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Zusammenfassung

In Anbetracht der Erfolge der Fusionsforschung in den letzten fiinfzig Jahren, besteht
eine der wichtigsten Herausforderungen bei Fusionsplasmageraten darin, die Warme-
abgabe zu verstehen und zu handbaben. Insbesondere die Kenntnis der Physik des
Plasmas in der Randschicht ist von wesentlicher Bedeutung. Unter anderem ist die
Ionentemperatur ein Schliisselwert fiir das Verstandnis der Eigenschaften der Rand-
schicht und des Divertorbereichs. Wahrend der Limiterkampagne und der ersten Di-
vertorkampagne am Stellarator W7-X waren jedoch keine Messungen fiir lonen in der
Randschicht verfiighar. Daher wurde fiir die zweite Divertorkampagne am Stellarator
W7-X eine Multikanal-Gegenfeldsonde entwickelt.

Diese Multikanal-Gegenfeldsonde und seine Inbetriebnahme werden in dieser Arbeit
vorgestellt. Die Herausforderungen und Optimierungen wurden diskutiert, angefangen
mit einer einfachen zweidimensionalen Sonde fiir einen Machbarkeitstest am linearen
Plasmagerat PSI-2, bis hin zur ersten Multikanal-Gegenfeldsonde in den Kampagnen
des Tokamak EAST in 2016 und 2017 und schlussendlich der optimierten Sonde am

Stellarator W7-X in der zweiten Divertorkampagne.

In der Vergangenheit wurde gezeigt, dass die schnellen Ionen eine starke Rolle bei
der Stabilitdat von Plasmen mir Randmoden spielen. Daher wurden Messungen von
schnellen Teilchen im Bereich der Randschicht im Tokamak EAST wahrend des Auf-
tretens der Randmoden durchgefiihrt. Mit zusatzlichen Diagnostiken werden die voraus-
gegangene Moden aufgezeigt. Die Bildung und Ausbreitung schneller Teilchen im
Plasmakern und das Auftreten in der Randschicht, gemessen mit der Multikanal-
Gegenfeldsonde, zeigten, dass der Einschluss schneller Tonen in Randmoden weniger
stabil ist als der Einschluss schneller Elektronen und sie schon friither verloren gehen.
Weiterhin wird gezeigt, dass sich schnelle Ionen lokal in der horizontalen Mittelebene

ausbreiten.

Dariiber hinaus ist das Wissen iiber die Ionentemperaturen in der Randschicht fiir ver-
schiedene Transportprozesse wie die ambipolare Diffusion im Plasmarand, die Anstiegs-
zeit des Warmeflusses wahrend der Randmoden und die Plasmakollisionalitdt von
wesentlicher Bedeutung. Da in den vorherigen Kampagnen keine Ionentemperatur-
messungen in der Randschicht des Stellarators W7-X verfiighar waren, wurden wahrend
der zweiten Divertorkampagne Ionen- und Elektronentemperaturprofilmessungen durch-

gefithrt. Es konnte gezeigt werden, dass die Inselstruktur in der Randschicht zu einem




Peak im Elektronentemperaturprofil fithrt, wahrend sich das Ionentemperaturprofil
abflacht. Erste Studien zum Verhaltnis von Ionen- zu Elektronentemperatur wurden
durchgefiihrt.

Zusammenfassend zeigt diese Arbeit die Machbarkeit und Flexibilitat der Multikanal-

Gegenfeldsonde sowohl fiir Tokamak als auch fiir Stellarator.
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Abstract

Considering the fusion research achievements of the past fifty years, one of the most
important challenges of fusion plasma devices is understanding and handling power ex-
haust. The knowledge of the physics of scrape-off layer plasma is particularly essencial.
Amongst other parameters, the ion temperature is a key value for understanding the
characteristics of the scrape-off layer and divertor region. However, during the limiter
campaign and first divertor campaign on the stellarator W7-X, no measurements for
ions in the the scrape-off layer were availible. Therefore a multi-channel retarding field

analyzer was developed for the second divertor campaign on stellarator W7-X.

This multi-channel retarding field analyzer and its commissioning are presented in this
thesis. The challenges and optimisations were discussed, starting with a simple 2-
dimentional probe for a feasibility test on the linear plasma device PSI-2, continuing
with the first multi-channel retarding field analyzer in the 2016 and 2017 campaigns
of the tokamak EAST and finishing with the optimised probe on the stellarator W7-X

in the second divertor campaign.

In the past, it was shown that the fast ions have a strong role in the stability of ELMy
plasmas. Therefore, fast particle measurements in the scrape-off layer region of the
tokamak EAST during ELMs were done. Using additional diagnostics, the preceding
precursors are shown. The formation and propagation of fast particles in the plasma
core and the apppearance in the scrape-off layer, measured with the multi-channel
retarding field analyzer, showed, that the confinement of fast ions is less stable than
the confinement of fast electrons during the ELM crash and they already get lost earlier.

Furthermore, it is shown, that fast ions propagate locally in the horizontal midplane.

Further, the knowledge about ion temperatures in the scrape-off layer is essential for
several transport processes, like the ambipolar diffusion in the plasma edge, heat flux
rise time during ELM and the plasma collisionality. Because no ion temperature mea-
surements in the scrape-off layer of the stellarator W7-X were available in the previous
campaigns, ion and electron temperature profile measurements were done during the
second divertor campaign. It could be shown, that the island structure in the scrape-off
layer leads to a peaking in the electron temperature profile, whereas the ion temper-
ature profile flattened. First studies about the ion to electron temperature ratio were

conducted.
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Summarised, this thesis demonstrates the feasibility and the flexibility of the multi-

channel retarding field analyzer, as well as in the tokamak and stellarator case.
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1 Introduction

1 Introduction

As a new source of power, nuclear fusion is a great opportunity for future power genera-
tion. Regarding the international energy agency, the international energy consumption
will increase by 27 % within the next 20 years. However, using conventional power
sources, like nuclear fission or fossil fuels, is limited due to their limited natural occur-
rence. That’s why the use of so-called renewable energy sources must strongly increase

within the next decades.

Howewver, conventional renewable energy sources, like solar cell or wind turbines, are
coupled to the environmental conditions and therefore can not always be adapted to the
current power consumption. A suitable solution is a nuclear fusion power plant, as an

environmentally independent energy source.

Nuclear fusion is not limited by fossil sources and is environmentally friendly because
no green house gases are released. Furthermore, the operation of such a power plant is

much safer than nuclear fission power plants.

Nowadays, the two concepts for confined fusion are tokamak and stellarator. They will

be explained in more detail in this chapter.

Finally, the aim of this thesis will be expalined in the last part of this chapter.
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1.1 Nuclear fusion plasmas

Using the opposite effect of nuclear fision, several individual particles can be merged
to form larger particles in nuclear fusion. In this case, the binding energy is released
because the nuclei mass is smaller by Am compared to individual particles. Using
Einstein’s energy relation AE = Amc?, this so-called mass defect is transferred into the
form of kinetic energy to the reactants. In the fusion energy research, this mass defect
is used to win energy from the merger of two hydrogen isotopes to a helium isotope.
This energy can subsequently be converted into electric energy in power plants. At the

world’s largest tokamak, ITER, the following reactions will occur: [51]

D+ T — “He (3.5 MeV) +n (14.1 MeV) (1.1)
D+ D — *He (0.82MeV) + n (2.45 MeV) (1.2)

Today’s devices, both stellarators and tokamaks, are currently operated with pure
hydrogen, deuterium, or helium as main plasma species. In future power plants, a

mixure of half deuterium and half tritium will be used.

The strong nuclear force is required for nuclear fusion reactions, which acts in distances
of the order of nucleon sizes. In this range the Coulomb forces dominates. To overcome
the repulsive Coulomb force, the resultant particles must be heated to several hundreds
of keV, depending on relative velocity v between the reactants and their charges 7.
44

ZlZQGQ) (1.3)

E ~ exp (— o
If they overcome this repulsive field, they are able to merge. The generated helium
isotopes then heat the plasma by collisions, are decelerated, and finally leave the plasma
due to particle flow to the plasma edge. The produced neutrons, however, leave the
plasma immediately, since they are not confined magnetically and can be used to
generate electrical energy. In figure 1, the reaction probability can be seen with different

reactants.

As shown in figure 1, the reaction probability of deuterium and tritium is greatest at

around 100 million °C. In order to achieve these temperatures with heating, the contact
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between particles and wall must be prevented. Most suitable are magnetic fields, whose

influence on charged particle motion is described in section 1.2.1.

For a fusion power plant it is important that energy losses are compensated by collis-
sions of the helium particles from fusion reaction with background plasma. The power

contained in the plasma is given by

Pp = nyng (ov) E,V (1.4)

where n are the reactant’s average density, o the reaction cross-section, v the relative
energy, F, the released binding energy, V' the plasma volume and (...) the average over
maxwellian energy distribution of the particles of the fusion cross-section ¢ and the

relativ velocity v.

The total energy loss P, = W/t by radiation and conductive losses through the scrape-
off layer is defined by the energy confinement time 7 inside the vessel and the thermal

energy

W = 3n.kgTV (1.5)

where 7" is the plasma temperature assumed by maxwellian energy distribution.

Using these equations, the conditions for ignition mean that energy won by collision
compensates for energy losses, which can be derived from the energy balance equation

from Lawson [44]

12kpT?

el > Y Bl 4 5/0)

(1.6)

where () is the ratio of power released by fusion reaction to external heating. As shown
in figure 2, in the last half past century, the plasma conditions increased near to the
ignition, but have not yet been achieved. To achieve these conditions, inter alia, the

confinement time must be improved.
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Figure 1: Reaction probability of a gas mixture of various reactants in dependence on
the temperature. [51]
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1.2 Principle of magnetic confinement fusion
1.2.1 Magnetic confinement and drift velocities in fusion devices

The plasma is confined magnetically, to avoid particle and heat losses, and damage of
the boundary components caused by high heat load. That’s why for each particle with

a velocity ¢ and a charge ¢ a Lorentz force acts [60]:

F=qixB (1.7)

For the velocity component v, perpendicular to the magnetic field B , a force acts which
is perpendicular to the magnetic field vector, and the velocity vector and therefore acts
as a centripetal force around the magnetic field lines. Therefore, there is a gyration
with the radius [60]

muv
= 1.8
ST o
and a cyclotron frequency of [60]
B
we = % (1.9)

For velocity component @) parallel to the magnetic field lines, the particles are not
affected. In summary, the movement of charged particles in a magnetic field can be

described as a helical path.

To avoid end losses, in fusion devices the magnetic field lines are toroidal closed, in order
to ensure efficient confinement of the charged particles. The resulting magnetic field,
as well as other externally acting forces, lead to drift movements which are superposed

on the helical motion.

In general, the drift velocity vp can be described by [10]

(1.10)
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The toroidal closed magnetic field system leads to inhomogeneities. Through the gra-
dient of the magnetic field, a force F=— wé acts on particles, which leads to a drift
velocity [10]

—MVE x B

Ulgg = ————— 1.11
fog = V0 (1.11)

A special case thereof is a curved system with radius R, which occurs in stellarators
and tokamaks. There, curvature generates a radial force Fo = mﬁ'ﬁﬁg x B /R and a
drift velocity of [10]

—

mz_fﬁRc x B
VR = — =5 =5

1.12
qR%B? (1.12)
These drift velocities are charge-dependent and therefore, as can be seen in figure 3,
lead to charge separation inside the system, which results in an electric field and a drift

velocity Upywp of the whole system [10]

E x B

e (1.13)

UpxB =
Because the drift would lead to a loss of magnetic confinement, in addition a poloidal
magnetic field is superimposed. This means that the magnetic field lines, in addition
to the toroidal rotation, obtained a poloidal rotation, i.e. are twisted. Thereby, result-
ing charge separation can be neutralised immediately and thus drift velocities can be
neglected.

In Tokamaks, this additional poloidal magnetic field is generated by toroidal plasma
current, e.g. induced by transformer coils. (see Biot-Savart law). In stellarators, this

poloidal magnetic field is generated by external stationary magnetic field coils.

This resulting twisting of the magnetic field lines is characterised by the normalised

rotational transformation® [60]

t(r) T By n

= = — (1.14)
2w RBi,, m

!The rotational transform ¢ is also known as safety factor ¢ = 1/s.
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m,

grad B

Figure 3: Drift motions by magnetic fields without poloidal component. Magnetic field
gradient leads to charge separation. This leads to an electric field and drift.

[60]

i

6.0 6.2 6.4

Figure 4: Flux surfaces in poloidal cross-section, represented by intersection points.
Disturbances in the magnetic field leads to magnetic islands at resonant val-
ues of the rotation transformation. [34]
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and indicates how often (n) the magnetic field lines rotate poloidal in m toroidal
circulations. The resulting magnetic field lines are not closed for irrational values of
the rotational transformation, so thermal charged free particles move on closed flux

surfaces, as shown in figure 4.

This magnetically confined plasma can be described by the maxwellian equations and
the magnetohydrodynamics (MHD) (chapter 2.2.1):

plasma pressure: J X B = Vp (1.15)
current density: V x B = poJ (1.16)
V-B=0 (1.17)

1.2.2 Drift surfaces

The assumption that the particles move along the magnetic field lines is only valid for
Larmor radii that are significantly smaller than the plasma radius. This is usually the
case for thermal electrons. Due to the higher mass of the ions and therefore larger

Larmor radius, this assumption needs to be extended.

The equilibrium of a magnetically confined plasma is given by [25]:
ixB=Vp (1.18)

i.e. the particle flux of thermal particles parallel to the magnetic field lines is predom-

mant.

However, thermal and fast particles have non-negligible energies. If these particles
move with high velocity in toroidal direction with major radius R, the canonical angular

momentum changes [25]:
Py = mRuy — q¥ (1.19)

where the magnetic flux is V¥ = B.
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This leads to a shift of the surface axis and a change of the surface radius by the
Grad-Shafranov shift [25]:

R2
— 0 (1.20)
2eW (Ro)
With increasing particle energy, the shift also increases. The resulting flux surface is

called drift surface.

