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Abstract

Particle transport in a plasma plays an important role in fusion research as it de-
termines the dimensioning of a reactor. In the high confinement regime (H-mode)
of a tokamak plasma usually repetitive magnetohydrodynamic (MHD) instabil-
ities, so called edge localized modes (ELMs), occur. The H-mode is caused by
an edge transport barrier (ETB) in which energy and particle transport is re-
duced. Due to an ELM event the steep pressure gradients at the edge, that form
a pedestal and elevate the profiles in the core region, flatten. The ELM-cycle is
closed with the full recovery of the steep edge pressure gradients.

The ELM-cycle is divided into distinct phases corresponding to magnetic modes.
Immediately after the ELM crash a quiet phase with comparatively low magnetic
fluctuations is observed. The onset of mid-frequency fluctuations is followed
which determines phase II and is accompanied by an increased particle flux onto
the divertor plates. During phase III, characterized by the occurrence of high-

frequency fluctuations, the plasma performance reaches pre-ELM behavior again.

Calculations of the density diffusion coefficient D during this ELM cycle were
performed using the 1.5 dimensional transport code ASTRA. The impact of a
neutral source due to particle recycling at the vessel wall was included with vary-
ing neutral energy and density.

Four different assumptions, which were correlated to signals at the divertor and
midplane, were considered for the temporal behavior of the particle source.

It was found that the quantification of the diffusion coefficient is not possible
without accurate knowledge of the neutral energy and density in each phase of
the ELM cycle.

Qualitative results indicate an increased diffusion coefficient after the ELM crash,
for all assumptions of the neutral source. For a constant neutral fueling D shows
decay-like behavior in phase I until pre-ELM values are reached. This might
originate from the reduction of the E x B flow shear in the pedestal after the
ELM. Experimentally measured low particle flux in the quiet phase at the diver-
tor is interpreted to originate from reduced density gradients instead of a reduced
diffusion coefficient.

In phase II no clear statement is possible without accurate knowledge of the

neutral source. It cannot be decided whether the increased particle flux is due



to density gradients Vn, only, or also due to an additional increased diffusion
coefficient D.

This might lead to the conclusion that MHD modes, visible in the magnetics of

the ELM-cycle, are not the modes which dominate particle transport.
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Kurzfassung

Der Teilchentransport eines Plasmas spielt fiir die Fusionsforschung eine wich-
tige Rolle, da dadurch die Grofe eines Fusionsreaktors festgelegt wird. Im
Regime hohen Plasmaeinschlusses (H-Mode) eines Tokamak Plasmas treten nor-
malerweise zyklische magnetohydrodynamische Instabilitdten auf, die

ELMs genannt werden (Edge Localized Modes). Die H-Mode wird durch eine
Randtransportbarriere (ETB) verursacht, wodurch Energie und Teilchentrans-
port am Plasmarand reduziert werden. Durch das Auftreten eines ELM-Events
werden die steilen Druckgradienten am Rand, welche das Pedestal bilden und
die Plasma Profile erhohen, flach. Der ELM-Zyklus wird durch die vollstdndige
Wiederherstellung des Randdruckgradienten vollendet.

Der ELM-Zyklus ist in klar unterscheidbare Phasen, erkennbar an den beobach-
teten magnetischen Moden, eingeteilt. Unmittelbar nach dem ELM-Crash kann
die sogenannte stille Phase beobachtet werden, in der vergleichsweise wenige
magnetische Fluktuationen auftreten. Das Auftreten von mittelfrequenz Fluk-
tuationen charakterisiert Phase II, in der gleichzeitig ein erhéhter Transport auf
den Divertor beobachtet wird. Wahrend der Phase III, die durch das Einsetzen
von hochfrequenten Fluktuationen bestimmt ist, erreicht das Plasma wieder sein
Verhalten vor dem ELM.

Die Berechnung des Dichtediffusionskoeffizienten D wurde wahrend des ELM
Zyklus mit dem 1.5 dimensionalen Transportalgorithmus ASTRA durch- gefiihrt.
Der Einfluss einer Neutralteilchenquelle aufgrund von Recycling an der Plas-
mawand wurde beriicksichtigt, wobei Energie und Dichte der Quelle varriert
wurden.

