characteristic frequency of f ∼ 5 kHz. Data were collected
by the DTACQ216 data acquisition system in the same connection as used
during tokamak COMPASS operation. The only difference was that one toroidal
field signal was replaced by signal from self–integrating Rogowski coil measuring
the current flowing through the test wire. In summary, all signals necessary for
the reconstruction of the parallel current and the real current in the wire were
measured simultaneously.

First tests showed the coil block B4 was damaged (tiny wires were squeezed
in between the parts of the coil block casing).

I have performed measurement with wire on several positions with respect to
the coil blocks, see Tab. 8.1. The test wire positions are arranged in a few spatial
cuts passing through or along the evaluation region surrounded by the coils, see
Fig. 8.9. I kept poloidal positions of p = 0 mm and p = 38 mm for radial cuts
and radial positions of r = 5 mm and r = −15 mm for the poloidal cuts. In each
measurement, I compare the measured magnetic field (measured reconstruction)
and its expected value calculated from the signal of current in the wire Iwire and
distance of the test wire and coil block (simulated reconstruction).

One measurement (#6 on position r = −25 mm, p = 0 mm) is illustrated
in Fig. 8.10. It is to see that some of the coils measure slightly different signals
than expected, particularly B6pol and B5rad in this measurement. Error of the
measurement of individual coils differs with position of the test wire. The reasons
of the difference can be:

• Imprecision in the angular alignment and position of the coil centre – I use
only geometrical centre of the block where the coils themselves are winded
and expect alignment of the coil axis together with the axis of the basic
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Figure 8.9: Cross–section of the U–probe with highlighted Langmuir tips (black),
coils (green squares) and their measurement region (blue) within arbitrary axial
system (r, p). Blue diamonds represent position of the wire within individual
measurements. Red and green bars group the measurements to poloidal and
radial cuts passing through or along the evaluation region (blue area).

cube. The angular error or displacement of the effective centre of the coilis
very low due to high number of turns in order of tens and the winding of
each coil covers equally the whole height of the cube. Calculated error for
angular error of 5o or displacement of the coil center of 1 mm (along its
axis) is less than 7%.

• Single point approximation – I calculate the magnetic field in the position
of the coil but the coil itself averages the magnetic field appearing in the
whole coil cross-section. This approximation is valid when the distance
between the coil and the test wire is significantly higher than the size of
the coil, but it is not true in our case. The coil size is approximately
8 × 8 mm and the minimum distance between the test wire and the coil
centre during the measurements was 14 mm. The corrected simulated signal
is in Fig. 8.10 (blue) calculated with 0.1 mm spatial cells and it can be seen
that the simulated coil signal are very similar. The error in the worst case
reach value of 22% but it do not fit the measured data exactly.

In summary, there are several candidate sources of errors, but none explains
fully the difference of measured and expected signals of all coils in all the mea-
surements.

Moreover, integrated signals of a few coils do not return to the 0 level. This
is caused by error due to saturation of the amplifier and integration of the signal.
I have to highlight that the set–up of the coil signal amplifiers has been tuned
according to the signals obtained during the tokamak operation. The signals
measured on the COMPASS tokamak are lower than signals obtained during
this calibration. Regardless of the individual coil measurements, the consequent
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Ratio Ratio Ratio Ratio Ratio
ID r [mm] p [mm] Iwire [A] coil recAI simAI recrotB simrotB

2 -40 0 171.4 0.939 0.1139 0.1497 0.0818 0.1001
3 -35 0 171.6 1.005 0.1090 0.2188 0.0784 0.1433
4 -30 0 172.6 1.313 0.2349 0.2944 0.1584 0.1881
6 -25 0 173.7 0.884 0.2938 0.3470 0.1901 0.2152
7 -20 1 173.5 0.847 0.2938 0.3591 0.1867 0.2163
8 -15 0 169.6 0.794 0.2417 0.3065 0.1522 0.1784
9 -9 0 170.9 0.840 0.1627 0.2189 0.1040 0.1235
10 -5 0 172.2 0.819 0.0996 0.1615 0.0667 0.0896
11 0 1.5 186.0 0.810 0.0514 0.1014 0.0381 0.0547
12 5 0.5 174.2 0.824 0.0245 0.0644 0.0220 0.0344
13 4 -40 172.9 0.726 0.0163 0.0104 0.0112 0.0143
14 5 -35 172.9 0.703 -0.0247 -0.0093 -0.0098 -0.0022
15 5 -30 174.8 0.679 -0.0313 -0.0062 -0.0121 -0.0002
16 5 -25 171.8 0.519 -0.0313 0.0032 -0.0105 0.0049
17 6 -19.5 171.3 0.901 -0.0225 0.0213 -0.0050 0.0143
18 5 -15 172.9 0.830 -0.0110 0.0393 0.0022 0.0236
19 5 -10 172.9 0.817 0.0068 0.0567 0.0123 0.0324
20 5 -5 173.1 0.810 0.0201 0.0663 0.0199 0.0368
21 5 5 171.6 0.783 0.0124 0.0502 0.0086 0.0106
22 5 9 174.5 0.814 0.0019 0.0160 0.0087 0.0048
23 5 15 173.4 0.797 -0.0396 -0.0301 -0.0153 -0.0219
24 5 20 171.5 0.609 -0.0740 -0.0697 -0.0355 -0.0439
25 5 25 173.5 0.932 -0.0845 -0.0778 -0.0433 -0.0479
26 5 30.5 172.3 0.857 -0.0649 -0.0567 -0.0339 -0.0351
27 5 35 172.5 0.855 -0.0474 -0.0352 -0.0244 -0.0220
28 -14 38 172.9 0.734 0.0514 0.0841 0.0320 0.0541
29 -24 38 174.9 0.876 0.0631 0.0833 0.0506 0.0645
30 -5 36.5 174.5 0.799 -0.0165 0.0030 -0.0099 0.0002
31 -15 7 173.7 0.770 0.2940 0.3853 0.1801 0.2196
32 -15 -7 173.9 0.788 0.2166 0.2870 0.1355 0.1640
33 -15 -38 175.1 0.814 0.0481 -0.0106 0.0293 0.0338

Table 8.1: List of calibration measurements with position and the ratio of mea-
sured and expected values for coil signals (mean value for all the coils) and parallel
electric current reconstruction.

parallel electric current calculation do not differ by more than 30% from the
expected values predicted by the theory for both methods, AI and mean rotB,
see Fig. 8.11.