Furthermore, this shift depends on the direction of the particle movement compared
to the magnetic field lines and leads to a separation of flux parallel and anti-parallel
to the field lines. For high energies, particles which are parallel and anti-parallel no
longer have the same drift surface. For fast ions, this shift is in the order of a few

millimetres.

1.2.3 Trapped ions

In a homogeneous magnetic field the particle motion is independent on the position.
However, since the fusion devices are toroidally closed and thus circular, an inhomoge-

neous magnetic field exists. Therefore, the magnetic moment must also be considered.

The magnetic moment of a particle in a magnetic field B is given by [6]:

2
mui
= 1.21
PB °B ( )
At the same time, the energy conservation is given by [6]:
1
— (pﬁ +p? ) = const. (1.22)

2m

If B increases, e.g. during motion from low field side to high field side of a fusion device,
also v, increases and v decreases. If the magnetic field reaches Br/By = (vg/v.10) [6],

the parallel velocity becomes zero and the particles will be refelcted and turn back.

As a result, the particle is trapped and will be reflected between both turning points.
Thereby, they follow a trajectory, that looks like a banana in poloidal cross-section and

is therefore called banana orbit, as shown in figure 5.
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Figure 5: Schematic poloidal cross-section with banana orbit of ions (red) and electrons
(green) compared to the magnetic flux surfaces (black) in a tokamak. [63].

The trapped particles are defined by the bounce frequency [70]:

vy

wp = €2 (1.23)
V2¢B,
and the banana orbit half-width [33]:
Arg = e 0 (1.24)
we

Especially for ions, the banana orbit width can become large and therefore also the
radial deviation. In this case, the collision of trapped ions leads to a larger radial

transport, defined by the so-called banana diffusion coefficient [70]:

q2
DB = 3 Dclassical
€2

(1.25)

10
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1.2.4 Plasma boundary

The perpendicular transport is mostly suppressed by the Lorentz force. Due to sev-
eral processes like instabilities, turbulence, drifts and collisions, there is still transport
perpendicular to the magnetic field lines. This particle transport perpendicular to the
magnetic field lines, is by a factor of approx. 10® smaller than the transport parallel
to the field lines.

Diffusion of magnetically confined particles perpendicular to magnetic field lines leads
to a particle and heat transport from inside the plasma to the vessel. The interaction

of charged particles can lead to impurities from wall, and damage of vessel components.

The simplest method to reduce the plasma-wall interaction is a so-called limiter (see
figure 6). This limiter intersects with magnetic field lines. Flux surfaces without
contact to the limiter are called closed, and intersected flux surfaces are called open.
As can be seen in figure 6, the last closed flux surface (LCFS), also called Separatrix,
separates the confined region from the scrape-off layer (SOL). Thereby, SOL refers to

the region of open flux surfaces between the LCFS and wall.

The SOL can be divided into two parts. The inner part, e.g. measurable with our
developed RFA probe, with a magnetic field line length in the order of several tens
of metres, is defined by quasi-neutrality and collisional transport and is called near
SOL. The outer part near the wall forms a positively charged plasma sheath without

collisions and is called far SOL.

Because using limiters leads to high flux densities at limiter components, so-called
divertors are more common (see figure 6). The first type is a magnetic divertor, where
magnetic islands are used for better control of impurities. At Wendelstein 7-X, these
islands at plasma edge are produced by the periodicity of the magnetic coil system.
Thereby, the last closed surface is located outside the plasma core. This separation
leads to a reduced particle and optimised heat transport from the core to the SOL

region.

The second type are divertor components located in a wide area at SOL, so that the flux
densities are more distributed (see figure 7). At Wendelstein 7-X, these components

will be chilled to carry away the heat from the third divertor campaign.

The main difference between limiter and divertor based SOL is the ion and electron

source. In the case of the limiter, this particle source is defined by transport from core

11
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limiter case, right: divertor case of the JET tokamak. [21]

Figure 7: Divertor components (red), plasma (yellow) of the W7-X stellarator. [61]
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plasma through the LCFS into the SOL and therefore leads to a relatively simple SOL.
On the other hand, in the case of the more complex divertor, plasma recycling at the
divertor components is an additional particle source, which leads to a physically and

geometrically more elaborated SOL.

The heat source in both cases is given by the heat transport from plasma core through

the LCFS and is composed of heating mechanisms and fusion reactions.

1.3 This thesis
1.3.1 Importance of ion temperature measurements

Ion temperature in SOL region is of key importance to modeling different types of
plasma-wall interactions, which are important parameters for designing in-vessel com-
ponents. But instead of the ion temperature most times the electron temperature
in the SOL region is measured and assumed that T; = T., because there are limited

diagnostics available for ion temperature measurements.

Nowadays, the predictive heat flux calculations with numerical codes, like the EMC3-
Eirene code, use the electron temperature as input parameter. Although they are
able to calculate predictive ion temperatures, the diffusion coefficients are estimated
by the electron temperature and usually constant in the SOL region. However, it is
known, that such coefficients depend, amongst other things, on the local ion tempera-
tures. Therefore, the heat flux in the SOL region and at divertor modules also strongly

depends on the real ion temperature distribution.

In figure 8 it can be seen, that some experiments showed a higher ion temperature
than electron temperature in the SOL region. In addition, a few empirical approaches
to determine a formula for the ion-electron temperature ratio (e.g. [43], [42], [20]) are

given.

Different to electrons, ion temperature can not be measured with the commonly used
Langmuir probe, because the measurements would include ions and additionally elec-
trons, due to their lower mass. Therefore, an ion temperature probe called multi-
channel retarding field analyzer was investigated, enlarging the already known retarding-

field analyzer.
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Figure 8: Ion-electron temperature ratio of different experiments plotted over nor-
malised plasma radius. [44]

1.3.2 Development of the multi-channel retarding field analyzer

The design of a single-channel retarding field analyzer (e.g. [50]) has been known
for several years. However, array-like measurements for ion temperatures are still not
currently availible. Using a multi-channel retarding field analyzer, much more ion

related physics can be investigated:

e Simultaneous ion temperature and electron temperature measurements

e Simultaneous measurements of ion temperature fluctuations at different radial

position
e Determination of radial fast particle propagation

In chapter 4.1.1, the development of the multi-channel retarding field analyzer is shown.
Starting with the basic design and first test in the linear plasma device PSI-2, the
feasibility will be shown in chapter 4.1.2. Because previous publications (e.g. [42]
showed an influence of the design parameters on the measurements, the dependence of

ion sensitivity on the parameters was calculated and is shown in chapter 4.1.2.

In chapter 4.2.1, the commissioning of the probe on the tokamak EAST is shown and

supplemented by first measurements of fast particles and ion temperature profiles. The
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commissioning of the improved multi-channel retarding field analyzer will be shown in
chapter 4.2.2. Further, a list of obstacles which occured, and their solutions will be

provided in chapter 4.2.3.

1.3.3 Determination of ion temperatures and fast particle appearance in the
SOL region

As previously mentioned, the ions have a key role in various processes. During ELMs in
tokamaks for instance, fast ions usually get lost earlier, due to their stronger sensitivity
to magnetic perturbations. Indeed, ions have a strong contribution to divertor heat
load. However, apppearance and propagation in the SOL region is barely investigated

due to limited diagnostics.

Using the retarding field analyzer, fast particles during ELM on the EAST tokamak
were measured and shown in chapter 5. First, the plasma conditions and the preceding
precursors during experiments will be explained. Afterwards, the appearance and the
propation of both fast ions and fast electrons in the plasma core were measured by using
neutral particle analyzers and heterodyne radiometers. Furthermore, the propagation
of both species were measured, using the retarding field analyzer and divertor Langmuir
probes. It will be shown, that fast ions have more localised propagation than fast
electrons during the ELM crash. In the last part of chapter 5, an observed postcursor
in the fast ion contribution, detected in the plasma core and the SOL region, will be

shown.

Furthermore, the ion temperature is of key importance for modelling in the SOL and
divertor region. That’s why ion temperature measurements were done on the W7-X
stellarator. In chapter 6, the plasma conditions and the magnetic edge island topology
will be introduced. Although, the so-called standard configuration was used throughout

the experiments, the island size could be adjusted using additional control coil currents.

Nowadays, mostly 7, = T; is used for numerical simulations in the SOL region. How-
ever, experiments showed that the ion temperature is higher than electron temperature
in the SOL region and differs in the peaking of the profiles inside the edge island. Mea-
surements for different control coil currents are shown in the second part of chapter 6.
Further, the interplay between plasma collisionality and ion to electron temperature

ratio will be shown in the last part of chapter 6.
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Summarised, fast ion and ion temperature measurements with the multi-channel re-
tarding field analyzer were successfully done in the tokamak EAST and the stellarator
W7-X.
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2 Transport processes in perturbed plasmas

2 Transport processes in perturbed plasmas

This chapter gives a short summary of the fluid description of plasmas. Further, the

transport processes and the evolution of its calculation will be shown.

Mainly, the particles follow the magnetic field lines. Nevertheless, there is perpendicular
transport due to different processes. Generally, there are three types of mechanisms,

which cause perpendicular transport [19]:

e (Classical: Because there are several particles, they collide jointly with another
particle. This leads to a small offset of the momentum and a changed radial

position. This mechanism leads to convection and conduction.

e Neoclassical: The geometry of the reactor, both stellarator and tokamak, is inho-
mogenious, which introduces additional effects like banana orbits. This leads to

new diffusion effect, which modifies the classical diffusion.

o Turbulences: MHD description includes several types of instabilities, which lead to
fluctuations in plasmas. This turbulences also lead to radial transport of particles

and energy.

In the first part, specific perturbed field topologies will be introduced. Because perturbed
topology has a strong impact on the edge particle and heat transport, the temperature
and density in the plasma edge, as well as the confinement, will also be influenced, as

shown in chapter 5 and 6.

In the second part, the different transport mechanisms for the different perturbed plas-

mas will be introduced in more detail.
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2 Transport processes in perturbed plasmas

2.1 Plasma exhaust in perturbed boundaries

In steady-state operation in stellarators and tokamaks, radiation losses and heat power
deposition on limiter or divertor targets are equal to the power input defined by the
heating power. To achieve such steady-state operation in stellarators and tokamaks,
the peak power load value to the limiter or divertor targets has to be reduced. In case
of ITER, the external heating power of 40 MW [14] has to be handled in a way that
the peak heat load on the target is less than 10 MW /m? .

For this, two approaches are available. First, the power in the scrape-off layer can be
reduced by radiation due to impurities in the plasma edge. Experiments on the ASDEX
Upgrade tokamak showed that a reduction of up to 90% can be reached without energy

confinement losses in the core plasma [26].

Second, the heat load profile on the limiter or divertor targets can be broadened, so
that the peak value decreases. Therefore, usually perturbations in the magnetic field
topology or plasma will be used to change the magnetic topology. Thereby, the heat
transport is dominated by convective and conductive heat transport. Due to a large
anisotropy between parallel and perpendicular heat transport, the radial temperature

profile flattens and the peak heat power value decreases. [36]

2.1.1 Resonant magnetic perturbation

As described in chapter 1.2.1, the twisting of the magnetic field lines and therefore
the ratio between toroidal By and poloidal magnetic field By is given by the rotational
transform ¢ or the safety factor ¢. If the safety factor ¢s of a flux surface becomes
rational at minor radius r = ry, it is called resonant flux surface. In this small layer,
the ideal MHD equations used in the bulk plasma have to be replaced by the resistive
MHD equations because the resistivity in the resonant flux surface becomes important.
[36]

Subsequently, ideal and resistive MHD equations have to match at the boundary of
the resonant flux surface. This leads to a discontinuity of the radial derivative of the
perturbed poloidal flux ¥, which is defined by the “tearing stability index” [23]:

Tdr (2.1)

ok
=5

Ts
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2 Transport processes in perturbed plasmas

and can be interpreted as degree of available free energy, which starts a growth of a

magnetic perturbation. The growth rate ij—f of the width w of the resulting so-called

tearing modes is therefore given by [62]:

d
O.827’rd—zf N (2.2)

where rg is the minor radius of the non-perturbed resonant flux surface and 7, represents

the current diffusion time [62].

(Classical tearing modes in the plasma core are already unstable in the linear case.
However, in the scrape-off layer boundary they are mostly stable. (see figure 4) [23] A

detailed derivation of the arising magnetic islands in stable case is given in [23].

_.{--Separatrix

.- O-point

|..- X-point

Figure 9: Magnetic island structure in poloidal cross-section with O-point, X-point and
separatrix. [37]

As shown in figure 9, the flux surface is replaced by a locally nested flux tube, where
the axis of this local flux tube is called O-point. The outermost flux tube, where the

flux tubes intersect is called X-point.

The distance between innermost and outermost points in minor radial direction is called

island width w and is the stationary stable case of the growth rate %2 = 0 [36]:

v
w = 4qs\/m (2.3)
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2 Transport processes in perturbed plasmas

The resulting structure connects inner and outer parts of the plasma. On the one hand,
the distance between innermost and outermost points of the magnetic island along the
magnetic field lines is larger than perpendicular. On the other hand the particle and
heat transport along the magnetic field lines is larger than the perpendicular transport.

As a result, the radial temperature profile inside the magnetic island becomes flattened.

The degree of flattening is thereby defined by the ratio of island width w, the toroidal
mode n (see chapter 1.2.1) and scale island width w,. [36]:

2.1.2 Ergodic magnetic field

N

As described in chapter 2.1.1, magnetic islands can arise in perturbed magnetic topolo-
gies. For magnetic configurations, where various resonant flux surfaces occur in the

plasma edge, a so-called ergodic magnetic field can arise.

If the radial distance between two magnetic islands is smaller than the width of both
islands together, the outer island flux surfaces intersect. As result, the field lines will
be partly destroyed and a chaotic (called ergodic) layer builds up (see figure 10). The
degree of the overlap is thereby characterised by the Chirikov parameter, defined by
the island widths w and minor radii r of the resonant flux surfaces [12]:

(w1 + we) /2

=~ "= /" 2.5
och rl —r2 (25)

Due to the chaotic orientation of the magnetic field lines inside the ergodic layer,
the transport parallel to the magnetic field lines also have an influence on the radial
transport. For large anisotropies between parallel and perpendicular particle and heat

transport, the radial temperature profile also flattens, like in a pure magnetic island.