Vier verschieden Annahmen fiir die zeitliche Abhéangigkeit der Neutralteilchen-
quelle, bezogen auf Signale am Divertor und an der Midplane, wurden getroffen.
Ein Ergebnis der Untersuchng ist die Erkenntnis, dass der Diffusionskoeffizient
ohne genaues Wissen der Dichte und Energie der Neutralen nicht quanitifiziert
werden kann.

Qualitativ zeigt sich ein erhohter Diffusionskoeffizient nach dem ELM-Crash fiir
alle Arten der Neutralteilchenquelle. Bei Annahme einer konstanten Quelle
zeigt D nach dem ELM ein zerfallsartiges Verhalten bis pre-ELM Werte erre-

icht werden. Das kénnte mit der Reduzierung der E x B Scherstromung im



Pedestal zusammenhéngen. Experimentell bestimmte niedrige Teilchenfliisse in
der stillen Phase treten aufgrund niedriger Dichtegradienten anstelle eines re-
duzierten Transportkoeffizienten auf.

In Phase II ist keine klare Schlussfolgerung méglich ohne die Neutralteilchen-
quelle genau zu kennen. Es kann nicht entschieden werden, ob der erhohte
Teilchentransport in dieser Phase nur von erhohten Dichtegradienten resultiert
oder auch von einer zusétzliche Erhohung des Transportkoeffizienten.

Eine allgemeine, vorsichtige Schlussfolgerung kénnte jedoch sein, dass der Teilchen-
transport nicht von den MHD Moden, die in der Magnetsignatur des ELM Zyklus

beobachtet werden konnen, verursacht wird.
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1. Motivation

1.1. Need for Fusion Energy

The exploitation of fossil fuels like coal or oil brought incredible prosperity to in-
dustrialized states [1|. For the greatest part of human history muscular strength
was the only way to do most kinds of work. Invention of different machines in the
19th century that combust fuel took over to perform the most exhausting tasks.
This ease severely changed human living and further invention of technologies
evolved human society. Nowadays, human energy consumption is much higher
compared to the pre-industrial era. Industrialization of developing countries like
China or India leads to additional growth of global energy consumption.

But combustion of fuels releases greenhouse gases that slowly warm up the at-
mosphere and causes disastrous effects on natural equilibrium. Oil, which is one
of the most important energy sources due to its high combustible energy density,
cannot be found everywhere on earth. Wars and involvement into political in-
trigues are therefore often consequences for oil exporting countries [1]. Awareness
of these issues and the fact of limited availability of fossil fuels let governments
search for alternative sources of energy. Solar power and wind power are acces-
sible everywhere on earth but are not sufficient to supply the basic load of the
electric grid.

In the 20th century physicists revealed the enormous potential of power that
is stored in the binding energy of atoms. The energy density of nuclear fuel is
several million times bigger than the energy density of combustibles. During
World War II the concept for a nuclear power plant was evolved, in which heavy
Uags isotopes fissile to lighter nuclei, thereby releasing high amounts of energy.
Today, nuclear power provides more than only few parts of the total electricity
produced and nuclear power plants can be seen as important suppliers in differ-
ent countries. As this kind of energy production is based on controlling a chain

reaction, failure can be fatal and lead to nuclear disasters.



Fusion of two light nuclei to a heavier one is based on the same physical back-
ground but has to be achieved in a completely different way. Developing a reactor
that can exploit this fascinating source of energy is the current aim of research.
Unlike in the case of fissile power plants there would be no long term radioactive
waste and no need to control a chain reaction. The fuel is also available nearly
everywhere on earth and cheap. Only the realization of a fusion power plant
turned out to be very tricky, expensive and has not been achieved yet. On the
other hand, clean energy supply could be guaranteed by working fusion reactors

which could totally reward these investments.