The current in the test wire Iwire slightly differ for each measurement. There-
fore, I use a ratio of the calculated current Irec and the current in test wire Iwire

to compensate the difference.
I compare parallel current calculated from the measured magnetic field and

simulated magnetic field expected at the position of the coils. This comparison
takes into account the spatial effects and effect of limited number of measuring
points on the calculations discussed in Sec. 8.2.3.

The radial and poloidal profiles of obtained ratios are summarized in Fig. 8.12
in groups according to the individual cuts of the space (red and green bars in
Fig. 8.9). Each plot in Fig. 8.12 represents one spatial cut of ratio of the calcu-
lated current from measured (black) magnetic field and magnetic field simulated
at position of the coils (red). Left panels summarizes the results obtained using
the AI method, the right panels show results obtained with usage of the rotB
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Figure 8.10: Measured (black) and expected (red) signal on measuring coils during
measurement #6 on position r = −25 mm, p = 0 mm. Blue is expected signal
corrected with respect to size of the coils.

method. Green line highlights position of the coil block centres, green area high-
lights where the curve pass the evaluation region and blue line represents the edge
of the BN wall of the probe head.

Fraction of the measured and test wire current is highest in case of the test
wire within the evaluation region (green area in Fig. 8.12), as expected from
Sec. 8.2.3. Values outside the evaluation area is significantly lower than outside
of it. Both methods show similar shape as the simulated current response (red
curves) but shifted down.

Both methods have similar behaviour of the results in dependence on position.
The amplitude of the parallel current obtained using the AI method have higher
absolute values for measured and simulated parallel current.

8.2.5 Influence of plasma current IP

Estimate of the current flowing through the evaluation region is performed in a
strong background (in presence of the plasma current IP ) during the tokamak op-
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Figure 8.11: Reconstruction of parallel electric current. Black – calibration cur-
rent in the wire, green – simulated reconstruction (AI method), red – reconstruc-
tion from measured magnetic field (AI method), violet – simulated reconstruction
(mean rotB method), blue – reconstruction from measured magnetic field (mean
rotB method) during measurement #6 on position r = −25 mm, p = 0 mm.

eration. The plasma current IP increases the signal in poloidal coils particularly.
The interference on the parallel current cannot be measured in exactly defined
situation. The only possibility is computer simulation.

I performed simulation with two test wires. One is the typical test wire
with current 1A located close to the U–probe and the other representing the
plasma current. Typical amplitude of the Plasma current in COMPASS tokamak
is IP = 250 kA. Typical position of the current centroid is Rpl = 0.56 m and
zpl = 0.03 m in cylindrical axial system of the tokamak. This position in the
coordinate system of the U–probe is rpl = 228.9 mm and ppl = 139.8 mm in case
of U–probe fully inserted into the vacuum vessel.

The response current reconstructed from computed magnetic field in U–probe
coil block position in dependence on the test wire position is shown in Fig. 8.13.
It could be seen that the main difference in comparison to single test wire is an
offset of the response current in comparison to the single wire case. The profile
shapes are the same and the values are very similar to the original values but
shifted by a constant. This confirms the response current values Ires for test
wires located inside the evaluation region and outside as summarized in Tab. 8.2.

method single wire wire + plasma (250 kA)
inside outside inside outside

Ampere’s 0.373 – 0.636 A -0.138 – 0.172 A (0.373 – 0.636) (-0.138 – 0.172)
Integral -403.69 A -403.69 A
Mean 0.194 – 0.320 A -0.0743 – 0.0975 (0.194 – 0.320) (-0.0743 – 0.0975)
rotB -211.30A -211.30 A

Table 8.2: Comparison of the response current Ires ranges for the situations of
test wire located inside the evaluation region or outside the U–probe for case of
single test wire and test wire with plasma current as a background.

It could be seen in Fig. 8.13 and Tab. 8.2, that the searched signal of the
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Figure 8.12: Profiles of the response current ratio Ires/Iwire from measured (black)
and calculated (red) magnetic field using AI (left) and mean rotB (right) method.
Profiles: a – radial inside (p = 0 mm), b – radial outside (p = 40 mm), c – poloidal
inside (r = −15 mm) and d – poloidal outside (r = 5 mm) .

parallel electric current flowing between the towers of the U-probe is overwhelmed
by the parasitic signal of the plasma current. Fortunately, the amplitude and
position of the plasma current changes in very long time scales(∼ms)during the
flat–top phase. Fluctuations of the parallel electric current during the ohmic–
mode blob (< 10µs) is significantly shorter. Therefore, I can use high frequency
component of the measured parallel electric current to suppress interference of
the plasma current.

If the changes of plasma current IP amplitude and position are confirmed as
negligible, the assessment of the absolute value of the parallel electric current is
possible with acceptable error of up to 23%.
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Figure 8.13: 2D image of the response current Ires in dependence on the position
of the test wire with respect to the U–probe with effect of the plasma current of
IP = 250 kA for the AI method(top) and rotB method (bottom). Green area –
U–probe towers, white area – used coil blocks).

8.3 Simulation conclusions
Simulation of the response current in the ideal conditions shows that the AI
method is independent on mutual position of the points of the integration curve
and the test wire if the number of measuring positions is high, but lowering the
number of measuring points reduces precision of this method. On the contrary,
the rotB method is independent of the distance of the measuring points but
depends on mutual position of the measuring points and the test wire.