The temperature profile first flattens in the remaining island structures. If the anisotropy

becomes larger, the temperature profile also starts to flatten in the ergodic layer.
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2 Transport processes in perturbed plasmas

Figure 10: Poloidal plot of an ergodic layer with o¢, = 1.6 produced by overlapping
3/2 and 4/3 magnetic islands in ASDEX Upgrade. [36]

Figure 11: Camera image made during ELM instability in the MAST tokamak. The
perturbation leads to plasma filaments, which can be seen. [55]
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2 Transport processes in perturbed plasmas

2.1.3 Edge localised modes

So-called edge localised modes (ELM) typically occur the during high performance op-
eration (H-mode) of a tokamak. Large gradients in pressure, density, temperature or
current profiles of H-mode plasmas can drive resonant high mode number MHD insta-
bilities. Mostly, these instabilities are ballooning or peeling modes. A more detailed

description can be found in [46].

Whenever the growth of these filaments exceeds the linear MHD limit in in pressure,
density, temperature, current, or magnetic field, the instability growth nonlinear until
the local confinement collapses. The time delay between start of the ELM and max-
imum temperature is in the order of 100 ps and described by the so-called heat flux
rise time [46]:

2mqos R

T VEA Ty 20

After the collapse, the profiles flatten due to the losses. Afterwards, the mode can grow
again. A fraction of the ELM energy becomes free after the collapse and propagates
outwards through the scrape-off layer. Additionally, particle confinement becomes lost,

and fast particles propagate through the scrape-off layer.

Mostly, not only a single mode arises, but a more complex system given by a set of
toroidal mode numbers between five and fifteen [46]. Such an ELM system is called
ELM filamentary and can be measured in the scrape-off layer and divertor by a tem-

porary temperature, density or current increase (see figure 11).

2.2 Transport processes

2.2.1 Plasma as fluid

A usual way to describe plasma is the so-called fluid description, where infinite small
cells with a single particle probability distribution function f (v, r,t) of particle velocity

v, position r and time ¢ were used.

The basic balance equation for so-called magneto-hydro-dynamic (MHD) plasmas is

the time derivation of the distributed particles. Because of particle conservation, the
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2 Transport processes in perturbed plasmas

absolute derivative is ideally zero, so the Boltzmann equation is given by:

i _of , dv
= Vf Vof" =0 (2.7)

dt
For general particle motion is dx/dt = v and for simplicity, particles will be forced
only by electromagnetic field. Because plasma systems are not ideal, there are losses

by collisions. Therefore, the continuity equation can be derived from equation 2.7:

of

af
8t " W f T <E - v B> v f ( >collisi0n (28)

ot

For momentum conservation, the continuity equation can be developed for ion-electron

collisions ~ muv and their frequency ~ nv,, [40]:

mn <g: (0V) 17> = ngE — Vp — minw, (2.9)

This distribution can be used to calculate quantities like particle density n, fluid veloc-
ity « and temperature T" to simplify the evolution equations. The so-called moments

of the particle distribution function f are defined by:
n = / f(@)d (2.10)
i = vf (V) d®v (2.11)
T = -y (v —u)® f (7) d*v (2.12)

By using these moments of the distribution function and integrating the Boltzmann

equation (equation 2.7), the particle balance equation is given by [30]:

8” ie
E —+ \Y% (TLU) San (213)

where S are the particle sinks and sources by ionisation or neutralisation.
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2 Transport processes in perturbed plasmas

The momentum balance equation is given by [30]:

0 )
5 (mnu) + V (mnu2 + P) = Sfmv + S5 v+ Sawv (2.14)

where S\, and S¢ ; are sources and sinks by collisions and S¥ ., by other forces. The

pressure tensor P is defined by the viscosity tensor? II and the scalar pressure p and
can be calculated by [30]:

p=nT (2.15)
II =mn [<v2> - % (v*) I] (2.16)
P=pl+1I (2.17)

The energy balance equation is given by [30]:

0 (3 1 5 1 i
5% (ﬁnT + §mnu2) +V (ﬁnTu =+ Emm/?u +q+ UH) = S;EE + Sar + Sap  (2.18)

where SI;, S and S¢, are energy sinks and losses, and can be used to calculate

plasmas.

The heat flux density ¢ is defined by [30]:

q =5 (") (2.19)

Due to large transport along the magnetic field lines, the density and temperature dis-
tribution follow the topology instantaneously. That’s why stationary case is reasonable
and the time derivation can be neglected. In this case, the plasma current density can
be described by [40]:

j= E— Vn (2.20)

for high collisionality vy, >> v, where v/ term is neglected and adiabatic plasma Vp/p ~

Vn/n is assumed.

2vivj are two arbitrary vectors given by the dyadic product v;v; = vivd eje; and (...) is an averaging

operator like the moments of f
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2 Transport processes in perturbed plasmas

The first term is driven by an electric field, p.e. produced by charge separation. Gen-
erally, this term is small in near SOL compared to the second term, which is driven by

the density gradient.

Because the plasma is quasi-neutral, the E-term of equation 2.9 can be neglected in

first order. In this case, the force equation is given by [3]

d
mnd—? — _Vp+jxB=0 (2.21)
This equation defines the change of fluxes and therefore needs, in addition to the
current density, information about the magnetic field. For this, the low frequency case
of the maxwellian equations is suitable, which is given for slow F changes.

: oF :
VB = jpj + Coto 5~ A HoJ (2.22)

Using the equations 2.20 to 2.22, the confined plasma, more precisely the magnetic

field, current density and pressure, can be described.

To also describe the binding forces from the magnetic field to the plasma, the so-called
plasma pressure is used. This magnetic pressure can be derived by combining equation
2.21 and equation 2.22 and is given by [66]:

B2

mag — o5 2.23
p g 2,“0 ( )

To define the pressure and power of of the plasma relative to the magnetic field strength,
the so-called relative pressure # was introduced, which is the ratio of thermal pressure

and magnetic pressure [66]:

B=L0 — paB?/2p (2.24)

mag

Derivations of further MHD equations can be found in several other publications. (e.g.

31)
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2 Transport processes in perturbed plasmas

2.2.2 Scrape-off layer transport in limiter configuration

If there are no particle sources or sinks, the particle flow perpendicular to the magnetic
field lines into the SOL is balanced by the parallel particle losses at limiter. [44]

d

where L is the magnetic connection length and I'j ~ nwvj. The cross field particle
diffusion coefficient D, is defined by [44]
dn
' =-D,— 2.26
=, % (2.26)
Considering sources and sinks within the SOL, like ionisation and recombination and
Si, > Siec, the particle conservation equation VI' = S = S, — Siec leads to an advanced
equation 2.25 [24]:

Iy

Ap = ——mM8M8M—
g Siz—i-F”/LlHZ

(2.27)

and

= (/OLl Sizsd‘o“) / (/OLl Sizds) (2.28)

In the case of such volumetric sources, the connection length will be replaced by the
ionisation-weighted length. Moreover, there is an additional term for parallel transport
and leads to a reduction of Ap [24]. When Sj, < n/7) equation 2.28 approaches again
to the simpler equation 2.25.

If, for simplicity, it is assumed that L), vy and D, are independent of minor radius r,
the density distribution can be described by [44]

n (r) ~ nyors - xp (— (r A_n “>) (2.29)

where ny,crs is the density at the last closed flux surface and )\, the density e-folding

length.
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For energy balance equation, equally 7; is obtained by [44]:

T (r) ~ Ticrs - exp (- (r A_T a>> (2.30)

The corresponding particle flux and heat flux decay lengths are defined by [15]:

1

A\ = 2.31
" (1A +0.5/Mr) (2:31)
1
N\ = 2.32
T (/A + 1.5/ M) (2:32)
Thereby, the heat transport coefficient can be determined by [44]
)\21}”
D, =21 2.
o (2:3)

To describe this diffusion coefficient, many different approaches have been made in the

past. The most important ones are briefly presented here.

The so-called classical transport is caused by collisions of the gyrating particles. The
time step of the diffusion is given by the collision frequency At = 1/v and step length
is given by gyration radius 7. If random walk is then assumed, a diffusion coefficient
is given by [19]:

D =riv (2.34)

The collision frequency thereby is defined by [7]:

Ve In Ae*n

VT2 T 121028 /mTe

(2.35)

The so-called coulomb logarithm is the logarithmic ratio of minimum distance between
particles given by the repulsive field between particles and particle energy and the
debye length.
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To estimate the ratio between particle losses caused by intersected field lines and by

diffusion, the dimensionless parameter plasma collisionality v* is defined [58]:

connection length

*

= 2.36
trapped particle mean free path ( )

o\ /2
—u (D) 2.37
v (T) I (2.37)

The plasma collisionality indicates which transport process in the scrape-off layer dom-
inates. For v* < 10 the convective transport dominates, for »* > 10 the conductive

transport dominates. (see chapter 2.2.3)

There are also other drive mechanisms like magnetic or electric fields, and density or
temperature gradients, which could lead to diffusion. For the isothermal case, described

by equation 2.20, the mobility given by the electric field driven term is [40]:

lq|

== (2.38)
and the diffusion coefficient given by the density gradient driven term is [40]:
kT
Dy == (2.39)
MUy

In this case, perpendicular particle flux is given by the parallel particle losses caused
by electron-ion collisions. Therefore, the mobility perpendicular to the magnetic field

lines is given by [40]:

M
S | — 2.40
HL=7 + wiT? ( )
and therefore
D
D =—— 2.41
Tl wr? (2.41)

The fact that ') < I’ is given, shows that the SOL is defined by thin flux layers and

its is decay mostly defined by the ratio of perpendicular and parallel particle transport.
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If a strong magnetic field w?7? > 1 is assumed, the perpendicular diffusion is approx-
imated by [40]:

kT
p, =LY

2
v

_m 2.42
mvy, wg  B? (2.42)

However, this would result in a faster decay of the electrons, because of the higher
mobility. The arising electric field leads to a counteracting force, which maintains the

quasi-neutrality. The resulting so-called ambipolar diffusion is defined by [24]:

/JJiDe + NeDi

Damb -
223 + He

(2.43)

Because generally f. > p; is given, the ambipolar diffusion can be described by [24]:

T,
Damb - Dz (1 + T) (244)

However, experiments in the past shown a B~! dependence instead of the derived B~2
dependence of the diffusion coefficient. Likewise, the range of D ~ 1073m?/s does not
fit with measured diffusion coefficients. So more complex diffusion processes had to be
found. The so-called Bohm diffusion coefficient can be described by [4]:

1 kgT

D, = Dpohy = ——— 24
i Boh 16 4B (2.45)

The Bohm diffusion coefficient has a value of ~ 1m?/s for modern stellarators and

tokamaks and still matches with simulations of SOL plasma.

However, classical transport can not explain the diffusion coefficient measured in ex-
periments. That is why diffusion of trapped particles (called neoclassical transport)
will be included in the next step. As described in [19], charged particles can be trapped
in low magnetic field strength between two high field parts. There, such particles move
on so-called banana-orbits, which have a significantly larger radial extent than gyra-
tion. In this case, the step width in diffusion is defined by the banana orbit width

wp and the time step is defined by the collision frequency veg, for collisions, where
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2 Transport processes in perturbed plasmas

trapped particles change v, /v in such a way, that they are no longer trapped. Thus,
the neoclassical diffusion coefficient is given by [19]:

(]2

Dypeo = ——
neo 63/2

Dclass (246)

with the safety factor ¢ = 1/¢ and aspect ratio e = R/7.

Superposed to this diffusion caused by collisions, there are diffusion processes caused by
turbulences. Small fluctuations in temperature, density, or the magnetic or electric field
lead to diffusion processes like electrostatic (ES) and electromagnetic (EM) processes,
which can be estimated by [24]:

ES _ _ nE/\>
' = (nv,) = 5 (2.47)
ﬁCSBL
= —< 5 > (2.48)

where the tilde values are fluctuation quantities (p.e. T =T — (T)).

In the following table some typical values of the different kinds of diffusion coefficients
for EAST and W7-X cases are given.

type D [m?/s]
classical ~ 1074
neoclassical ~ 1073
Bohm ~ 10°
EM/ES turbulence  ~ 10!

Table 1: Perpendicular particle flux for typical SOL plasma parameters

As shown in table 1, the particle transport perpendicular to the magnetic field lines is
underestimated by classical and neoclassical diffusion coefficients. The Bohm diffusion
coefficient is in the order of the measured values, it is simply empirical. The largest

contribution to the perpendicular diffusion of the SOL region is given by turbulences.
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2 Transport processes in perturbed plasmas

2.2.3 Scrape-off layer transport in divertor configuration

Due to the fact that the magnetic connection length at divertor is dependent on the
minor radius 7 in the SOL in the divertor configuration used on W7-X, the previous
approximation for limiters is not accurate enough. For this reason, a more accurate

description for the SOL region is needed.

Generally, the energy balance equation of a plasma is given by [68]:

03 5 . .

where I' is the particle flux density, ¢ the heat flux density, u the flux velocity and p

the plasma pressure.

For a fully ionised plasma with single ion species the heat flux density can be described
by [7]:
5 enT

q=—x V)T — x VT + 526323 x VT (2.50)

under the condition wr > 1.

The first term describes the parallel and the third term the poloidal heat transport.
Because the heat conductivity parallel and perpendicular to the magnetic field lines
are driven by different physical processes, the parallel component x| is typically 10°
up to 10 times higher [24] than the perpendicular component | .

The parallel heat conductivity is thereby given by the Spitzer-Héarm expression [24]:

X” = 3.21)56)\6 ~ L”Ute/l/: (2.51)

where vy, = /kgT/m is the electron thermal velocity, \. = w7, is the electron-
ion-collisional mean-free-path and v* the electron collisionality, where v* = Lj/). is

typically in the range of 10 — 100 in the near SOL.