1.2. Controlled Fusion Background

In principle fusion reactions occur in case of two (or more) nuclei getting close
enough to each other to get into the influence of the attractive, but very short
ranged, strong interaction force which is responsible to form nuclei. As the nu-
clei are both positively charged, they are repelled by each other due to the long
ranged Coulomb force. One solution to overcome this repulsive Coulomb force
is given by the sun. It confines particles under their own gravitational field and
compresses the nuclei close enough to each other to fuse them. Generation of
such high pressures is not possible on earth.

An idea is to heat a gas of fusion reaction partners to increase their kinetic energy.
If two nuclei then collide and their kinetic energy is high enough to overcome
the Coulomb barrier, a desired fusion reaction can occur. In this case quantum
mechanics play a significant role, as it allows particles to tunnel the upper part of
the Coulomb barrier which reduces the required temperature significantly. Still,
the temperature of this gas has to be in the order of 10 keV which corresponds
to 100-10° K in SI units. Because any contact of this very hot gas with solid or
liquid surfaces would immediately absorb a crucial amount of its energy prevent-
ing fusion reactions to happen, a confinement system without contacting surfaces
has to be worked out.

Components of a neutral gas lose several or all their electrons at high tempera-
tures, which leads to a gas consisting of charged particles, the so called plasma
state.

Charged particles are generally interacting with magnetic and electric fields and

the Lorentz Force Fp, = ¢(E 4 v x B) lets charged particles gyrate around mag-



netic field lines with the Larmor radius r,. Up to a certain point perpendicular
transport can be suppressed this way. The concept which exploits this effect to
confine the plasma particles without contacting wall surfaces is called magnetic
confinement. The tokamak, which will be described later in section 1.3, is the
currently best performing realization of a magnetic confinement device.

The cross section for a fusion reaction is smaller than the cross section for a
Coulomb collision. Therefore several collisions are required to finally fuse two
nuclei. In figure 1.1 the rate coefficients for different fusion reactions are shown.
The fusion cross section of the two hydrogen isotopes deuterium (D) and tritium
(T) was found to be the biggest for a given temperature compared to all other
fusion reactions. Hence, the first nuclear fusion power plants will be designed
to work with a D-T plasma, although the clean D-D (no usage of radioactive
tritium) and D-Hes (all fusion products are charged and therefore confined) re-

action would be more favorable.

Deuterium can be found in one out of 6700 hydrogen atoms in H,O and there-
fore easily gained from the ocean. Sufficient tritium supply is due to its short
half-life a major issue in fusion research, but the common idea is to breed it from

a lithium blanket that surrounds the vessel wall of a fusion reactor.
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Figure 1.1.: Rate coefficients from different fusion reactions. The temperature
is given in units of keV. Conversion with Boltzmann’s constant kg

gives 1 eV = 11 600 K. Figure taken from [2].

As it is shown in equation 1.1 the D-T fusion reaction yields an uncharged

neutron, a positively charged a-particle (nucleus of He?) and 17.6 MeV kinetic



energy of the fusion products. Responsible for this energy gain is the well known

mass defect, described by the formula E = Amc?.
Dj + T3 — np + Hej + 17.6MeV (1.1)

While the positively charged a-particle remains in the confined plasma region
the neutron escapes from it and collides with the vessel wall. Thereby its kinetic
energy is converted to heat in the wall components which will further be trans-
formed into electrical energy by heat exchangers and steam generators. Due to
collisions of the remaining o with the plasma particles the plasma will be in-
trinsically heated. If the fusion rate is high enough, all energy losses can be
balanced in this way and the required plasma temperature can be maintained
without external power supply - the plasma ignites.

The limit to achieve ignition is described by the Lawson Criterion [3] which gives
a threshold for macroscopic plasma parameters. It can be expressed by the triple

product of temperature T, density n and energy confinement time 7¢
nTs > 3 x 10°'m " keV s. (1.2)

The factor on the right hand side of equation 1.2 depends on the temperature
and density profiles or impurities [3]. It generally does not matter how this fusion
product is achieved and there are different plans to get there. In contrast to the
concept of magnetic confinement, which is based on a comparatively long energy
confinement time at low densities, the idea of inertial confinement suggests to
compress fusion fuel with pulsed laser shots to very high densities at very short
g (see table 1.1). This completely different approach is mentioned here for the
sake of completeness and won’t be further discussed. Typical plasma values for

these two approaches are shown in table 1.1.