Application of the simulated methods on the U–probe coil positions (mea-
suring points) confirms these features. The spatial inhomogeneity of the rotB
method require compensation by averaging of the results from all coil combina-
tions into the mean rotB method. This averaging reduces significantly the spa-
tial effects. The response current spatial distribution of the mean rotB method
is comparable to the results obtained by the AI method.

I applied both methods on real data of the U–probe during the test wire ex-
periment. I performed a series of measurements with the test wire located in
different positions with respect to the U–probe. This measurements revealed ad-
ditional influence of the non ideal precision of the magnetic field measurement
on the parallel electric current evaluation. I have identified several candidates of
the measurement error source. But none of them describes the obtained errors
fully. Resulting parallel current reconstruction has the same temporal evolution.
However, the amplitude of measured parallel electric current is shifted in com-
parison to the values of simulated response current for given position of the test
wire. The shift of amplitudes is similar for all the positions of the test wire.

69



Simulation of the response current measured by U–probe set of coils (mea-
suring points) in presence of plasma current IP showed that the U–probe mea-
sures the current within the filament with the same amplitude but systematically
shifted. Therefore, only high frequency component (cut off at ∼ 10 kHz) of the
signal can be used for parallel current perturbation evolution.

As a consequence, qualitative evaluation of the parallel electric current fluc-
tuation during the high frequency oscillations becomes acceptably reliable. It is
favourable to check:

• There are no oscillation of plasma current IP and its position during the
event,

• There is (anti-)correlation of the poloidal and radial magnetic field on both
towers that confirms current filament in between the towers.
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9. Characterisation of turbulent
plasma structures by U–probe
Detection of the turbulent plasma structures is based on their main feature,
strongly increased plasma density appearing as a peak on the Isat signal. I choose
one sat signal and search for significantly high values characteristic for the event,
see Fig. 9.1. Detection level is the mean value of the ion saturation current during
the flat–top phase of the discharge increased by 2.5 standard deviations σ of this
signal Idetect =< Isat > +2.5σ. Time of the maximum ion saturation current Imax

sat

is assigned as the time of the event, tmax in the Figure. The time window when
the Isat signal exceed the limit, I assign as the duration of the structure tfilament

(or tELM for ELMs, etc.).

Figure 9.1: Scheme of the filament detection on the Isat signal of the Tower B
Rake probe pin #2. Red line represents the detection threshold, Blue line high-
lights the time of the filament and green color shows the time segment assigned
as the filament body.

9.1 Ohmic–mode filaments
Let’s start with evolution of measured quantities during the ohmic–mode filament.
Fig. 9.2 shows typical evolution of Isat, Vfloat, Brad, Bpol and jpar during one
ohmic–mode filament (discharge #11105, time=1084.8836 ms). Panel (a) shows
the typical peak in the Isat signal that is the most common feature of the filaments.
Panel (b) shows Vfloat signal with mild increase in the beginning of the filament
and then sudden drop that is observed frequently as well. Perturbation of parallel
electric current jpar in panel (d) shows significant peak at the same time as the Isat

signal maximum that suggests the parallel current is flowing within the filament.
Results obtained by both methods of jpar evaluation are in shape and yield similar.
Radial and poloidal components of the magnetic field Brad and Bpol are phase
shifted as the source of magnetic field (the current filament) drifts along the coil
block. This phase shift is best visible in a hodogram of Brad and Bpol where
appears as enclosed curve, see Fig. 9.3. The larger perturbation, i. e. higher
current in the filament, appears as larger enclosed area.
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Figure 9.2: Evolution of quantities during the ohmic–mode filament measured
by U–probe (#11105, t=1084.8836 ms). a – ion saturation current, b – floating
potential, c – fluctuation of radial (black) and poloidal (red) magnetic field, d –
fluctuation of parallel electric current.

Figure 9.3: Hodogram of radial and poloidal magnetic field components Brad

and Bpol during the ohmic–mode filament (#11105, t=1084.8836 ms). Red color
highlights the time of the filament.

Comparison with measurements on divertor probes and horizontal recipro-
cating probe (HRCP) manipulator help to reveal the character of the filaments
passing the U–probe, see Fig. 9.4. The presented filament is not measured at
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the same time as the individual probes are not at the same magnetic surface.
Therefore, the filaments modifies between individual measurements as it drifts
through the SOL. However, similarity in the evolution can be found. Next issue
is that the filament do not pass over the tip with the same part, i. e. different
probes measure different cross–sections of the filament.

Figure 9.4: Comparison of Isat signals of Horizontal reciprocating probe (top), U–
probe (middle) and divertor probe #22 (bottom) during one ohmic–mode filament
(#11105, t=1098.8624 ms) highlighted with green line.

9.2 Edge localized modes
Edge localized modes, shortly ELMs, are in principle part of the confined plasma
that is released into the SOL due to disintegration of the H–mode transport
barrier. This disintegration appear sparsely and, therefore, the ELMs are indi-
vidual structures that can be easily distinguished from the plasma background,
see Fig. 9.5. Panel (a) shows the first significant peaks in ion saturation current
Isat followed by low and broad peaks in the middle and 2 strong and broad peaks
at the end of the ELM. During the peaks we can observe perturbation on signal
of the floating potential Vfloat, particularly in time of the first 2 sharp peaks. Par-
ticularly the deep drop of the signal suggests high electron temperature within
the filaments of the ELM,. Magnetic signals (c) show pre–ELM magnetic regular
oscillations, as the ELM precursor, followed by swift changes in the magnetic
field as the strong source of parallel electric current is passing along the U–probe.
Significant shift of the measured magnetic field appears on signals of both com-
ponents in the middle of the ELM. Similarly the reconstructed parallel electric
current jpar (d) shows regular oscillations before the ELM and then fast fluctua-
tions during the first part of the ELM. In the latter part, there appears strong but
slow drift that turns back at the time of the last broad peaks on Isat signal. We

73



present the hodogram of the magnetic field oscillations again for better clarity,
see Fig. 9.6. The highlighted regions are in time of the first Isat narrow peaks
(red) and the broad peaks at the end of the ELM (blue). It might be seen that the
magnetic field component fluctuations form enclosed regions during these parts.
The enclosed area during the first part of the ELM is significantly larger than
during the latter part of the ELM. This imply that the highest current is carried
within the first filaments. High parallel current values in later part originates
from another process.