For far SOL case (v* < 10), the heat transport is not longer defined by the conductive
transport, but by convective transport, where the heat transport is carried by the

particle transport.
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Because it is only possible to measure radial and thereby only perpendicular ion temper-
ature distributions with the midplane manipulator probe, the second term of equation

2.50 is investigated in this work. In this way, the equation can be simplified to:

q=—x1V.T (2.52)

where the thermal conductivity for ions is defined by [7]:

n;T;
2
mw; T;

X1 =2 (2.53)

with confinement time 7 and gyration frequency w.

The temperature decay length thereby is defined by the confinement time in a flux sur-
face and perpendicular velocity. Although, the particle transport and the heat trans-
port are clearly decoupled in the scrape-off layer plasma (see chapter 1.2.4), assuming

advective transport v,,, = v, leads to a correlation between both decay lengths [24]:

1
ﬁz%zﬁ% Eﬂ 2i (254)
AT Gy T, m.,) v* ’

Superposed to the conductivity driven heat transport, there are turbulence driven
heat transport processes like electrostatic and electromagnetic processes, which can be
estimated by [24]:

3 3 <TEA> 3
ES _ OgmES | 9 _ 9
q; = 2TPL +t3n—pg 5 (nTv,) (2.55)
5 <ﬁcsBL> 2\ L
EM 1 Il
=7~ 7 _ —= ) — 2.
w =573 U\ B2/ X (2.56)

To understand the heat and particle flux and its interplay with magnetic topology is

one of the significant tasks for future power plants.
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2 Transport processes in perturbed plasmas

2.2.4 Transport processes in stochastic layers

As introduced in chapter 2.1.2; a stochastic layer can arise caused by the overlapping
of two magnetic islands or can be driven by dynamic processes such as ELM. The
chaotic trajectories in ergodic layers result in a parallel contribution to the radial heat
transport, which increases the radial diffusion due to the significantly higher parallel

transport.

More detailed descriptions can be found in [39], [67] and [45], in which three collisional

subregimes were identified. They are defined by the characteristic electron diffusion

times:
7= L3/x) (2.57)
e =Li/x| (2.58)

The corresponding characteristic lengths for a m/n magnetic perturbation are defined
by [45]:

Lo ~ qRy (2.60)
L~ [L3/ (K2 Dy)] " (2.61)
Dy = Lo Z Brm/n/Bs)’ (2.62)
ki~m/r (2.63)
Ls = ¢*/ (rdq/or) (2.64)

where B, ,,/, is the radial component of the perturbation, Dy, the magnetic diffusion
coefficient and k; the perpendicular wave vector. The different regimes can thereby
divided into [45]:

fluid regime (fl) :7) < 7 <7 (2.65)
Kadomtsev-Pogutse regime (KP) 7y < 7, < 7, (2.66)
Rechester-Rosenblith regime (RR) 7 < 7, < 71 (2.67)
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2 Transport processes in perturbed plasmas

The increase x; of the radial heat diffusivity without stochastivity x, = x1 + x; is
[45]:

X:fl = DMXH/LO (2.68)
1/2

Xixp = Du (xexp) Pk, (2.69)

Xorr = Dux/Li (2.70)

This increase in the radial diffusivity leads to a flattening in the density and temper-
ature profile. Therefore, ergodic layers are a promising method for future devices, to

distribute the heat load and protect the divertor modules.

2.3 Heat transport in magnetic edge islands

As mentioned in chapter 2.1.1, the scale island width w, is a key value to determine

the radial heat transport through the edge island.

For high a parallel diffusion coefficient, the parallel transport domintes. In this case,
the heat propagates from the inner to the outer separatrix by parallel transport along
the magnetic field lines. Afterwards, the heat will be transported from the separatrix
to the O-point slower. In such a case, definied by o <1 the temperature profile is

usually peaking at the edge island structure.

For this case, the increase of the radial heat diffusivity x = (x, — x1) /x.L was eximi-

nated by [35] with:
w\4
~ [ = 2.71
o () .1

Whereas, the heat transport for ->- > 1 was examinated with:

K~ <wﬂ>2 (2.72)
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2 Transport processes in perturbed plasmas

In this case, the perpendicular heat transport is stronger and the radial transport
across the edge island is dominated by a diffusion from the inner separatrix, across
the O-point, to the outer separatrix. In this regime, a significant flattening of the

temperature profile can be found, as shown in figure 12.

————— unperturbed
--------- 1z =1.610°
————— 1,/ =2.610°

1l =4.210°

e =6.7-10

----- - e =1110°

0.3 035 04 045 05 0.55 0.6

P

Figure 12: Radial profiles of the poloidally and toroidally averaged temperature distri-
bution within an magnetic island for different anisotropies. [36]
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3 Utilised fusion devices and diagnostics

This chapter focuses on the fusion devices, which were used for the retarding field

analyzer experiments in chapter 5 and 6.

In the first part, both devices will be introduced and the respective advantages will be
shown. The EAST tokamak is a midsize tokamak, which is suitable for edge localised
plasmas and investigations of particle confinement during ELM. On the other hand, the
stellarator W7-X is most suitable for measurements of the of edge topology on plasma

parameters, due to the static edge islands.

In the second part, available edge diagnostics will be explained and the importance of
developing an ion diagnostic will be shown. Therefore, the different methods of density

and temperature profile measurements will be described.

In the last part, two diagnostics for fast particles will be briefly explained. Especially
for the experiments in chapter 5, these diagnostics are essensial because the appearance
of fast particles after an ELM crash indicates the confinement of fast ions in ELMy

plasmas.
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3 Utilised fusion devices and diagnostics

3.1 Fusion devices

In fusion plasma research there are usually two types of devices, called tokamak and
stellarator. To investigate the interplay between the particle and heat transport, and
magnetic topology in the SOL region, measurements on the tokamak EAST in Hefei
(China) and on the stellarator W7-X in Greifswald (Germany) were done. Both devices

are described below.

3.1.1 EAST

The experimental advanced superconducting tokamak (EAST), is a steady-state-capable
device for high temperature fusion plasma research which began operating in 2006. It
is the first tokamak with fully superconductive magnetic field coils and is used to

accomplish a scientific and technological basis for fusion power plant tokamaks.

Figure 13: Magnetic coils system of EAST: D-shaped toroidal coils (green), poloidal
and central solenoidal coils (purple). [57]
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3 Utilised fusion devices and diagnostics

major radius: 1.85 m
minor radius: 0.45 m
magnetic field: 3.5 T

toroidal current: 1.0 MA

Table 2: Technical specifications of EAST

Figure 14: Magnetic field cross-section at double-null-configuration at EAST. core
plasma (colored flux surfaces), separatrix (purple), SOL (gray flux surfaces)

[11]
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As shown in figure 13, the magnetic coil system of EAST consists of two coil sub-
systems. The toroidal magnetic field inside the tokamak is produced by 16 supercon-
ductive D-shaped coils. Additionally, there is a second set of 6 vertical and 6 central
solenoid superconductive coils, to produce a non-conductive poloidal magnetic field.

The technical specifications of EAST are given in table 2.

Similar to most tokamaks, EAST is approximately a 2D magnetic field system. The
poloidal magnetic field cross-section is independent on the toroidal position, as shown
in figure 14. The toroidal magnetic field is given by the coils, whereas the poloidal

magnetic field component is partly induced by the toroidal plasma current.

As shown in figure 14, the SOL region of EAST is defined by magnetic divertors.
In single null configuration, one additional superconductive coil is located above or
below the plasma vessel (in double null configuration both coils). This leads to a so-
called separatrix, meaning that there is a self-intersecting flux surface which divides

the plasma into confined region and SOL region.

The magnetically confined plasma can be heated by electron cyclotron resonance heat-
ing (ECRH) on 60, 110 and 118 GHz up to 0.5 MW [74], ion cyclotron radio-frequency
heating (ICRF) in a range of 25 MHz to 70 MHz up to 12.0 MW [73], lower hybrid
current drive (LHCD) at 2.45 GHz up to 2.0 MW and 3.75 GHz up to 1.5 MW [27]
or by neutral beam injection (NBI) up to 4.0 MW heating power. Throughout the

experiments, pure deuterium plasmas were used.

Due to intensive studies of resonant magnetic perturbed plasmas at EAST (e.g. [69]),
it is particularly suitable for investigations of the influence of magnetic field topology

on the plasma wall interactions.

3.1.2 W7-X

The stellarator Wendelstein 7-X (W7-X), from the group of optimised stellarators,
started operation in december 2015 and allows to draw conclusions about the suitability
of power plant stellarators. W7-X is a helical-axis advanced stellarator and aims at

steady state operation with reactor relevant plasma collisionallity and plasma f3.

As shown in figure 15, the magnetic coils system of Wendelstein 7-X consists of two coil
systems. The helical magnetic field inside the Stellarator is produced by 40 nonplanar

3D superconductive coils, optimised for stable and heat insulting magnetic confinement.
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Figure 15: Magnetic coils system of W7-X: optimised helical coils (blue) and additional
coils (red) for adapting the magnetic field. [52]

Z [em] |Z [em]

-+ 100.0

R [em]
700.0

—+-100.0

Figure 16: Magnetic field cross-section at 5-periodic turning points at W7-X. left at
¢ = 0° and right at ¢ = 36°. [2]
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major radius: 5.5 m
minor radius: 0.53 m
magnetic field: 3T
plasma volume: 30 m?

Table 3: Technical specifications of W7-X

In order to vary the magnetic field, a second set of 20 planar superconductive coils is

superposed.

W7-X started as limiter based device for the first campaign with non-circular magnetic
field cross-sections and was upgraded to a non-cooled island divertor based stellara-
tor in 2016. As shown in figure 16, the cross-section switches 5-periodically between
bean shape and triangle shape. Due to this 5-periodicity, the magnetic field topology
forms magnetic islands at resonant rotational transform values (%) Because there are
divertors located inside these magnetic islands, the plasma heating is suppressed by
intersecting the flux surfaces. Thereby, the magnetic island region becomes a scrape-off

layer.

In the limiter campaign, as well as in the first two divertor campaigns, hydrogen and
helium plasmas were used. The technical specifications of W7-X are given in table
3. The plasma on W7-X is heated by electron cyclotron resonance heating (ECRH).
Therefore, 10 gyrotrons with 140 GHz and up to 10 MW microwave power are available.
For standard scenario at 2,5 T this leads to X2 on-axis heating. [59] For a lower
magnetic field, off-axis and higher harmonic heating are also available. This heating

guarantees, that the heat source inside the SOL is only given by transport from core
plasma through the LCFS.

A benefit for further studies of the particle and heat transport in the SOL region is
that in W7-X, the torioidal and poloidal magnetic field can be completely generated
by external coils. Therefore, the rotational transform in the scrape-off layer can be
adapted and thereby the magnetic field topology, especially the edge island size, can

be varied.
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3.2 Edge diagnostics

At WT7-X, different diagnostics are available to obtain ion and electron parameters
to investigate the particle and heat flux distribution in the plasma edge. The used

diagnostics and its applications are listed below.

Used additional diagnostics

Divertor Langmuir probe: T, n.

Spectroscopy: particle flux } @divertor

Infrared camera: heat flux

Spectroscopy: T.n,

Ion sensitive probe: T;n; } @SOL

Retarding field analyzer:  T;n;

EMC-3-Eirene modeling: T, n.,T;n; linking SOL and divertor

The devolped multi-channel retarding field analyzer for ion parameter measurements
and Langmuir probe for electron parameter measurements will be described in detail
in chapter 4. The ion sensitive probe is a new probe design, described detailed in [22].
It features a structure much like the Langmuir probe, which the addition of an electron
replying tube which surrounds the pin. Similar to a single Langmuir probe, I-U char-
acteristics will be measured. All three probes were used on the the fast multipurpose

manipulator at W7-X.

These methods interact directly with the plasma and therefore influence it. Other pos-

sibilities include the the non-invasive methods like spectroscopy and infrared camera.

3.2.1 Non-invasive diagnostics

Spectroscopy: In the plasma edge a small proportion of particles which are not yet
fully ionised are still availible due to the lower temperature. Bounded electrons change
between different electric states and emit radiation, where the wave length is defined
by the energy difference between these states. For He plasma, generally the transitions
3'D — 2'P (A = 667.8nm) and 315 — 2! P (\; = 728.1nm) were used to determine n
and additionally 33S — 23P (A, = 706.5nm) to determine 7.
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n [cm'3 ]

Figure 17: Temperature and density dependence of the ratios of the measured in-
tensities of the three transitions. solid lines: 19 = I;/I5, dashed lines:
T'3g = 13/12. [8]

To calculate temperature and density, the intensity of the emitted radiation of the
specific wave lengths will be measured and compared with the data set of Brix [8] (see
figure 17).

Infrared camera: Another method for divertor measurements is via infrared camera.
It is exploited that heat flux at divertor leads to an increase of the target temperature.
Due to this temperature, the target emits radiation like a black body. In the case
of black body, the intensity of the signal depends on sensitivity of the camera and
temperature of the emitting target. Including calibration of the camera system, it is

given [16]:

[(T)=c1- N (T) + ¢ (3.1)
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where Nir is a simplified function of the integrated wave lenght distribution of the

emitted radiation in measured range A\ = [A\;, \o] and defined by [16]:
1

hc
exp <AkBT> —1

N[R = C3 - + ¢4 (32)

The heat flux ¢ at divertor can be calculated by determining the target temperature 7;
from the measured intensity of the infrared radiation and utilising the heat conductance
Alayer Of the d thick layer [16]:

Aa er
q= 1; (T, — Thun) (3.3)

3.2.2 Invasive diagnostics

Usually there are two types of invasive diagnostics in the plasma edge. First, a ma-
nipulator can be used for different probe heads. Second, probes can be included in the

divertor or limiter tiles.

The most common invasive probes are the Mach probe for plasma flow measurements,
the Langmuir probe for electron temperature, potential and density measurements, and

the retarding field analyzer or ion sensitive probe for ion temperature measurements.