Approach ‘ n[m3 T [keV] 7g |5
magnetic confinement 10%0 10 10
inertial confinement 103! 10 10711

Table 1.1.: Typical values for different approaches to achieve the Lawson

Criterion.



The next section deals with the difficulty to confine a hot plasma for a suffi-

ciently long period of time and introduces the tokamak concept.

1.3. The Tokamak Principle

One of the main obstacles in early fusion devices in the 1950s was the occurrence
of evolving instabilities under plasma operation [4]. Investigation of several pos-
sible configurations like pinches or mirror machines didn’t qualify them for the
demands of magnetic confinement fusion. Pinches are highly unstable and differ-
ent kinds of disturbances lead to a collapse of the plasma column [5]. Magnetic
mirrors fail at particle confinement due to an unavoidable fraction of plasma
losses.

In 1968 electron temperatures above 2 keV for significantly long times could be
measured in a so-called tokamak device [6]. These surprisingly good early re-
sults led subsequent research to mainly concentrate on the tokamak principle as
it seemed promising for the realization of a fusion power plant.

The characterizing feature of a tokamak is a toroidally shaped plasma column
and the comparatively simple two dimensional coil configuration. A sketch of
such a device is shown in figure 1.2. Due to its closed geometry particle losses
along the magnetic field lines can be avoided. The toroidal field is produced by
planar D-shaped coils. A superimposed poloidal field component stabilizes the
plasma column.

The major radius of the torus is denoted by Ry and the minor radius by a. For
a medium sized tokamak like ASDEX Upgrade (axial symmetric divertor exper-
iment) these quantities are 1.65 m and 0.5 m, respectively.

The picture of gyrating particles around field lines given before (see section 1.2)
is only applicable for straight field lines. As soon as the plasma is bent curvature
drifts in perpendicular direction appear. Transverse gradients of the magnetic
field (B(r) o< 1) are the origin of the so called VB drift. If no currents are
present, the VB drift and curvature drift point in the same direction and the
corresponding equations have similar form. These drifts can then be combined

to

_vf+3v1Bx VB

1.3
o 5 (1.3)

Vd



in which the parallel and perpendicular component originate from curvature and
VB drift, respectively. The cyclotron frequency w¢ is charge dependent and
inversely proportional to the magnetic field B.

This drift separates ions and electrons producing an electric field which causes a
further prominent drift. The E x B drift results from perpendicular magnetic
and electric fields. Because of its charge independence it pushes both species of
plasma components out of the confined region with a velocity denoted in equation

1.4.
ExB

B?

An additional example of particle motions is the polarization drift as a conse-

Vd,ExB = (1.4)

quence of a time dependent electric field [3].

Vertical field coil

Plasma

Separatrix

X-point

Divertor

Toroidal field coil im

Figure 1.2.: Schematic (a) and poloidal (b) cross section of the tokamak principle.
It can be seen that the shape of the plasma column is elongated, as

this returns better plasma performance. Figure taken from [7].

To improve particle confinement a central solenoid which acts as an ohmic
transformer is implemented into the machine. Thereby a plasma current I, can
be induced with a corresponding magnetic field. Composition of all magnetic
fields give a helical field line trajectory, on which particles can follow and stay
in the confined plasma for a longer period of time. The safety factor q describes
the average twist of the magnetic field lines on a flux surface [3]. On the other

hand this configuration gives rise to a weakness of the tokamak principle, as it



can only be operated in pulse-like shots. Additional ideas for steady state power
plant operation have to be worked out.

Modern machines like JT-60SA in Japan or the next-step device ITER will be
equipped with supraconducting coils. This extends the duration of a plasma
discharge as the necessary current can be applied for a longer time without over-
heating the components. In addition to the difficulties for engineers to implement
supraconducting coils, the appearing electromagnetic forces point in different di-
rections and are very large. A supporting structure is required in order to prevent
the device from structural disintegration.