Figure 9.5: Evolution of quantities during the ELM measured by U–probe
(#8175, t=1178.1 ms). a – ion saturation current, b – floating potential, c –
fluctuation of radial (black) and poloidal (red) magnetic field, d – fluctuation of
parallel electric current.

Here, I have to return to the conclusions of magnetic simulations in Sec. 8.3,
that the measured magnetic field and parallel current oscillations are influenced by
the background plasma current amplitude IP and position, see Fig. 9.7. Plasma
position is replaced by reference magnetic field Bhor and Bvert measured by par-
tial Rogowski coils of the COMPASS tokamak (66). It can be seen that there
is fluctuation on the signals of plasma current and position. Basic pattern of
these fluctuations is comparable with pattern of the parallel electric current. The
relative changes of the plasma current signals are low. Plasma current amplitude
IP fluctuates at level of 0.3%, vertical field signal Bvert fluctuates in relative level
of up to 1.1% and horizontal field Bhor signal fluctuates in relative level of up to
5.0%. It can be calculated that the influence of the plasma current is less than
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Figure 9.6: Hodogram of radial and poloidal magnetic field components Brad and
Bpol during the ELM (#8175, t=1178.1 ms).

0.3 A/cm2, i. e. up to 15%. Effect of the position calculated from current centroid
is less than 10%. Another confirmation of the plasma current interference is the
difference between jpar evolutions in Fig. 9.5 due to different level of the plasma
current influence on each method. Comparison of jpar methods corresponds to
total influence level of 23%.

Figure 9.7: Evolution of fluctuations of parallel electric current density jpar (a)
and magnetic field components (b) measured by U–probe and Plasma current IP

(c) and the reference signal of the plasma position of Bhor (d) and Bvert (e).
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Comparison of the ion saturation current signals from different diagnostics
shows again very good correlation, see Fig. 9.8. There is temporal shift of the
signals and change in the the shape, but more important is that the delay between
the first and last group of peaks of Isat on midplane reciprocating probe is shorter
than in case of the divertor probe and much shorter than on U–probe signals. This
could be caused again by spatial cross–section of the ELM, but as well by different
radial velocities of the ELM parts.

Fig. 9.8 reveals one issue of remapping of the probe positions to the midplane.
If the used magnetic topology is not correct, the resulting midplane equivalent of
the position is incorrect as well. Equilibrium reconstruction on COMPASS toka-
mak is performed by EFIT++ code. Several comparative measurements with
different diagnostics revealed its precision limits (67). Error in the reconstruction
is a reason for negative rsep of the divertor probe #22.

Figure 9.8: Comparison of Isat signals of Horizontal reciprocating probe (top),
U–probe (middle) and divertor probe #22 (bottom) during one ELM (#8175,
t=1178.1 ms) with indicated remapped distance from separatrix at the midplane.

9.3 Inter–ELM filaments
There are very low perturbations on the Isat signal between the ELMs or during
the ELM–free H–mode. These perturbations are very weak filaments, see Fig. 9.9.
I applied the same method of search and evaluation as in case of ohmic–mode
filaments, see Sec. 9.1. Temporal evolution and duration are similar to the ohmic–
mode filaments, but amplitudes of plasma parameters are lower by up to the
order of magnitude. On the other hand, there are strong and regular oscillations
of the measured magnetic field components Brad and Bpol that are comparably
strong as in case of the ohmic–mode filament. However, this could be a magnetic
precursor of the approaching ELM (tELM = 1160.15 ms, i. e. in ∆t ≈ 0.3 ms).
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The hodogram of the magnetic field components show clearly enclosed curve
typical for passing current filament, see Fig. 9.10. But, the passing current is
not carried by the inter–ELM filament according to the signal cross–check, see
Fig. 9.11. If the source of the current is between the coil blocks (most distant are
A1 − A3 − B4 − B6), the pair of signals of poloidal coils A1 − B4 and A3 − B6
have to be correlated and pairs of A1−A3 and B4−B6 have to be anticorrelated.
The radial coil signals is correlated or anticorrelated vice versa. Pairs of radial
coil signals A1 − A2 and B4 − B6 have to be correlated and pairs A1 − B4 and
A3 − B6 have to be anticorrelated. However, the signal correlations are in the
opposite way. As a consequence, the source of the fluctuations cannot be between
the coils of U–probe.

Figure 9.9: Evolution of quantities during the inter–ELM filament measured by
U–probe (#8175, t=1159.844 ms). a – ion saturation current, b – floating po-
tential, c – fluctuation of radial (black) and poloidal (red) magnetic field, d –
fluctuation of parallel electric current.

Comparison of the inter–ELM filament evolution measured on different probe
systems is extremely challenging due to very low amplitude of the inter–ELM fila-
ments and no magnetic connection of the U–probe, HRCP and the divertor probe
array. I did not find any inter–ELM filament recorded on 2 signals simultaneously.
Probably the structure disappeared or changed significantly during the passage
between the magnetic lines connecting the probes. Next issue is high background
signal on the divertor probes that could overwhelmed these low amplitude events.
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Figure 9.10: Hodogram of radial and poloidal magnetic field components Brad

and Bpol during the inter–ELM filament (#8175, t=1159.844 ms). Red color
highlights the time of the inter–ELM filament.

Figure 9.11: Comparison of time evolution of poloidal and radial magnetic com-
ponents fluctuations on different coil blocks. Signals are shifted by a constant to
each other.