All three probes use I-U-curve measurements in thermal plasma with biased pins. The
characteristic curve of Langmuir pins is shown in figure 18. However, the ion sensitive
probe and the retarding field analyzer diverge to 0 for high positive biasing, due to the

electron repelling.
In the following, the characteristic points in the curve are defined:
e Plasma potential V},: Potential of the plasma in front of the probe, which is given

by [41]

V, = Vi + kT, (3.4)
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e Floating potential V;: Potential of a surface (e.g. the probe tip) due to sheath

effects, caused by interaction between plasma and surface, which is defined by

[76]
V= —2% In {27% (%) (1 + %)} (3.5)

e Jon saturation current Iy ,: Pure ion current is measured due to a total reflection

of the electrons by the biased probe.

_ "]

Current

Voltage

Figure 18: I-U-curve of current measurements in thermal plasma with biased pins.

Mach probe: The Mach probe is used to determine the plasma flow parallel to the
magnetic field lines. For characterising such flow, the so-called Mach number M was
introduced. The Mach number is the ratio between the plasma flow velocity and the
ion sound speed ¢; = \/kg (T, + T;) /m; [49]:

M=2 (3.6)

Cs

To determine this value, a double pin probe is used. A sketch is shown in figure 19. The

biased pins are oriented along the magnetic field line and are separated by a plasma
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blocking component. Thereby, the ion saturation currents in the direction of both

upstream (core) and downstream (divertor) will be measured.

il

Side view

Top view

Figure 19: Schematic view of a Mach probe [41].

Using a 1-dimentional fluid model, the Mach number can be determined by the ratio

of up- I, and downstream ion saturation current Iqown [1]:

M = Meln ( Lup ) (3.7)

down

Langmuir probe: The Langmuir probe is used for electron temperature measure-
ments. An often used design is the triple Langmuir probe, including one floated pin for
floating potential measurements, one positively biased V., and one negatively biased

pin V_. A schematic view of a triple probe is shown in figure 20.

Using the characteristic points in an [-U curve, temperature and density can be deter-
mined. The electron temperature can be measured by using the floating potential and
V+ [41]

T, = (V, — V;)In2 (3.8)

The density can be determined by using the ion saturation current measured with the

V_ and V. pins with surface areas A, [41]:

Lot = eneApcs (3.9)
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pins

e T

Figure 20: Schematic view of a triple Langmuir probe. [41]

lon sensitive probe: The ion temperature can not be measured by a Langmuir probe,
because of the higher mass of ions compared to electrons. Therefore, the ion sensitive

probe was developed.

This probe includes an inner pin, surrounded by an outer ring. The inner pin is located
inside the probe head in such a way that the distance to the top surface is larger than
the electron Larmor radius and smaller than the ion Larmor radius, to ensure pure
ion measurements. This pin will be biased sweeping Uy, similar to a retarding field
anaylzer (see chapter 4) or a single Langmuir probe. In addition, the outer ring is
biased negatively Uy to protect the pin from electrons. A schematic view of an ion

sensitive probe is shown in figure 21.

Plasma flow ——

N

Figure 21: Schematic view of an ion sensitive probe with inner pin (black) and outer
ring (shadded).
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By sweeping the biasing on the inner pin, all of the I-U characteristics can be measured.
For a Maxwellian distribution of the single ion velocities in the plasmas, the current

measured by the inner pin can be expressed by [44]:

I~ GZZ- . / dU”U”f (U”) f (U”) (310)
Zi
I = [0 exXp (_T (UG — Uo)> + Ioﬂ‘set (311)
1 8kgT;
Iy = anAp p— (3.12)

Using this equation, the ion temperature can be determined by fitting an exponential

decay on the measured I-U characteristic.

3.3 Fast particle diagnostics

In addition to the edge diagnostic, two core diagnostics were used for the fast particle

experiments on the tokmak EAST. The principles of these are shown in the following.

Solid state neutral particle analyzer: For the neutral particle analyzer will be used,
that ions in the plasma core collides with neutral particles. During this process, they
exchange charge (if+ 1° — i)+ it). Afterwards, the resulting fast neutral particle
moves outwards with the previous energy and momentum because only a small amount

of energy is transferred.

To measure the resulting fast neutral particle, a solid state probe will usually be used,
to reionise the fast particles. Using a magnetic field, a velocity separation for different
detector channels can be achieved, using the dependence of the Lorentz force on the

velocity.
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Figure 22: Sketch of a neutral particle anayzer, including ionising cell, entrance slit,
electromagnetic plates and detectors.

Heterodyne radiometer: The gyrating electrons in the plasma core emit radiation.
The frequency depends on the magnetic field and can be calculated for the harmonic
n in tokamaks with [65]:

n@TT()R()

— 3.13
2mmey (Ro + 1) ( )

Ja

Scanning the frequency of the heterodyne radiometer and given magnetic field, the
radial position in the plasma core can be be scanned. Further, the transport of the

signal in a thermal plasma is given by [65]:
I(w)=1Ip(w)(l—exp(—r(w))) (3.14)

For an optical thick plasma, the detected signal is given by [65]:

wszTe
[w) = 832

(3.15)

and is linear proportional to the electron temperature. For fast particles £ >> kgT.,
a superposed signal to the thermal particle related signal in the heterodyne radiometer

can be found.
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4 Multi-channel retarding field analyzer probe

As shown in the previous chapters, the ion temperature distributionmust be known,
to investigate the particle and heat transport in the SOL region. Therefore, a multi-

channel retarding field analyzer was developed.

In the first part, the basic design will be described. Further, feasibility tests will be
preseneted that were performed on the linear plasma device PSI-2. Additionally, the
influence of the design parameters on the measurements was simulated and will be

shown.

The design of the developed multi-channel RFA probe, and first measurements of ion
temperature profiles and fast particle propagation on the EAST tokamak will be de-

scribed in the second part.

Further, the improved design of the multi-channel RFA probe and ion temperature mea-
surements during the second divertor campaign on Wendelstein 7-X stellarator will be

shown in the last part.
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4 Multi-channel retarding field analyzer probe

4.1 Design of the multi-channel retarding field analyzer
4.1.1 Multi-channel retarding field analyzer probe head

The design of a single-channel retarding field analyzer was established in the eighties
(e.g. [53], [50]). For investigations of radial transport in the SOL region, a multi-
channel retarding field analyzer was developed. A schematic design is shown in figure
23.

The front slit plate is made by tungsten, due to the good thermal resistance. Because
the power distribution can be distorted by increasing thickness of the slit plates [42],
the first plate has a thickness of 3 mm and triangle slits, so that at smallest slit width
it has an effective depth of 100 pm (see figure 24).

Further, the slit width should be of the order of the Debye length (between 10 pm
and 100 pm on EAST and W7-X) to shield the measurements from collective plasma
effects [20]. For the upper limit (100 pm), experiments on the PSI-2 device showed
good shielding (see chapter 4.1.2). Therefore, a slit width of 100 pm was used on
the front slit plate for both EAST campaigns and for W7-X during the first divertor

campaign.

Because of the space charge limit [53], care must be taken care to limit the plasma
current density inside the probe head. For the multi-channel RFA probe used on
EAST during the 2016 and 2017 camapigns and on W7-X during the first divertor
campaign, the plasma was limited by an additional low transmission grid, also made
of tungsten, and with a thickness of 50 pm due to the lower heat load. Due to the
reduced slit width of 30 pm for the multi-channel RFA probe on W7-X during the

second divertor campaign campaign, the low transmission grid was omitted.

The first high transmission grid is biased negatively to repel the thermal electrons from
the plasma. The transmitted ions are then decelerated by the second high transmission
grid, biased sweeping positively. Additionally, there is a third negatively biased high
transmission grid, to repel secondary electrons from the collector. For these high
transmission grids, tungsten plates with a thickness of 50 pm are used as well. The
grid bars have a width of 100 pm and are separated by 400 pm space, which leads to

a transmission factor of 80%.
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Figure 23: Schematic view of the structure of the MC-RFA probe modules. Front slit
plate (A), low transmission grid (B), high transmission grids (C-E), collector
strips (F) [31].

Figure 24: Design of MC-RFA modules: slit component for different channels (1), low
transmission grid (2), high transmission grids (3), ceramic components (4),
collector plates (5) [31].
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The overcomming ions generate a detector current, which can be measured and is
defined by the second grid voltage Ug. The measured detector current can be expressed
as [44]

[~eZ;- /OO vy f (o)) € (vy) (4.1)

vo

where vy = \/eZ; (Uc — Up) /my, f(v)) is the parallel velocity distribution, & (v)) is

the parallel transmission factor, Uy is the first grid voltage and eZ; is the ion charge.

Outside the RFA probe, the thermal ion velocity distribution is assumed as maxwellian.

So the collector current can be approximated as [20]

Zi
I = IO exXp (—ﬁ (UG - UO)) + Ioffset (42)

(2

where I gt is given by any offset of the electronics and I defined by the ion saturation
current:
1 8kpT

Iy = —qnAt
4 ™n

(4.3)

where A is the effective entrance area given by the front slit plate and the low transmis-
sion grid, and 7 the transmission factor given by the high transmission grids. Fitting

this equation to a measured I-U characteristic, the ion temperature can be calculated.

To disturb the electric field between the grids as little as possible, they are planar and
separated by 1 mm thick ceramic components (ZrO, on PSI-2 and Al,O3 on EAST
and W7-X).

The collectors are also made of tungsten. They are divided into three strips each side
(see figure 24), to measure the collected ion current of the three channels each side
independently. On the basis of the expected ion temperatures and densities from pre-
vious experiments [17] and the used low and high transmission grids, collector currents

in the order of several hundred nA were expected.

Within the probe head, two MC-RFA modules are embedded back to back for simul-
taneous measurements parallel and anti-parallel to the magnetic field lines, as shown

in figure 25. In order to compare the ion temperature to the electron temperature,
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Figure 25: Developed multi-channel RFA probe for EAST (right), premounted back-
to-back oriented RFA modules (left) [31].

several Langmuir pins are integrated (see chapter 4.2.1 for EAST and chapter 4.2.2 for
WT7-X).

This probe head is protected by a graphite cover (see figure 25) on EAST during the
2016 and 2017 campaigns and W7-X during the first divertor campaign and protected
by a boron nitride on W7-X during the second divertor campaign. It is mounted on a
manipulator system, which can be moved maximum 2 m/s on EAST [73] and maximum
3.5 m/s on W7-X [54] and it is capable of crossing the last close flux surface (LCFS).

4.1.2 Feasibility test on the linear device PSI-2

The linear plasma device PSI-2 was used for a feasibility test of a multi-channel re-
tarding field analyzer. This device has a magnetic field of 0.1 T and is able to produce
plasmas with electron temperatures up to 30 eV and densities of the order of up to
10" m~3. Previous experiments showed an ion temperature of T; = T./3. For this

measurements deuterium or hydrogen plasmas were used.

In contrast to the design of the MC-RFA used on EAST tokamak and W7-X stellarator,
this probe has only two channels. The front slit plate has a thickness of 50 pm, due to
the lower heat load and a slit width of 100 pm, similar to the design used on EAST. For
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Figure 26: Sketch of simplified design: ZrO, plate (A), collector plates (B), 1 mm thick
ZrO, plate, grids (D), low transmission grid (E), 2-channel slit plate (F).
Components were held together with 4 ZrO, sticks (black).

separation, ZrO, plates with a thickness of 1 mm were used. In addition, two collector

strips, made from stainless steel, were used.

The grids were also made of stainless steel. The sweeping voltage on the second grid
was set from —50 V to 100 V, generated by a Textronix AFG 320 and amplified using
a Kepco BOP 200/1. In addition, the fixed voltages on the first and third grid were
set to —25 V or —50 V provided by a GW Instek GPS-4303.

The different components were held together by four sticks, made from ZrO, and
mounted through holes in the edges of the components, as shown in figure 26. The

whole stack is mounted in a tube holder, also made of stainless steel.

The measured collector currents were amplified using the amplifier card from EAST
experiments. Depending on the chosen channel, an amplification of 10 pA; 100 pA or
1 mA to 5 V can be reached.

In the following, the evaluation and optimisation of the collector signal will be pre-

sented.

First, capacity effects are an important aspect of the grid system of an RFA probe,
because of the AC voltage at the second grid. As shown in figure 27, the capacity
currents follow the well known linear dependence on the scanning frequency of the

swept biasing voltage on the second grid.

To be able the measure the temperature profiles during experiments, a sweeping fre-
quency of the order of 1 kHz should be used. To minimise the capacity current and

ensure a high signal to background ratio, two approaches were made.
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Figure 27: Frequency scan of the capacity current (blue) and the order of expected
particle current (dashed).
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Figure 28: Collector current without plasma for 1 kHz sweeping frequency with (red)
and without (blue) grounding.
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In the design used on EAST, a conductive probe cover made of graphite is used. This
leads to an amplification of the capacity effects like in a transformer. Grounding this
cover fixes the potential of the cover and reduces the measured capacity current by
a factor of 16, as shown in figure 28. However, meaurements in W7-X during the
first divertor camapign showed that grounding the cover perturbes the plasma much
more strongly and should be avoid if the signal to noice ratio is large enough. During
experiments in the second divertor camapaign of W7-X, a non-conductive cover made

of Boron nitride is used.

Additionally, the selected material for the ceramic components are important. ZrOq
has a permittivity of 28. Therefore Al,O3 with a lower permittivity of 9.9 is used for
EAST and W7-X.
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Figure 29: Measured I-U characteristic: raw data (black), low pass filtered data (red),
and decay fit for ion temperature calculation (blue).

Since the measurements have been optimised, the multi-channel feasibility was checked,
using two channels with a radial distance of 2 mm. Therefore saturation current profiles
and ion temperature profiles were measured on the linear device PSI-2 with a lower

scanning frequency of 5 Hz and a maximum manipulator velocity of 5 mm/s.
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Figure 30: Ion saturation current of both channels for 5 Hz sweeping of Ug.
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Figure 31: Calculated ion temperature profile on PSI-2 using the RFA probe (red) and
electron temperature profile using a Langmuir probe (black).
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The radial ion temperature profile measurements were measured with both channels
simultaneously. Although the signal to noise ratio is low, due to the low plasma density,
both ion saturation profiles follow the same radial gradient, as shown in figure 30. With
higher ion density and temperature on W7-X and EAST of the order of 10 to 50 times

higher values, the signal to noise ratio is larger and therefore the error becomes smaller.