Continuous neutron bombardment, as it will be the case in a nuclear power plant,
still challenges material scientists to get applicable wall components. Thereby
activated vessel elements cause some radioactivity. These components have to
be stored (or reprocessed) for ~ 100 years until their radioactive emission can’t
be distinguished from natural radiation.

The divertor, which is drawn in figure 1.2b, is also a feature of various tokamak
machines. It forms the last closed flux surface (LCFS or also often called separa-
trix) to have an X-point which divides the plasma into the scrape-off layer (SOL)
and the confined region. The particles of the SOL are directed onto the divertor
targets which are made of specially designed plates, that can be exposed to high
heat loads.

In comparison to the tokamak principle the stellerator design can turn out to be
another concept for a future power plant. The currently biggest stellerator exper-
iment Wendelstein 7-X, which started operation in December 2015 in Greifswald,

Germany shall give an answer to this question.

1.4. High Confinement Mode Phenomena

In 1982 the high confinement regime (H-mode) was discovered at the ASDEX
tokamak. Beyond a certain threshold of neutral beam injection (NBI) heating
power the H, and D, signals at the divertor decreased suddenly [8]. Increased
particle confinement was also observed and further an increased energy confine-
ment time 7 by a factor of two [9]. H-mode operation does not depend on the
method of auxiliary heating and can also be achieved without divertor configu-
ration (limiter operation) [10].

Future fusion devices like ITER will be operated in this regime. In comparison



to the low confinement mode (L-mode) steep pressure (p = nT) gradients are
localized at the plasma edge. This is shown in figure 1.3. An evolving edge
transport barrier (ETB), which can be seen as a narrow region with reduced
particle and heat transport at the plasma edge, was found to be responsible for
this improvement. It forms a pedestal which elevates the pressure profile and

increases therefore the whole plasma performance.

Sepa%. (a) (b)

H-mode

midplane

/ pressure

X-point ‘ A

b

096 1~

0

outer Divertor

plasma radius (Ppq)

Figure 1.3.: Plasma in divertor configuration (a) and pressure profiles of H- and
L-mode (b). Picture taken from [12].

H-mode operation is normally accompanied by quasi-periodic magnetohydro-
dynamic (MHD) instabilities that release particles and energy into the SOL in
a very short time interval (< 1 ms). These events are known as edge localized
modes (ELMs). Reducing the confined energy by about 10-20% they impose a
huge heat load on plasma facing components, which can be critical for larger
machines like ITER. On the other hand a beneficial effect is the flushing of im-
purities, which would accumulate during the discharge and emit energy via ra-
diation. Understanding of the triggering mechanisms are desirable and although
ELMs are not fully understood yet, various studies are already existing [11].
During this burst like ejection the steep edge pressure gradients flatten and the
pedestal collapses. In the following recovery phase the temperature and den-
sity gradients rebuild on different time scales until the pedestal is completely
restored and the next ELM event occurs [12, 14]. In this work the pedestal



recovery process is investigated with particular regards to the behaviour of the

diffusion coefficient and the influence of neutral particles on it.

1.5. Objectives of this Thesis

Aim of this work is the investigation of the diffusion transport coefficient in the
pedestal region of a tokamak plasma. Based on different assumptions the dif-
fusion coefficient shall be quantified in different phases of the pedestal recovery
after an ELM crash. The calculations are performed for a representative ELM
cycle obtained from ELM synchronization. This method is explained later in
section 3.3.

Chapter 2 introduces general aspects of transport in a plasma to describe the
physical background on which this thesis is based. Three different transport
regimes classical, neoclassical and turbulent transport are shortly described. The
diffusion equation is derived qualitatively and the role of neutrals coming from
the vessel wall is highlighted.