9.4 Filamentary structure comparison
Time scale of the ohmic–mode filaments is comparable to the H–mode inter–ELM
filaments. But, inter–ELM filaments are significantly smaller than the ohmic–
mode filaments. On the other hand, ohmic–mode filaments can reach similar
amplitudes of Isat signals as the ELMs. Individual Isat peaks of the ELMs, par-
ticularly in the first part of the ELM, have similar duration as the whole peak of
the ohmic–mode filament. Similar behaviour can be observed for floating poten-
tial Vfloat, magnetic field components Brad and Bpol and parallel electric current
density jpar. More detailed comparison is in (65).

In more than 350 analysed discharges within range of #8118–11235, I have
identified over 350 thousands of ohmic–mode filaments, 73 thousands of inter–
ELM filaments and 950 ELMs. Therefore, the comparison have to be performed
statistical methods.
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10. Statistical analysis of
filamentary structures
In this chapter, I present conditional averages of ohmic–mode filaments, ELMs
and inter–ELM filaments and correlation of their properties. At first, I focus on
conditionally averaged signals measured by the U–probe, i. e. ion saturation cur-
rent Isat, floating potential Vfloat, radial and poloidal magnetic field components
Brad and Bpol and the calculated parallel electric current density jpar. Signals are
averaged for each diagnostic element individually.

Comparison is performed for several values of U–probe distance from the
separatrix rsep, the line averaged density ne and amplitude of the plasma current
IP . I start with conditional averages for IP = 300±25 kA, ne = (5±1)×1019 m−3

and rmid
sep = 43±1 mm. The conditions are fulfilled for 3015 ohmic mode filaments,

120 inter–ELM filaments and 24 ELMs. Then, I continue with comparison of the
temporal evolution for the full range of IP , ne and rsep individually.

Next part describes correlation of peak–to–peak amplitude of parallel electric
current jpar with other parameters characterising the plasma structure. Finally,
I attempted to provide empirical formulas of the parallel electric current peak–
to–peak amplitude in dependence on correlated parameters.

10.1 Comparison of conditionally averaged fila-
ments

Evolutions of ion saturation current Isat, floating potential Vfloat, radial and
poloidal components of magnetic field Brad and Bpol and the parallel electric
current density jpar during the turbulent plasma structures conditionally aver-
aged for IP = 300 ± 25 kA, ne = (5 ± 1) × 1019 m−3 and rmid

sep = 43 ± 1 mm are
presented in Figs. 10.1–10.2.

Evolution of ohmic–mode filament conditionally averaged for IP = 300 ±
25 kA, ne = (5 ± 1) × 1019 m−3 and rmid

sep = 43 ± 1 mm is shown in Fig. 10.1.
Evolution of ion saturation current Isat is characterized by a significant peak at
the reference time of t = 0 µs. It is to see that the Isat peak recorded by farther
tip B4 is lower, delayed and blurred in comparison to the tip B2. The delay of
the tips is given particularly by radial propagation of the ohmic mode filaments.
According to time shift of the peaks is the radial velocity of the ohmic–mode
filament vrad = 3.3 km/s. Similar time shift and decrease of amplitude is visible
in case of floating potential Vfloat. Temporal shift of the signals of tip B1–B3 is
shorter than between the tips B3-B5. This suggests decrease of the radial velocity
of the filament with increasing distance from the separatrix, vB1−3

rad = 3.6 km/s and
vB3−5

rad = 2.7 km/s. The floating potential before the characteristic drop increase,
but the peak–to–peak amplitude of the pattern decreases. Floating potential
on tip B5 have much weaker drop within the filament as the filament move
only partially over this tip and the filaments hot center is passing by. Magnetic
field perturbation have similar evolution of both components, poloidal Bpol and
radial Brad. But the radially separated coils have temporally shifted pattern of
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Figure 10.1: Conditionally averaged evolution of 3015 ohmic–mode filaments: a –
ion saturation current Isat, b – floating potential Vfloat, c – poloidal magnetic field
perturbation δBpol (c), d – radial magnetic field perturbation δBrad, e – parallel
electric current density δjpar.

the poloidal components evolution. This suggests a radial movement of parallel
electric current position. Evolution of the parallel electric current jpar has broader
peak than the Isat signal. A possible explanation is that the electric current is
conducted not only in the central hot part of the filament.

The temporal evolution of the inter–ELM filament conditionally averaged for
IP = 300 ± 25 kA, ne = (5 ± 1) × 1019 m−3, BT = (1.15 ± 0.05) T and rmid

sep =
43 ± 1 mm is shown in Fig. 10.2. There is broad singlepeak in the ion saturation
current Isat signal, with similar shape as during the ohmic mode filament but
lower by order of magnitude. Perturbation of the floating potential Vfloat signal
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Figure 10.2: Conditionally averaged evolution of 120 inter–ELM filaments: a –
ion saturation current Isat, b – floating potential Vfloat, c – poloidal magnetic field
perturbation δBpol (c), d – radial magnetic field perturbation δBrad, e – parallel
electric current density δjpar.

is by order of magnitude lower than in case of ohmic mode filaments, but it differs
also in the shape. The floating potential during the inter–ELM do not show the
typical drop observed in ohmic mode filaments. This suggests that the inter–
ELM filaments are formed by plasma with not only lower density but also with
lower temperature. Magnetic signal and parallel electric current perturbation are
comparable with the ohmic–mode filaments.