In a second step, the ion temperature profiles were calculated, using the measured [-U
characteristics, as shown in figure 29. Therefore, the data is split into a saturated
part (U < Ug) and a decaying part (U > Ug) . Using the decaying part of the I-U

characteristic, the ion temperature can be calculated.

The calculated ion temperature profile, shown in figure 31, is approximately a third
of the electron temperature profile measured by a Langmuir probe. These values are

comparable to previous experiments on PSI-2.

Summarising the experiments on PSI-2, the signal to background ratio could be in-
creased, the multi-channel feasibility is shown and the ion temperature measurements
were proven. Therefore, the multi-channel RFA design will be used for further investi-
gations on ions in the SOL region of the tokamak EAST and the stellarator W7-X.

4.1.3 Influence of the RFA design on the measurements

The basic design of a retarding field analyzer has been established since the eighties (e.g.
[50]). However, it was shown in previous publications [42] that the design parameters,
like the slit width, has an impact on the measured energy distribution and therefore
the accuracy of ion temperature calculations. Therefore, this impact will be simulated

using a simple particle tracing code.

Because the MC-RFA channel size is significantly smaller than the fusion device, a
simplified and non-curved magnetic field is used. As shown in figure 32, the boundary
conditions are defined by the cover, the slit width of the front slit plate and the angle
of the triangle slits of the first slit plate. The influence of the grids are neglected due

to the larger structure size compared to the slit width.

First, the single ion particle energy and the ratio of perpendicular to total velocity
compared to the magnetic field lines is chosen. In a second step, equally distributed
starting positions of the gyration center for the particle tracing were allocated. Ad-

ditionally, for every starting point, equally distributed gyration phases were set. In a
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third step, the particle tracing is conducted, until the particle hits a wall or boundary
limit. Due to the floated slit plate being prefered during EAST and W7-X experiments,

electric fields within the boudary limit were neglected.

Counting the transmitted particles, a so-called sensitivity factor for the MC-RFA probe

can be calculated.

The simulated sensitivity factor of thermal hydrogen ions for the design parameters
used on EAST is shown in figure 33. The energy depence is neglectible for thermal ions.
In contrast, the sensitivity factor for higher perpendicular to parallel velocity ratio is
strongly decreasing. As result, the measured particles are dominated by particles with

low perpendicular velocity contribution.

Due to the gyration motion of magnetically confined ions, the slit width is also impor-
tant. If the Larmor radii are large enough, the particles hit the inner slit wall and do
not transmit. As shown in figure 34, the sensitivity factor for gyrating ions strongly
decreases for small slit width. Therefore, the slit width should be as large as possible.

However, the slit width is limited by space charge limit and debye length of the plasma.

As published by M. Kocan [44], the slit plate thickness also has an impact on the
sensitivity factor. To reduce these effects, a triangle slit was used, to reduce the
effective depth. However, the suppression effect and heat deposition from plasma on

the sharp slits edges has to be compared. As a result, an angle of 30° was chosen for
experiments on EAST and W7-X.

Even for optimised design parameters, the probe head cannot be adjusted absolutly
to be parallel to the magnetic field lines, because the magnetic topology at the probe
head changes during the radial movement. Therefore, the effect of the adjustment
angle between probe head and magnetic field line on the transmission of ions was
calculated. As shown in figure 35, the sensitivity factor, especially for small gyration
radii, decreases strongly for small slit width. On the other side, for a larger slit with

(like used on EAST tokamak), such a strong suppression cannot be seen.
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Figure 32: Sketch of the boundary conditions for the particle tracing. 1: probe cover,
2: slit plate, defined by slit width and triangle slit, B: direction of magnetic
field line, T: particle trajectory, defined by tilt angle of the gyration center
and gyration.
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Figure 33: Normalised sensitivity factor for different single particle energies in the ther-
mal range in dependence on the ratio between gyration velocity and total
velocity of the particle.
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Figure 34: Normalised sensitivity factor for different slit widths in dependence on the
ratio between gyration velocity and total velocity of the particle.

1 ‘
A 0 0
I ______.:_* Y, ey
w 08 ~ ST
O T T 10 w
= S N L
(&) 0 x g e 15
= 06 ! X
..2‘ ’ 2 :\
= N b
b
=
= 04¢
C
3
0.2
0

Figure 35: Normalised sensitivity factor for different tilt angle between magnetic field
line and probe head in dependence on the ratio between gyration velocity
and total velocity of the particle. blue: 100 pm slit width (used on EAST
tokamak), red: 30 pm slit width (used on W7-X stellarator).
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4.2 Commissioning of the mutli-channel retarding field analyzer
Parts of the following chapter are published in:

M. Henkel et al: Development of a multi-channel retarding field analyzer for the SOL
physics on EAST and W7-X, europhysics conference abstracts Volume 41F (2017)

M. Henkel et al: Multi-channel retarding field analyzer for EAST, Plasma science and
technology 20 (2018)

M. Henkel et al: Retarding field analyzer for the Wendelstein 7-X boundary plasma,
Fusion Engineering and Design, Volume 157, 111623 (2020)

4.2.1 Multi-channel retarding field analyzer for the EAST tokamak

A multi-channel RFA probe with 3 channels each parallel and anti-parallel to the
magnetic field lines and a set of single-Langmuir pin and floating potential pin was
developed for the 2016 and 2017 campaigns on EAST tokamak (see figure 36). Its aim
was to show the feasibillity on midle-sized fusion devices in preparation for the W7-X
experiments (see chapter 6). Further, fast particle measurements in the plasma edge

of EAST tokamak during ELM appaerance were done, as shown in chapter 5.

The basic design of our MC-RFA probe is shown in chapter 4.1.1. As already men-
tioned, it is important that the slit width is of the order of the Debye length (at EAST
10 — 100 textmu m) in order to shield the measurements from collective plasma effects
[7]. Even experiments in the SOL region of the EAST tokamak showed good shielding
by suppressed floating potential at the low transmission grid. Thus, the front slit plate
width of 100 pm seems appropriate.

Due to the high power load on the front slit plate, a thickness of 3 mm were used. To
reduce the (see chapter 4.1.3) triangular slits were used, so that at smallest slit width
of 100 pm an effective depth of 100 pm is given. Further, a distance of 4 mm for the
front slit plate and 1 mm for the low transmission slit plate are chosen to ensure that

the plasma density inside the probe head is below the space charge limit.

Grids 1 and 3 are biased negatively with Uy = —200 V using a Gensys 100/15 DC power
supply. The biased voltage on grid 2 can be swept up to a maximum of 4200 V and
sweeping frequency of up to 1 kHz. This sweeping rate of less than 200 kV /s ensures
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Figure 36: Sketch MC-RFA-probe for the 2016 and 2017 campaign on EAST tokamalk,
supplemented by two Langmuir pins.

that the signal follows the sweep and the capacitive effects are reasonably low. The
constant biasing for grid 1 and 3 was generated using a Wavetec 275 with a maximum
range of 10 V and amplified by a Kepco BOP 200/1 to obtain sweeping of up to +200
V. The collector currents were measured over a variable resistance. Including the data
aquisition, an amplification of 10 pA up to 1 mA to 3.76 V on EAST is reached.

To obtain futher information about the electron temeprature and floating potential,
two pins were mounted on top of the probe (see chapter 4.1.1). One pin is used as
single-pin Langmuir probe to measure electron temperature profiles. The second pin

is grounded via a 1 M  resistance for floating potential measurements.

This probe head is protected by a graphite cover and mounted on a midplane manip-
ulator system in the low-field side, which can be moved at a maximum speed of 2 m/s
and which is capable of crossing the LCFS. The tilt angle of the probe head can be
adjusted with a screw system between probe head and manipulator in order to match
the tilt angle of the magnetic field lines.
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For the commissioning of the MC-RFA probe on EAST, deuterium plasmas were used.
Plasma currents Ip of 400 or 450 kA and a vacuum toroidal magnetic field of 1.78 or
2.19 T with upper single-null configuration were chosen. The discharges were heated
ohmically and by lower hybrid wave heating. For H-mode plasmas, NBI heating was
added.

The radial ion temperature profiles were measured with both opposite MC-RFA mod-
ules, including up to three channels each side. Because the ion temperature and electron
temperature profiles are measured at the same axis along the manipulator movement,

the relative positions to each other are independent on magnetic topology.

The electron temperature was calculated from the [-U curve, measured with the single-
Langmuir pin on top of the MC-RFA probe. One exemplary electron temperature pro-
file is shown in figure 37. Additionally, floating potential measurements were done, as
shown in figure 38. Also, multi-channel ion temperature measurements were performed,

shown in figure 39.

Because the maxwellian distributionis changed by the presheath, the values parallel (p)
and anti-parallel (a) to the magnetic field lines are not equal and T; = (T,,; + 1,,)/2
[6] should be used. In this case, the nonaveraged T; is shown because the lower hybrid

heating may cause superposed signals from fast particles.

The calculated ion temperature decay length, shown in figure 39, is 6.5 mm =+ 1.0 mm.
The plotted channels showed comparable ion temperature profiles within the error bars
of less than 10%, so that the usability for simultaneous measurements at different radial
positions is proven. Unfortunately, due to lithium coating in the vessel, some of the

channels were blocked and had no signal.

Previous measurements of the Mach number in the SOL region have shown values be-
tween 0.3 and 0.7, the two directions of the MC-RFA channels measure different plasma
flows. In these experiments, downstream signals were too small for measurements, most

likely due to the small signal to noise ratio.

Furthermore, an asymmetry of the I-U curve for the ramp up and the ramp down
phases can be seen. This could be caused by a too fast sweeping rate dUg/dt, which
could influence the particles. To prevent such asymmetries, the sweeping ramp should

be decreased e.g. by optimising the sweeping range.

Moreover, the small signal of the order of several pA and therefore, a small signal to

noise ratio leads to an increase of the error bars. As well, additional potential at the
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Figure 37: Exemplary electron temperature profile in the SOL region of EAST tokamak
measured with the MC-RFA probe. (#72493 @ 4.8-6.0 s)
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Figure 38: Exemplary floating potential profile in the SOL region of EAST tokamak
measured with the MC-RFA probe. (#73107 @ 5.0-6.1 s)
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Figure 39: Exemplary ion temperature profile for two channels in the SOL region of
EAST tokamak measured with the MC-RFA probe. (#70774 @ 6.2-6.3 s)

probe head, e.g. the floating potential of the cover, can lead to a shift of the I-U curve.
To decrease the error bars of the ion temperature measurements, the low transmission

grid will be removed for future experiments.

4.2.2 Multi-channel retarding field analyzer for the Wendelstein 7-X stellarator

For more flexibility during experiments, the pin system on top of the MC-RFA probe
was enlarged for the second divertor campaign of W7-X stellarator. Unlike the EAST
design, in W7-X five tungsten pins were used (see figure 40). All pins had a diameter
of 2 mm and protruded from the cover by 3 mm. This enables triple Langmuir probe
measurements with a higher time resolution of 1 MHz, instead of 1 kHz for single
Langmuir probe measurements. Additionally, an optional gas inlet, made from stainless
steel, was installed. To prevent conductive contact between the extended set of pins
and the cover, the cover for the second divertor campaign was made of boron nitride,
which is not conductive.

Furthermore, the slit width for the RFA modules was reduced to 30 pm because the
debye lengths was expected in the order of 5 to 50 pm in the SOL region, based on
previous experiments on the W7-X stellarator. To still have a suitable signal to noise

ratio, the low transmission slit was removed.
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Figure 40: Sketch MC-RFA-probe for the second divertor campaign on W7-X stellara-
tor, supplemented by five Langmuir pins and a gas inlet.

The first and third grid in the RFA modules were biased —100 V, whereas the middle
grid was biased swept +200 V. The collector currents were measured over a variable,
remote controllable resistance. Including the data aquisition, an amplification of 1 mA
up to 10 A to 0.5 V is reached.

Contrary to the experience at the EAST, the RFA grids were destroyed during the
first divertor campaign, while using the EAST designed probe, as shown in [32]. The
damage pattern points to arcing between the grids as most likely mechanism. To avoid
such damage in the second divertor campaign, a 1 k€2 high power resistor was added
to the biasing electronics, to reduce the current flowing through the grids. In addition,
all the grids were without biasing during the first plunges of the RFA probe, to clean
the MC-RFA probe with hot plasma.

In W7-X, a strong positive floating potential in the SOL was observed. In this regime,
this potential could exceed the sweeping voltage on the middle grid. Under these
conditions, the ions inside the RFA probe do not have a potential difference and then
would not be modulated by the sweeping voltage, as shown in figure 41. However, as
previously mentioned, the sweeping range should not be increased, to fit the potential

in the whole SOL region, to protect the grids from arcing. Therefore, an additional
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remote controllable DV power supply will be added in the next campaign, to be able

to shift the biasing between the discharges.

As shown in figure 42 (left), the I-U curve is shifted for measurements close to the
separatrix, most likely due to potential change by electron emmission from the heated
probe, obseved for other probes in the SOL region during the second divertor camapign
and indicated by a drop in the floating potential measurement. Because of that, the
ion saturation can not be reached using £200 V biasing. That is why the calculation

of ion and electron temperarture profiles were limited to R > 6.048 m.

On the other side, a second saturation of the current can be seen in figure 42 (right).
The most likely reason is a drop in the negative biasing in the RFA module. Unfortu-
nately, the actual biasing in the RFA module was not measured, rather the voltage at

the MPM connection was.

All in all, during operation of the RFA in the second divertor campaign, three collector
channels (11, 12 and 23) measure modulated ion currents as the voltage applied to the

second grid within the previously shown limits.