Plasma particles that hit the wall are generally reflected as neutral atoms or
molecules with a certain energy distribution. As soon as they are ionized they
follow the magnetic field lines. There is a certain possibility that neutrals cross
the SOL and get into the confined region, where they act as a plasma source.
Calculations in this work shall take this issue into account and the neutral source
shall be modeled considering several assumptions.

Different cases of the temporal behavior of neutrals during the ELM cycle are in-
vestigated. Energy and density of these neutrals are varied. The energy variation
is related to energetic neutrals produced in the scrape-off layer by Franck-Condon
processes or by reflection from the metal wall.

The total diffusion coefficient obtained from simulations for different ELM cycle
phases shall be compared to previously found results [17, 18]. Computations
are performed with the ASTRA code and the neutral source is estimated by the
KN1D code. These codes will be explained in an extra chapter to show their
assumptions and boundary conditions.

The results are described and shown in several simulations. In a final discussion
the results of this work are interpreted and suggestions for future investigations

of the diffusion coeflicient are made.



2. Transport in a Tokamak

Plasma

Transport in plasmas is a very important subject as it determines the dimension-
ing of fusion devices. Investigation of transport coefficients and the understand-
ing of their mechanisms are therefore essential for fusion research. In history
different transport regimes have been found and described as experimental data
didn’t match with classical theoretical predictions. The measured quantities were
orders of magnitudes higher than first assumed. Various mechanisms are respon-
sible for higher transport which requires in general to operate with bigger plasma
volumes to get a sufficiently high energy confinement.

In this work the diffusion coefficient of the pedestal region is investigated in
which the pedestal is assumed to be mainly diffusive [17].

The next section gives a short overview of different transport regimes and the
mathematical background to derive the diffusion equation is explained after-
wards. The consideration of neutrals is explained in the last section of this

chapter.

2.1. Transport Regimes

A common way to describe the phenomenon of diffusion in a mathematical frame-
work is the concept of the Random Walk. Thereby particles move each time
interval At randomly in any arbitrary direction (+Az, £Ay, +Az), while the
absolute value of the step size doesn’t change. After further calculations one can
derive an expression for the particle flux in any direction, which is also known
as Fick’s law (equation 2.1) and plays an important role to derive the diffusion
equation.

I'=-DVn (2.1)

10



In equation 2.1 the flux I'" is described as balancing result of a density gradient

Vn times a coefficient D, which is called diffusion coefficient.

Classical Transport is based on Coulomb collisions of the charged plasma
components. The time between collisions is assumed as At = 1/v, in which v
stands for the collision frequency. The average displacement due to collisions
corresponds to the gyration radius r;, and the diffusion coefficient for classical
diffusion can be derived as

Do jass = TiV (2.2)

The same result can be obtained in the fluid picture of a plasma which combines
fluid equations with Maxwell equations and is called magnetohydrodynamics
(MHD) [19].

It has to be mentioned here that only collisions with unlike particles contribute
to a net diffusion. Identical ions or electrons exchanging their momentum can be
seen as transposition of each other. On the contrary energy transport is carried
out also for like particles.

Ions and electrons diffuse in general with different velocities due to their un-
equal mass. Charge separation leads to an electric field that acts as a counter
force for the much faster diffusing electrons. This is known as ambipolar diffu-
ston which combines the two distinct diffusion coefficients to the same for both
plasma species.

As it turned out, theoretical results of classical diffusion are not found exper-
imentally. For typical plasma parameters the diffusion coefficient is calculated
this way to be in the range of D ~ 1075 —10~* m2s~!. Indeed experimental data
reveal the value for D to be near 0.1 m?s™! in the pedestal region [18, 19] and D

1'in the core.

~ 1 m?s~
Neoclassical Transport describes transport which is caused by trapped parti-
cles. In the toroidal geometry of a tokamak field the magnetic field is higher at
the center (high field side HF'S) than outside (low field side LFS). The magnitude
of B follows a law like B(r) o 1/7.