The conditionally averaged ohmic–mode and inter–ELM filaments have some
parameters similar to each other. It might be seen that duration of the ohmic–
mode and inter–ELM filaments is comparable. The ion saturation current signal
of the ohmic–mode filament have peak higher by order of magnitude in compar-
ison to the inter–ELM filament. The HMFW of the Isat peak in ohmic–mode
filament is only 2.4 µs that is 3 times less than the peak of the inter–ELM fila-
ments 7.6 µs. Delay between peaks of the Isat on nearby Langmuir tips is similar
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in both cases and it indicates similar radial velocities, vrad = 3.3 km/s of ohmic–
mode filament and vrad = 3.1 km/s of inter–ELM filament. The perturbation of
the floating potential Vfloat is by order of magnitude lower in inter–ELM filament
in comparison to the ohmic–mode filament. Moreover, there is no significant drop
of the floating potential in inter–ELM filament in comparison to the ohmic–mode
filament. This indicates that the ohmic–mode filament has higher temperature
than the inter–ELM filament. Magnetic perturbations have significantly differ-
ent character but comparable peak–to–peak amplitudes. Both magnetic field
components during the ohmic–mode filament perform a single wave, but there
is multiple oscillation during the inter–ELM filament. Moreover, comparison of
coil block B4 and B5 in ohmic–mode filament suggests radial movement of the
current filament due to phase shift of the poloidal magnetic field component, but
no phase shift is visible in inter–ELM filament and the signals of radially sep-
arated coils are almost identical. Consequence of the magnetic field oscillation
might be seen on the parallel electric current. Amplitude of the parallel current
is similar in ohmic–mode and inter–ELM filament. However, the parallel electric
current peak in ohmic–mode is narrower and appear simultaneously with the Isat

peak, but, the inter–ELM parallel electric current peak is very broad and appear
independently on the Isat peak, it is delayed by ≈ 10 µs.

Conditionally averaged evolution of ELM for IP = 300±25 kA, ne = (5±1)×
1019 m−3 and rmid

sep = 43 ± 1 mm is shown in Fig. 10.3. It might be repeated that
the ELM synchronisation is performed according to the time when ion saturation
signals rises above the value of Isat ≥ 0.05 A. The ion saturation current Isat and
floating potential Vfloat signals show similar amplitude decrease with increasing
distance from the separatrix. The delay of the signal of the neighbour tips is
similar as for ohmic mode filaments (not visible in the long time of the ELM
duration in Fig. 10.3). Note that perturbations of the floating potential signals
Vfloat are much shorter than in the the Ion saturation current signals Isat. This
can suggest the first part of the ELMs has higher temperature than the later,
i. e. the ELM starts with hot plasma from the confined region that disintegrated
the transport barrier and is followed by outer parts of the decaying pedestal.
There is short period of fast perturbation of the magnetic field and parallel electric
current signals. After this part the magnetic signals jump to different values and
parallel electric current show broad and deep rift. Comparison of these signals
with the global plasma current amplitude IP and vertical magnetic field Bvert is
needed due to long duration of the ELMs. The relative change of the plasma
current parameters have similar shape as measured parallel electric current jpar,
but the change in amplitude is in order of ∼ 0.1%. Therefore, the error in parallel
current evaluation is in order of δjpar ≤ 0.24 A/cm2, i. e. less than 30% of the
maximum perturbation, due to plasma current cross–talk. The strongest cross–
talk appear in the time of the broad valey of the jpar signal. However the uprising
peak in time of t = 40 µs that can suggest the parallel electric current in the hot
phase of the ELM has amplitude comparable to amplitude of plasma current
cross–talk.

Similar behaviour of the plasma structures and, in particular, the parallel
electric current including the ratio for ohmic–mode/L–mode filaments and ELMs
were observed on RFX–mod (68), (69).
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Figure 10.3: Conditionally averaged evolution of 24 ELMs: a – ion saturation
current Isat, b – floating potential Vfloat, c – poloidal and radial magnetic field
perturbation δBpol and δBrad, d – parallel electric current density δjpar, e – plasma
current IP , f – vertical magnetic field Bvert.

10.1.1 Changes of conditionally averaged evolution

The dependence of the conditionally averaged ohmic–mode filaments on IP , ne

and rsep is presented in the following sequence of 2D plots. All the individual con-
ditionally averaged evolutions are only a perturbation with completely removed
trend.
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Fig. 10.4 shows dependence of ohmic–mode filament evolutions on the plasma
current IP conditionally averaged for ne = (5 ± 1) × 1019 m−3 and rmid

sep = 43 ±
1 mm. Temporal evolution of the ion saturation current Isat signal is similar
for all the plasma currents. Minor changes are visible at IP = 200 kA and
IP = 300 kA where the Isat peak decreases faster by 2 − 3µs. On the other hand,
signal of floating potential Vfloat reaches higher amplitudes for higher current
but the perturbation lasts longer for lower plasma currents. The parallel electric
current show stronger perturbation at higher plasma current. Duration of the
perturbation is almost the same except the level of IP = 250 kA that has a faster
decrease after the maximum in the blob center.

Figure 10.4: Conditionally averaged evolution of ohmic mode–filaments in depen-
dence on plasma current IP : a – ion saturation current Isat, b – floating potential
Vfloat, c – parallel electric current density δjpar.

Evolution of the ohmic mode filament conditionally averaged for IP = 300 ±
25 kA and rmid

sep = 43±1 mm in dependence on plasma line averaged density ne is
plotted in Fig. 10.5. A mild increase of the amplitude of the ion saturation current
Isat and similarly increasing depth of the drop in floating potential Vfloat are
evident.. Moreover this depression lasts longer for higher densities. This features
suggests higher temperature within the blob and less dispersed for lower plasma
densities. Perturbation of the parallel plasma current increase with decreasing
plasma density as well.

Radial dependence of the conditionally averaged ohmic–mode filament, see
Fig. 10.6, conditionally averaged for IP = 300±25 kA and ne = (5±1)×1019 m−3

could be understand as the filament propagating through SOL. Evolution of the
ion saturation current signal Isat shows persistent high peak that decreases in
amplitude and gets broader with increasing distance to the separatrix rsep. Sig-
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Figure 10.5: Conditionally averaged evolution of ohmic mode–filaments in depen-
dence on plasma density ne: a – ion saturation current Isat, b – floating potential
Vfloat, c – parallel electric current density δjpar.

nificant decrease of the Isat maximum starts near the rsep = 40 mm. Similarly,
the temporal evolution of the floating potential Vfloat show decrease in amplitude
and increase of duration of the characteristic Vfloat swing with the increasing dis-
tance to the separatrix rsep. The parallel electric current perturbation is low in
amplitude and indifferent in the polarity close to the separatrix and increase in
amplitude and with increasing distance from the separatrix. This feature sug-
gests that the parallel electric current is not carried by the blob from the confined
region of the plasma.