In the reference discharge, the main plasma is confined by the standard configuration
and heated by 3.1 MW electron cyclotron resonance heating (ECRH) power. A central

3 was controlled by gas puffing. Meanwhile,

line integrated electron density 9 - 10 m~
the MC-RFA probe was plunged into the SOL region, crossing the short and long

connection length part of the magnetic edge island.

As shown in [32], the dominant frequency of the background noise is about 80 kHz.
However, after plunging close to the separatrix, the frequency increased to 200 kHz.
Further, in the inner channels (11 and 12) the background noise became larger for
f > 10 kHz. This behaviour indicates, that it is possibly caused by the probe body

itself modifying turbulence around it.

To reduce the noise for ion temperature calculations, the collector currents were first
low-pass filtered with a cutoff frequency of 10 kHz for channels 11 and 12, and 30 kHz
for channel 23 due to lower noice. They were then subtracted by the induced current,
due to the inductive coupling between the middle grid and the collector (see chapter
4.1.2).

The ion temperature is obtained by fitting the I-U curve based on the equations shown
in chapter 4.1.1 and assuming Z= 1 (hydrogen plasma). Because the initial input

setting could affect the fitting result, the initial parameters have been scanned [32].
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Figure 41: Biasing (blue) and a I-U curve (red) affected by a strong positive floating

potential.
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Figure 42: Each subplot one normal I-U curve (blue) and one I-U curve (red) affected by
potentials. Left: saturation current is not reached, right: current saturates
for positive Ug.
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Afterwards, the parameters with highest coefficient of determination were used. One
example fit is shown in figure 43.
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Figure 43: Exemplary low pass filtered collector current for channel 23 and temperature
fit.

The electron temperature profile is calculated using the V; and V. pins on top of the
probe. In figure 44, it can be seen that the electron temperature peaks at the border
between long and short connection length region. However, a drop in the expected
maximum of the peak is given, which is consistent in all measurements with the multi-

channel RFA probe, but not seen in other diagnostics data and cannot yet be expained.

Furthermore, in figure 44 it can be seen that the fitted ion temperature profiles for
up- and downstream directions have a different ion temperature. Channel 11 and 12,
which had higher noise level, also had higher temperatures, which indicates a stronger
modification of the energy distribution of the ions by the probe head. Usually, the ion
temperature of both directions is used to calculate a more precise T; value. However,
not all channels had signal in the second divertor campaign. That is why channel 23

is preferred for further studies in chapter 6.

Summarised, a retarding field analyzer probe has been developed for the first time for
the W7-X stellarator boundary plasma. Altough some channels did not have signal,
the multi-channel feasibility is shown.
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Figure 44: Ton temperature profiles for the channels 11, 12 and 23 and electron tem-
perature profile. (#180905.015 @ 18.0-18.3 s)

4.2.3 Troubles and their rectification with the multi-channel retarding field
analyzer

During the commisioning and the experiments, various troubles appeared while using
the multi-channel retarding field analyzer. To avoid repetition in future work, the most

important troubles and their rectifications are shortly summarised in the following:
No signal in the RFA channels:

During experiments in the tokamak EAST, lithium coating was applied to improve the
plasma stability during the campaign. Unfortunately, the probe was coated as well.
This leads to a blocking of the slits in the first slit plate.

To remove such blocking, the RFA probe was heated several times, plunging deeply

into the plasma edge.
Capacity effects:

As already shown in chapter 4.1.2, a capacity current will be induced on the collector
plates, driven by the sweeping of the second grid biasing. However, such an effect can

also be observed between RFA modules and Langmuir pin system. Due to separated
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biasing for the RFA modules and the pins, both capacity currents were superposed in

both diagnostic parts.

The best way is to solve this, is a triple-pin arrangement, like used during the second
divertor campaign on the W7-X stellarator. In this case, no capacity effects from the
pins are induced and the capacity current of the RFA modules can be subtracted by

filtering the sweeping frequency.

If this is not possible due to limited probe size, both biasings should be coupled, to
avoid phase shift.

Arcing inside the probe head:

Usually, the probe should be heated before experiments, to remove gas inside the probe
head and coating from the surface. However, during the first divertor campaign on the
W7-X stellarator, gas was left inside the probe head. During the first planges, this
remaining gas induced arcing between the grids. Due to the resistance being too low

between both grids, this arcing burned holes into the grids. (see [32])

Figure 45: Destroyed grid from the multi-channel RFA probe during the first divertor
campaign on W7-X stellarator.

To avoid such destructive arcing in the second divertor campaign on the W7-X stel-
larator, a resistance of 1 k{2 was added in the electronics between both grids.
Electron emmision due to high probe temperature:

During the second divertor campaign on the stellarator W7-X, a drop in the measure-
ments was observed for several manipulator probes while plunging deep into the SOL

region, as shown in chapter 4.2.2.

The most likely reason is electron emmission and, as a result, a potential change in

case of high probe temperature. As can be seen in figure 46, the probe temperature
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increased rapidly, crossing a certain position with high plasma edge temperatures and
stayed at a high temperate for the rest of the plunge.

2000

-
(&)
o
o

1000

Temperature [°C]

a
o
o

6.04 6.05 6.06 6.07 6.08
Radius [m]

Figure 46: Calculated probe surface temperature during the second divertor camapign
on WT7-X stellarator. (#180814.047)

High surface temperatures can not be avoided. However, the pin material will be

changed to graphite for the next campaigns, to reduce the emmisive effects.
High floating potentials:

Floating potentials can have an influence on several things. First, the probe cover
should be made by non-conductive material (like Boron nitride on W7-X stellerator).
Experiments during the first divertor campaign on W7-X stellarator showed, that a
grounded cover induced additional current flow from plasma to the cover and thereby
changed the plasma conditions massively. That’s why the experiments were continued
with floated probe cover.

However, the potential of this probe cover could have an influence on the measure-
ments. If e.g. the cover potential is higher than the local plasma potential at the RFA
channel position, due to the length of several centimetres, ions could be reflected before
entering the probe head and the measured thermal energy distribution will be modi-
fied. Also, if the collector biasing is below the plasma potential, such a modification
can be obvserved.

In addition, the floating potential shifts the effective biasing, due to the fixed grounding
of the biasing (see chapter 4.2.2). If a high positive or negative floating potential

74



4 Multi-channel retarding field analyzer probe

appears in the SOL region, the ions cannot be against or the saturation current cannot

be reached anymore.

To solve this problem, the biasing has to be adjusted to the expected SOL floating

potential range, using:

Uf > Uslits > Ucollector (44)

Further, a DC biasing will be added in the next W7-X camapigns, to reach:

Ubiasing Z max (Uf) + 3T1 (45)
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5 Fast particle measurements during ELM crashes in
the plasma edge of EAST tokamak

This chapter describes the measurements of fast particles in the outer midplane during
the 2016 campaign on EAST tokamak. To measure them, the middle grid biasing is set
at a fized potential (usually > 3Ti) for both modules of the multi-channel RFA probe,
i order to repel all thermal particles. Several previous experiments have shown that
retarding field analyzers are a good opportunity to measure fast particles in the SOL
region (e.g. [28]). However, no publication could be found, explaining why fast ion
dominated losses can be detected earlier than fast electron dominated losses during ELM
crashes, as was measured in the 2016 campaign on EAST tokamak [31]. Therefore, this

measurements will be examined in more detail in this chapter.

First, the plasma conditions and the occurring magntic mode will be shown. Further,
it will be shown that magnetic reconnection drives fast electrons and ions and leads to
its loss after ELM crash.

Furthermore, the location of origin and the propagation of fast ions and fast electrons
in the plasma core will be shown, using neutral particle analyzers and heterodyne ra-
diometers. Using divertor Langmuir probes and the developed multi-channel RFA probe,
the propagation in the SOL region and the different behaviours of both species will be

shown.

Last, it will be shown, that a fast ion postcursor appears, which is not present in the

magnetic signal.
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5.1 Experimental set-up and edge localised mode

During these experiments, deuterium plasmas were used with a plasma current of 500
kA and a toroidal magnetic field coil current of 11 kA. Further, an upper single-null
configuration was chosen. These discharges had a density of 3.4 - 10! m~—3 and were
heated ohmically and by lower hybrid wave heating. Providing a heating power of
Prcrg = 0.4 MW and co- and counter directed neutral beam injection with 55-60 kV,
ELMs could be seen.

It can be found, that ELM related peaks in the magnetic signal (Minorv coils), the
presence of fast particles at the RFA probe, and ELM related peaks in the divertor
balmer alpha lines (filterscope) correlates. This indicates that the fast particles are
driven by the ELM crash.

Although, various types of ELM crashes were measured during experiments, only in
approximately 10% were fast particles detected. Always, magnetic precursors preceded

ELM crashes with fast particles in the SOL region, as shown in figure 47.

In figure 47a the signal of a poloidal distributed mirnov coil array and in figure 47b
the mirnov coil signal in the outer midplane is shown. It can be seen, that a magnetic
mode arises. While the magnetic perturbation increases (see figure 47d), measured by
the Mirnov coils, the poloidal rotating frequency always decreases to approximately 2
kHz (see figure 47c¢). Becoming unstable leads to magnetic reconnection, which causes

high particle and energy losses from the confined region to the SOL region.

Using an array of 26 poloidally distributed mirnov coils, a poloidal periodicity of three
can be found. However, in toroidal direction, only two coils were availible, due to
the lower sampling rate of the toroidal coil array. The signal of both opposite mirnov
coils in the outer midplane and the signal of a neutral particle anaylzer for fast ions
in the midplane is shown in figure 48. It can be seen, that both mirnov coil signals
have an opposite phase to each other. Assuming that the modification of the fast
ion contribution, measured by the neutral particle analyzer, depence on the magnetic

perturbation, as well a toroidal perodicity of three can be found.

Using ECE measurements (heterodyne radiometer) for fast electrons in the the plasma
core region at the port P 3, a low-field mode can be found at R = 2139.4 £ 10.0 cm to
R =2273.74+ 9.2 mm in the outer midplane (see fig. 51).

3The EAST device is devided into 15 modules, each with one outer midplane port. Therefore, the
modules are called port A to port P, as shown in [47]
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However, the mode of the fast ion signal is invard shifted. Using the neutral particle
analyzer, the low-field side mode in the outer midplane can be found at R = 2185.5 &
58.1 mm to R = 2032.8 £+ 32.7 mm (see figure 51).

5.2 Formation and propagation of fast particles

Similar to the neutral particle analyzer (NPA), the ECE signal can be used as indicator
for fast electrons, due to its sensitivity to fast particles. Both fast ions and electrons
are superposed to the thermal plasma background. The ELM crash leads to a drop
in the ECE signal in the outer plasma core. Afterwards, a narrow peak in the outer
channels of the neutral particle analyzer and the heterodyne radiometer can be found
(see fig. 49), which shows the presence of fast particles.
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Figure 49: Neutral particle analyzer signal for fast ions and heterodyne radiometer
signal for fast electrons in the outer channels during ELM. (#70766)

In the ECE signal, it can be seen that a double peak occurs. Both peaks have a time

delay of 95 ps. On the other side, only one peak occurs in the NPA signal.

In figure 50, the signal of the horizontal neutral particle analyzer located in the mid-
plane of port P is shown, in which the white line indicates the ELM crash measured
by the mirnov coils. A strong fast ion contribution appears after the crash, most likely
driven by magnetic reconnection during the crash. Because such a peak can not be
found in the vertical neutral particle analyzer and inner horiontal line of sights, it can

be assumed that the fast ions are moving mostly parallel to the magnetic field lines.
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Figure 50: Neutral particle analyzer signal after the ELM crash. Peak maxima marked
with circles. Propagation of fast ions indicated by arrows. (#70766)
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Figure 51: Time delay between peak maximum of the signals from the neutral particle
analyzer for fast ions and from the heterodyne radiometer for the ECE sig-
nal (including fast electrons), supplemented by the position of the confined
electron mode during ELM (ECE mode). The dashed lines indicate the
LCFS and the dotted line is the lower limit of the heterodyne radiometer

signal. (#70766)
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That’s why the locations of the fast ions for the different channels are approximated

as the tangential point between line of sight and field line.

Accordingly, fast ions were observed first at 2065.5 + 65.3 mm and then propagating
outwards with an average radial velocity of 7.8 km/s, as indicated by the arrows.
Afterwards, the signal of the heterodyne radiometer drops, indicating fast heat losses
of confined electrons. This ELM related mode in the electron signal (ECE mode)
crashes if the fast ions cross the mode location (as shown in figure 51). In the SOL
region, the fast electrons are propagating outwards with a velocity of 1.7 km/s and the

fast ions propagating outwards with a velocity of 1.4 km/s.

5.3 Fast particles in the SOL region

In figure 52, the signals of two opposite RFA channels are shown. The RFA signals

can be split into two parts.
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Figure 52: Signal of two opposite MC-RFA channels. (#70766)

The collector current, marked with A is similar for channels parallel and anti-parallel
to the magnetic field lines. It’s a narrow peak, which indicates fast particle mea-
surements due to the quick loss of them. It was found, that first a dominating fast
ion contribution (positive signal) can be seen, followed by a dominating fast electron

contribution (negative signal).

In contrast, the collector current, marked with B, is broader and different for mea-

surements which were done parallel and anti-parallel to the magnetic field lines. Due
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to the different plasma flow given by temperature distribution and ion sound speed,
this indicates a thermal contribution, which is heated above the RFA biasing by the

magnetic reconnection and outwards transport.
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Figure 53: RFA collector current and floating potential measured with the MC-RFA
probe. (#70766)

Due to the susceptibility of the floating potential on the total ion and electron sat-
uration current [56], the floating potential is sensitive on fast particles, which are
superposed to the saturation current of the thermal particles. This effect can be used

to detect fast particle appearance without measuring it directly.

As shown in figure 53, the floating potential, measured by the MC-RFA probe, rises up
to 55 eV during the first ion dominated peak in the RFA collector current. Though, such
a narrow positive strikeline cannot be found in the floating potential measurements at
the upper and lower divertor (see figure 54). Hence, the fast ions propagate horizontally

outwards and do not follow the field lines due to the larger Larmor radius and mass.