Therefore particles are trapped in what seems to be similar to magnetic mirrors
on so called banana orbits. Consequently the step size due to a collision is the
bananawidth wg which is significantly larger than the radius of gyration r1,. An

effective collision frequency veg is connected to the time a particle stays in a

11



trapped orbit until it gets enough parallel energy to leave it.
Including the bananawidth wg, the fraction of trapped particles nrg/n in banana

orbits and ves the neoclassical diffusion coefficient can be estimated to be [19]

2
nTR q
Dneo = WBVeft ~ 3/2 Dclass
n €

(2.3)

In equation 2.3 € denotes the inverse aspect-ratio € = (Rp/a)~! and q is the safety
factor. The diffusion coefficient obtained for neoclassical transport is about two
orders of magnitude larger than that for classical transport but still too small
to fit experimental measurements. These phenomena can be deduced from the
toroidal geometry of the tokamak device.

Another important quantity to characterize a plasma is the collisionality * which
can be described as product of the time a particle needs to fulfill a banana

gyration At and the effective collision frequency veg (equation 2.4).

V" = VegAt (2.4)

[
7

- > Ve
VB vp

Figure 2.1.: Neoclassical diffusion coefficient D [m?s™!] as function of collisional-
ity. The diffusion coefficient for the banana regime Dg, the plateau
regime Dp and the Pfirsch-Schliiter Dpg regime are shown. The
frequency to complete a banana orbit is given by vg and v, gives

the frequency from which MHD is applicable [9].

Figure 2.1 shows three different neoclassical regimes for particle transport that
can be characterized as function of the collisionality of a plasma. The plasma
discharge investigated in this work exhibits a high collisionality (v* > 1) and the

neoclassical diffusion coeflicient can therefore be found in the Pfirsch-Schliiter

12



regime [3].

Turbulent Transport can be described in the kinetic picture of the plasma.
It turned out that binary collisions cannot be the only reason for the observed
plasma behavior. Fluctuations are often assumed to be responsible for high radial
transport. In general fluctuations are driven by pressure gradients perpendicular
to the magnetic field [4].

Typical spatial dimensions of such fluctuations are in the cm range. If these
turbulent structures last about 10™* s a diffusion coefficient in the random walk
model can be estimated to D ~ 1 m2s~!. Fluctuations are especially observed at
the edge of a tokamak plasma. An analytical description of this behavior is not

possible in most cases and numerical methods have to be applied [19].

For completeness it is mentioned here that the energy transport can be de-
scribed with similar considerations as mentioned before. In this work the pedestal
is assumed to be mainly diffusive and the particle flux can be described by Fick’s

law, equation 2.1.

2.2. Diffusion Equation

In order to derive an equation for the particle transport all particle sources and
sinks in a certain volume have to be balanced. The rate of change for particles is
given by the difference of produced particles in a volume and number of particles

leaving the surface of this volume. Equation 2.5 describes this situation.
ON
oV \%

The density, generally described by n(r,t) = dN/dV and the usage of Gauss law
(§ TdA = [V -T'dV) yields the continuity equation.
The continuity equation can now be written as
0
an(r, t) = -V -I'(r,t) + S(r,t) (2.6)

In equations 2.6 and 2.5 the flux of the diffusive material is described by T'. It is
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composed of two assumptions which are shown in equation 2.7.
I(r,t) = —D(r,t)Vn(r,t) + n(r,t)v(r,t) (2.7)

The first term on the right hand side is known as Fick’s first law (diffusion
approzimation, see section 2.1) and describes the flux as balancing act of a density
gradient. The second term gives a flux due to a particle drift and is neglected in
the further derivation. Combination of equation 2.7 with the continuity equation

yields the diffusion equation which is denoted as

0

gn(r, t) =V - [D(r,t)Vn(r,t)] + S(r,t) (2.8)
In this case and in general the diffusion coefficient D(r,t) is not constant. In
case of an anisotropic flux the diffusion coefficient has also to be considered as
tensor and equation 2.8 becomes non linear for a density dependent D.

In further calculations a spatially constant diffusion coefficient is assumed and

equation 2.8 reduces to the following differential equation

0

(1) = DVn(x,1) = S(r. 1) (2.9)

The equation is generic in terms of geometry and has to be transformed to
toroidal coordinates for a tokamak system.