ELMs and inter–ELM filaments are limited to the presence of H–mode and
therefore, their number is low. There are only a few ELMs and inter–ELM
filaments out of the presented parameter window of ne = (5 ± 1) × 1019 m−3

and
IP = 300 ± 25 kA preventing well–based comparison of temporal evolution of
their parameters.
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Figure 10.6: Conditionally averaged evolution of ohmic mode–filaments in de-
pendence on distance to the separatrix rsep: a – ion saturation current Isat, b –
floating potential Vfloat, c – parallel electric current density δjpar.

10.2 Correlation of plasma structure parame-
ters

The turbulent structures within the SOL can be characterized by many param-
eters. Measurement of the plasma structures was performed in a broad range of
confined plasma parameters, U–probe positions, etc. Therefore, I define several
parameters that describe the given property of each turbulent plasma structure
which can be divided into 4 groups:

• main plasma column parameters measured by COMPASS standard diagnos-
tics – toroidal magnetic field BT , plasma current IP , line–averaged density
ne, elongation κ, edge value of the safety factor q95, position of the plasma
current centroid Rcenter and Zcenter and the height of the X–point ZXpoint.

• local plasma parameters measured by the U–probe – Amplitude of the
plasma structure Imax

sat and its relative value with respect to standard deviationσ
of the Isat signal during the whole discharge flat–top phase Rσ = Imax

sat /σ,
swing (peak–to–peak amplitude during the event) of the signals of floating
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potential V̂fl, poloidal and radial magnetic field B̂pol and B̂rad, parallel elec-
tric current density ĵpar by both methods, and additionally radial velocity
vrad and effective diameter deff of the plasma structure and the correlation
length λC

• time parameters – duration of the transient event (tblob, tELM or tinE), and
time since the previous event twait (the waiting time),

• spatial parameters – distance to separatrix remapped to midplane rsep and
connection length along the magnetic field line with the divertor Lpar

The analysis is focused on the correlation of parallel electric current swing ĵpar

with other parameters of the individual plasma structures. At first, I focus on
investigation of correlations between the properties of the events. The simplest
way to reveal possible dependence of the ĵpar on other event properties is mutual
plot. Moreover, correlation factors of the arrays composed from given parameter
in the plasma structure sequence are calculated. Data from all recorded plasma
structures of given type are used.

Ohmic mode filaments show a significant correlation (C ≥ 0.4) of parallel
electric current swing ĵpar with poloidal and radial magnetic field swing B̂pol

(C = 0.631) and B̂rad (C = 0.731), relative amplitude of the filament Rσ (C =
0.413) and duration of the filament tblob (C = 0.401). Mutual plots with linear
interpolation are presented in Fig. 10.7.

Figure 10.7: Mutual plot of parallel electric current swing ĵpar during ohmic–
mode filaments with: top left – poloidal magnetic field swing B̂pol, top right –
radial magnetic field swing B̂rad, bottom left – relative amplitude of the filament
Rσ, bottom right – duration of the filament tblob.

ELMs show a significant correlation of parallel electric current swing ĵpar with
duration of the ELM tELM (C = 0.516) and relative amplitude Rσ (C = 0.452).
Mutual plots with linear interpolation are shown in Fig. 10.8.
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Figure 10.8: Mutual plot of parallel electric current swing ĵpar during ELMs with
relative amplitude Rσ (left) and duration of the ELM tELM (right) .

Inter–ELMs show correlation of parallel electric current swing ĵpar with du-
ration of the filament tblob (C =), poloidal and radial magnetic field swing B̂pol

(C =) and B̂rad (C =). Mutual plots with linear interpolation are presented in
Fig. 10.9.

Figure 10.9: Mutual plot of parallel electric current swing ĵpar during inter–ELM
filaments with: top left – poloidal magnetic field swing B̂pol, top right – radial
magnetic field swing B̂rad, bottom – duration of the filament tinE.

Parameters significantly correlated with ĵpar are used for empirical formula
scaling the ĵpar in the given type of the plasma structure.

10.2.1 Scaling of parallel electric current swing
Scaling of the parallel current within the plasma structures require expression of
the parallel electric current on the parameters of the discharge and the turbulent
plasma structures. I have searched for multiplicative dependence of the parallel
current on other parameters:

ĵsim
par = C

∏
xci

i , (10.1)
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where C is correction factor and ci is exponent of the property xi obtained as
a best fit. Properties introduced in the fit are all the global plasma parameters
(BT , IP , ne, q95, κ) and the parameters of the given plasma structure that are in
(anti-)correlation with parallel electric current swing ĵpar with correlation coeffi-
cient higher than |C| ≥ 0.2 to include the weak dependences as well.

I searched fitting exponents as a maximum correlation with the measured
maximum swing of the parallel electric current ĵmeas

par . I used repeated simple
Newton’s method to obtain the best fit exponents. Parameters with low absolute
value of exponents (|ci| < 0.1) were neglected in the final equation. Similarly, the
parameters with too high exponents (|ci| > 10) were ignored in the final equation.

The swing of parallel electric current density in ohmic–mode filaments scales
as:

ĵsim
par [A/cm2] = 1.28 × 10−7R−0.24

σ t1.18
blobB

−2.43
T I1.55

P κ−2.99r−0.93
sep (10.2)

Comparison of the measured and scaled of parallel electric current jmeas
par × jsim

par

in ohmic current filaments is summarized in Fig. 10.10. Correlation factor of the
measured data and scaling is C=0.720, coefficient of determination is R2 = 0.24
only and the RMS value is 0.069 A/cm2.

Figure 10.10: Comparison of the measured parallel electric current jmeas
par with

scaling (10.2) in ohmic filaments, red line represents identity.