Further, a narrow negative strikeline in the floating potential, corresponding to the
negative peak in the floating potential measures by the MC-RFA probe, appears in the
upper divertor, but not in the lower divertor. because of the so-called upper single-null
configuartion during these experiments, this observation fits to the assumption that

the fast electrons follow the magnetic field lines.
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Figure 54: Floating potential measured by the Langmuir probe arrays at the upper and
lower divertor. Left: Upper divertor at port O, right: lower divertor at port
D. (#70766)

5.4 Post-ELM signals

As mentioned in the previous chapter, a second type of signal (see type B in figure 52)
can be observed after the fast particle contributions. Such a post-ELM cursor can be
found in the signal of the vertical neutral particle analyzers, as shown in figure 55, and
the RFA probe, as shown in figure 52.

Because the modulation of the vertical NPA signal with a frequency of 1.1 kHz is
much smaller than the modulation in the horizontal probes after ELM carsh, and
the observation is not tangential to the magnetic field lines, the most likely reason
is a modulation in the ion temperature and therefore in the fast ion contribution. It
can be seen that no phase difference between the different channels is given, but a
phase difference between both ports. This indicates a pure toroidal mode in the ion

temperature.

Because no such a post-ELM modulation can be found in the ECE signal, and no
negative modulation in the RFA signal is observed, likely no electron temperature
post-ELM mode occurs.
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Figure 55: Post-ELM signals of the vertical neutral particle analyzers. (#70766)

However, the fast ion driven modulation in the RFA signal has a slightly lower frequency
of 0.9 kHz, which indicates a deceleration in the SOL region.

5.5 Summary

The first positive peak is dominated by the fast ions driven by magnetic reconnection
and detected by the neutral particle analyzer. The fast ions are propagation horizon-

tally outwards and therefore cannot be detected in the upper or lower divertor region.

The first peak in the fast electron signal, measured by the heterodyne radiometer, is
superposed to a stronger fast ion signal and therefore can not be detected by the RFA

probe. In contrast, the second peak with a time delay of 95 ps can be observed in the
RFA signal.

Further, a post-ELM mode in the ion temperature, but not in the electron temperature
is shown.
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6 lon temperature measurements in the plasma edge
of W7-X stellarator

This chapter describes the measurements of electron temperature and ion temperature
profiles in the edge island of the W7-X stellarator during the second divertor campaign
i 2018. In the previous campaigns, no measurements for ion temperatures in the SOL
region of the W7-X stellarator were available [18]. Therefore, during these experiments,
the standard configuration (n/m = 5/5 island) was used. Adding control coil currents,
the island size could be adjusted. In the following, the ion temperature and electron

temperature profiles inside the edge island will be investigated.

In the first part, the plasma conditions and the magnetic edge island will be described.
Further, it will be shown that additional control coil currents shift the O-point outwards
and therefore reduce the distance between O-point and border between the long and short

connections length region

The influence of this decreased effective island size on the electron and ion temperature

profiles was measured and will be shown in the second part.

Following, the interplay between plasma collisionality and the ratio between ion tem-

perature and ectron temperature was calculated and will be shown in the third part.
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6.1 Plasma condition and edge island topology

During these experiments, hydrogen plasmas were used with a magnetic field of 2.5 T at
the magnetic axis and a density of 9-10* m~3, controlled by gas puffing. The discharges
were heated by electron cyclotron resonance heating (ECRH) with Pgcryg = 3.1 MW.
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Figure 56: Connection length in the SOL region of the W7-X stellarator in standard
configuration, defined by the magnetic edge island topology. Red line: MC-
RFA measurements, black line: MPM line of motion and combined probe
measurements by Drews [18].

For ion temperature measurements during the second campaign, the standard config-
uration was used, which allows comparision with the so-called combined probe mea-
surements [18]. In this configuration, a iota value of 1.0 occurs in the plasma edge,
which leads to 5/5 magnetic edge islands. As shown in figure 56, the island topology
can be devided into closed field lines at the O point (yellow), field lines with long con-
nection length (green) and field lines with short connection length (blue), due to the

intersection of these edge islands by different divertor modules.

Although the total island size is increasing with increasing control coil current, the O-
point is shifted outwards and the distance between O-point and border between long
and short connection length region is decreasing. Consequently, the flattening in the
temperature profiles behave like in smaller island width. This effect will be used for

the studies in this chapter.
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Figure 57: Connection length profiles for standard configuration and different control
coil currents at RFA position, supplemented by the position of the corre-
sponding flux surface closest to the O-Point.

Using the MC-RFA probe, the ion temperature and electron temperature profiles inside
the edge island were measured. For this, the multi-purpose manipulator (MPM) [54]
at the toroidal position # = —159.26° and the outer midplane at z = —0.171 m was
used in between the characteristic bean shaped and triangular shaped cross-section. As
shown in figure 56, the manipulator is located between the X and O point. However,
the different pins and RFA channels are not located at the same line of motion, due to
the tilt of the island surfaces. Hence, the calculated profiles will be projected to the

line of motion of the center of the probe top surface at z = —0.147 m for comparission.

6.2 lon temperature and electron temperature profiles inside the

edge island

The electron temperature measurements with the triple Langmuir probe had a time
resolution of 1 MHz, whereas the ion temperature measurements from the RFA modules

had a sweeping frequency of 1 kHZ and a sampling frequency of 1 MHz.
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Plunging the MPM, allows to measure the profiles along the line of motion (see figure
56). An example for the standard configuration without additional control coil currents

is shown in figure 58.

In these experiments, a spatial resolution of 1.8 mm for the ion temperature was
reached. Further, the length of the Larmuir pins of 3.0 mm leads to a smoothing
of the electron temperature measurements. During these discharges, the RFA probe
did not cross the LCFS, due to safety reasons. However, the point of the line of motion
closest to the O-point is crossed. Therefore, the ion to electron temperature ratio inside

the island can be calculated.

Due to emission processes for high temperatures (like [18]), the electron profile drops in
high electron temperature regions. Therefore, the drop at the maximum of the island
peak and inside the LCF'S do not fit to the actual electron profile. Hence, EMC3-Eirene

calculations must be used for further studies, to bridge this part.

It can be seen that the electron temperature profile peaks at the border between short
and long connection length, as also seen in the previous campaign [17]. Further, a drop
in the electron temperature profile inside the island indicates that the heat transport
in the island is dominated by parallel transport along the magnetic field lines, which
connects the inner and outer island separatrix and propagates from the separatrix to
the O point.

However, such a drop is not visible in the ion temperature profile inside the island.
Due to the larger Larmor radius of the ions and the higher diffusion coefficent, the
heat transport perpendicular to the field lines and therefore accross the island is higher
and the profile is flattened.

Further, because both ions and electrons have the same density due to quasi-neutrality
in the island SOL region, the perpendicular heat transport of ions is usually higher

—_

(Z; > =Z¢). This leads to a larger decay length and T; > T, in the far SOL region.

This flattening of the ion temperarture profile is consistent for all added control coil
currents and plasma parameters during RFA experiments during the second divertor
campaign. However, the peak profile of the electron temperature depends on the control

coil current, as shown in figure 59.

Although the island size increases with increasing control coil currents, the ratio be-
tween peak maximum at the border between short and long connection length and

minimum at the field line closest to the O-point is decreasing. This observation can be
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Figure 58: Electron and ion temperature profile in the SOL region of the W7-X stel-
larator in standard configuration. (#180905.015 @ 18.0-18.3 s)
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Figure 59: Electron temperature profiles in the SOL region of the W7-X stellarator
in standard configuration with different additional control coil currents.

(#180905.013-.015 @ 18.0-18.3 s)
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explained by the intersection of the field lines by divertors. The field lines closest to the
O-Point are always located in the long connection length region. In contrast, the field
lines closest to the separatrix are split into long and short connection length regions.
Therefore, the transport between inner and outer separatrix is not given by parallel
heat transport, which is much higher than perpendicular heat transport. That’s why
the peaking mostly depends on the flux surfaces, which are completely located in the

long connection length region.

As shown in figure 57, if a control coil current was added, the O-Point was shifted
outwards and the distance to the border between both connection length regions de-
creased. This leads to a flattening of the peak in the electron temperature profile
and lower plasma collisionality in the island structure. The resulting electron to ion

temperature ratios are investigated in the following.

6.3 lon temperature to electron temperature ratio in dependence

on control coil currents

Because no direct heating mechanisms for ions were available in the second divertor
campaign, the heat source is only given by convective and conductive transport from

electrons to ions.

As shown in figure 60, the ion to electron temperature ratio for »* < 10 in the short
connection length region (circles) is approximately 1. In this parametric region, the

conductive heat transport is dominant and is driven by the particle transport.

In constrast, the ion to electron temperature ratio for v* > 10 in the long connection
length region (triangles) is increasing. Although no direct dependence between the
electron temperature drop and therefore the ion to electron temperature ratio and the

plasma collisionality is given, both are coupled.

As already mentioned, the ion temperature flattened due to the larger Larmor radius

compared to electrons and the higher resulting radial transport.

However, the Larmor radius of electrons is much smaller and therefore the parallel
transport dominates. As result, the electron temperature drops in the island structure.
Because of the dependency of v ~ T71° — v* ~ T72 the plasma collisionality

increases in this region.
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Figure 60: Ion to electron temperature ratio at the position closest to the O-point
(triangles) and at the border between short and long connection length
(circles) in the SOL region of the W7-X stellarator in standard configuration
with different additional control coil currents. (#180905.007-.028)

Further, the decay of electron density and electron temperature inside the island region

can be approximated with Ay = %)\n [24] and leads to flattening for increasing v/*.

The resulting electron temperature and therefore the resulting ion to electron tem-
perature ratio is an equilibrium between both mechanisms and depends on several

parameters, like topology and plasma parameters.

6.4 Summary

Summarised, it was observed that the ion temperature profile flattened in the island
region. In contrast, the electron temperature profile has a peak at the border between
short and long connection length regions and a drop closest to the O-point. This shows
that the electron heat transport is dominated by parallel transport and the ion heat

transport is dominated by perpendicular transport in the island structure.
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Further, the flattening can be increased and the ion to lectron temperature ratio can

be decreased, shifting the O-point closer to the short connection length region.

The observed ion to electron temperature ratios in the long connection length region
are mostly defined by the drop in the electron temperature profile, which is defined
by an equlibrium of flattening of the electron temperature profile with high plasma

collisionality and increase of the plasma collisionality in the electron temperature drop.
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7 Conclusion

The aim of this thesis was the commissioning of a multi-channel retarding field analyzer
and measurements of ion temperature as well as fast particles in the scrape-off layer

region. This thesis included:

e Designing and commissioning of a multi-channel retarding field analyzer

e Optimising the multi-channel retarding field analyzer based on experience during

experiments and numerical simulations
e Measurements of fast particles in ELMy plasmas on the tokamak EAST

e Measurements of ion temperature in edge islands on the stellarator W7-X

A multi-channel retarding field analyzer for ion temperature and fast particle mea-
surements in the SOL region was developed and commissioned in the tokamak EAST
during the 2016 and 2017 campaigns. For ion temperature measurements in the stel-
larator W7-X, an advanced and optimised probe was built and used for the second

divertor campaign in 2018.

Starting with a simple 2-channel probe design on the linear device PSI-2 and continuing
with a 6-channel retarding field analyzer on the tokamak EAST, the multi-channel fea-
sibility was shown. Between the EAST and W7-X experiments, the channel slits were
narrowed and the inner grid modules were optimised, to improve the measurements.
In addition, a set of pins on the top of the probe were used to measure the floating
potential, ion saturation current, and electron temperature. Using a two pin arrange-
ment during the EAST experiments, showed capacitive effects on the RFA channels.
Consequently, a five pin arrangement was used for W7-X experiments. Thereby, the

time and spacial resolution could be increased by a factor of 10°.

The developed multi-channel retarding field analyzer was used for fast particle mea-
surements in the scrape-off layer of the tokamak EAST. For this, the probe biasing was
set on a fixed value to repel all thermal particles. Measurements during ELM showed
the appearance of fast ions and fast electrons in case of a magnetic precursor. Using
the mirnov coil signals, the solid state neutral particle analyzer, and the heterodyne
radiometer, the propagation of fast electrons and fast ions after an ELM burst could
be determined and it could be shown that the fast ions were generated earlier, and that

the fast particles destabilised the electron based mode. However, both types of parti-
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cles propagating with approximately same velocity in the scrape-off layer region. Using
this knowledge, the observation, made by the retarding field analyzer probe, could be
explained. Further, the localised propagation of lost fast ions in horizontal direction
were shown, using the retarding field anaylzer and the divertor Langmuir probes. Be-
cause the edge localised modes are sensitive on the safety factor, further studies should
be focused on the dependence of the fast particle appearance and propagation on the
edge saftey factor on EAST tokamak. Especially the location of origin is of particular

interest.

Further, the multi-channel retarding field analyzer was used for electron and ion tem-
perature measurements in the scrape-off layer of the stellarator W7-X during the second
divertor campaign. The measurements showed that the ion temperature profiles flat-
tened for the given conditions, during the second divertort campaign. On the other
side, the electron temperature profile peaks, due to an eqilibrium between dominated
parallel heat transport and temperature decay coupled to the plasma collisionality.
Furthermore, it was shown that the ion to electron temperature ratio inside the island
structure can be decreased by using additional control coil currents. However, further
studies on the effect of the plasma collisionality on the ion to electron temperature
ratio in different magnetic configuartions should be done, due to the limited number
of discharges during the second divertor campaign. Additionally, simulations with the

EMC3-Eirene code could be a great completion.

Despite several optimisations, some work still have to be done in future. Although
several publications mentioned an upper limit for the slit width, no experimental veri-
fications were possible yet. Further, the biasing must be optimised, to remain operable

in high potential scrape-off layer.

All in all, the multi-channel retarding field analyzer is flexible in its application. Using
different biasing, it is possible to switch between fast particle and ion temperature
operation. This enables broad knowledge about both types of particles in the scrape-

off layer of stellarator and tokamak.
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