The swing of parallel electric current density in ELMs scales as:

ĵsim
par [A/cm2] = 2.17 × 10−5 R0.93

σ I0.84
P [A] t0.13

ELM [ms]κ−0.12 (10.3)

Comparison of the measured and scaled of parallel electric current jmeas
par × jsim

par in
ELMs is summarized in Fig. 10.11. Majority of point is close to line of equality
but the pattern of points suggests more complicated dependence with additive
constant. Correlation factor of the measured data and scaling is C=0.783, coef-
ficient of determination is R2 = 0.66 and the RMS value is 0.11 A/cm2.

89



Figure 10.11: Comparison of the measured parallel electric current jmeas
par with

scaling (10.3) in ELMs, red line represents identity.

The swing of parallel electric current density in inter–ELM filament scales as:

ĵsim
par [A/cm2] = 1.67 × 10−25I5.37

P [A]q1.67
95 t0.66

inE [ms]r0.28
sep [m]V̂ 0.24

float[V]d0.13
eff [m]R−0.15

σ

(10.4)
Comparison of the measured and scaled parallel electric current jmeas

par × jsim
par in

ohmic filaments is summarized in Fig. 10.12. The data seems are quite close to
the equality line, but significantly diverging. Low level of measured signals can
be one of the reasons for higher scattering. Correlation factor of the measured
data and scaling is C=0.692, coefficient of determination is R2 = 0.18 only and
the RMS value is 0.37 A/cm2.

The empirical formulas of parallel electric current swing could be significantly
improved by a larger database (ELMs particularly) and a broader range of input
variables (e. g. BT ). However, some of the parameters are limited by operational
stability (low q95) or thresholds of the operational regimes (IP and ne limit for
H–mode).
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Figure 10.12: Comparison of the measured parallel electric current jmeas
par with

scaling (10.4) in inter–ELM filaments, red line represents identity.
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11. Summary
The thesis composes of two parts. In the first part, I have investigated usage of
the Hall sensors as a steady state magnetic diagnostics for future fusion reactors.
The steady state diagnostics is necessary to help control the plasma position dur-
ing long discharges. New Hall sensors based on resilient materials are needed to
operate reliably in harsh environment of fusion reactors. Testing of Hall sensors
is performed at temperature of several hundred of degrees before and after irradi-
ation. I have developed on IPP–CAS a special test bench allowing testing of the
Hall sensors. Its main component is high temperature Helmholtz coil with mag-
netic fields up to B ≈ 200 mT and operational temperatures up to T ≈ 250oC.
High precision data acquisition system allow testing of Hall sensors with very low
sensitivity including metal base d Hall sensors (26).

Testing of InSb–based high temperature Hall sensors (up to 300oC) for fusion
reactor environment was performed. Irradiation of the sample Hall sensors was
performed on research fission reactor LVR–15. Total neutron fluence was only
one order of magnitude lower than the lifetime neutron fluence of the sensors at
(HFS) of ITER ex–vessel position. Comparison of the performance of the Hall
sensors before and after the irradiation shows change in sensitivity in order of a
few percent only and therefore their suitability for the ITER environment (30).
Recalibration of the Hall sensors before each discharge ensures their reliability
during the whole lifetime of the ITER tokamak. However, the fusion power plants
(starting with DEMO) will cause at least 2 orders of magnitude higher lifetime
fluence on the sensors. Therefore, further improvement of these Hall sensors or
new sensing material is needed.

Second part of the thesis is focused on measurement of turbulent plasma struc-
tures and, in particular, on the parallel electric current flowing along them. I have
analysed these structures using a novel diagnostics called U–probe. I prepared de-
sign and commissioned the diagnostics on the COMPASS tokamak (64). Design
is optimized for measurement in the scrape–off layer below the midplane. This
position is suitable not only for statistical measurement of the plasma structures
including rarely measured parallel electric current but also can support inves-
tigation of poloidal asymmetries. Calculation of parallel electric current uses
magnetic signal of diagnostic coils incorporated in the U–probe. I performed
several simulations and measurements to assess reliability of the parallel electric
current calculation. The simulations revealed influence of the global plasma cur-
rent in the confined plasma. Usage of high frequency component of the parallel
electric current signals mitigates this cross–talk.

I compared conditionally averaged plasma structures in ohmic–mode (ohmic–
mode filaments or blobs) and in H–mode (ELMs and inter–ELM filaments). The
ohmic mode filaments and inter–ELM filaments have similar duration. On the
other hand, the amplitude of fluctuations of all parameters measured by the U–
probe are approximately by order of magnitude lower in the inter–ELM filaments
in comparison to ohmic mode filaments. The ELMs are almost 100× longer in
duration, but the fluctuation amplitude of the electrostatic parameters Isat and
Vfloat measured by U–probe are higher only by a few tens of percent (65). The
magnetic field and parallel electric current fluctuations are higher during the
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ELMs by approximately order of magnitude. Part of this increase is caused by
plasma current cross–talk, but the cross–talk can be identified and the level can
be evaluated. Measured parallel electric current corresponds to values measured
on RFX–mod for both L–mode filaments and ELMs.

Correlation of the parallel electric current swing ĵpar with other parameters
describing the turbulent plasma structures or the global plasma was analysed.
This is the first statistical analysis and comparison of the parallel electric current
within the ohmic–mode filaments, inter–ELM filaments and ELMs. Parallel elec-
tric current swing ĵpar in ohmic–mode filaments is correlated significantly with
the swing of poloidal and radial magnetic field B̂pol and B̂rad and weakly with
relative amplitude Rσ and duration of the ohmic mode filament tblob. Parallel
electric current swing ĵpar in the ELMs is correlated with relative amplitude Rσ,
and the ELM duration tELM . Parallel electric current swing ĵpar in Inter–ELM
filaments are significantly correlated with duration of inter–ELM filament tinE

and swing of poloidal and radial magnetic field B̂pol and B̂rad. These correlations
allowed preparation of empirical formulas for evaluation of the parallel electric
current swing. The formulas allow rough estimate of expected parallel electric
current swing within the plasma structure.
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