Equation 2.9 is shown again in cylindrical coordinates for an isotropic density
n(r,0,z,t) = n(r,t). The term that shows the 1/r dependence also appears in

toroidal coordinates and is important if a tokamak configuration is considered.

2
gn(r,t) D 10n(r,1) N 0°n(r,t)

ot r or Or? =51 (2.10)

Estimations for the particle confinement can be performed with the ansatz
n(r,t) = n(r)exp(—t/7,) which links the diffusion coefficient directly to the par-

ticle confinement time 7, (neglecting the source term).

V- [DVn(r)] = —in(r) (2.11)

Tp

In the following chapter the plasma source S(r,t) which is assumed to originate

from ionized neutral particles will be described.
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2.3. The Role of Neutral Particles in the
Pedestal

In equation 2.9 an external plasma source is included on the right hand side. In
this section the origin of this source is discussed.

When an expelled ion hit the vessel wall it can be reflected as energetic neutral,
bound on the surface and released as thermal atom or molecule or diffuse deeper
in the material and is stored. After some delay it can be released as thermal
particles.

The return of particles into the confined plasma due to these processes is called
recycling. The new born neutrals move towards the confined region through the
scrape-off layer and collide with particles. Due to these collisions the neutrals
can be excited or ionized. If the ionization process is located inside the separatrix
the former neutral stays confined and is added to the plasma.

The reflection coefficient at the wall and the corresponding velocity is dependent
on the materials at which the ions get recycled. The special feature of tungsten
covered tiles in ASDEX Upgrade plays an important role, as it affects the energy
of recycled atoms and molecules [20]. Because of the higher atomic number of
tungsten (Zw=74) in comparison to carbon (Zc=6), which is also a common
first wall material, the mass ratio of collision partners in the W case is obviously
different than in the C case. Therefore, less momentum is transmitted which
lowers the ion moderation. As it can be seen in the formula for the Rutherford

cross section (equation 2.12) higher Z leads to an increased collision probability

[4] 2
d_O' . 1 212262 1 (2 12)
dQ  \4drmey 4E, ) sin* () '

A comparison for different impacting energies Eq of deuterium onto different wall

material is shown in table 2.1.
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D—-C D—-W
Eq Rp Rg (E) Rp Rg (E)
10eV 040 0.13 3.5eV 080 0.60 7.5¢eV
20eV 032 0.12 75eV  0.71 0.52 14.6 eV
50eV  0.30 0.10 16.6 eV 0.68 0.38 27.9eV

Table 2.1.: Values of particle reflection coefficient R p and energy reflection coeffi-
cient Rp for incident deuterium with energy Ey. The mean reflection
energy (E) is calculated for carbon (C) and tungsten (W) covered
tiles [20].

The ionization of neutrals from the wall to the separatrix is dependent on the
electron density n. and temperature 7, in the SOL. Modeling the scrape-off layer
is therefore necessary to get reliable results for the ionization rates. Simulations
at ASDEX Upgrade revealed higher densities for neutrals with characteristic
energies that cross the separatrix. They might result from Franck-Condon disso-
ciation processes that can create an energetic neutral from molecular hydrogen

as it is shown in the list below [15].
a) Ho+e~ — H+H" (3.0 ¢V)
b) Hy+ e — H+ HT (5.0 éV)

The two dimensional spatial density distributions for neutral deuterium atoms,
molecules and electrons, calculated from EMC3-EIRENE simulations [20], are
shown in figure 2.2. The electron density is high within the separatrix and at
the divertor.

The value of the neutral density is high at the divertor and outer midplane
compared to the other SOL regions. The absolute atomic neutral density is

about 10'® m™3 at the separatrix.
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Figure 2.2.: Poloidal cross section for simulated electron density (a), atomic (b)
and molecular neutral (c¢) density. The distribution is obtained from
calculations with the EMC3-EIRENE code. Figure taken from [20].

It is discussed later that one dimensional temperature and density profiles
serve as input for the ASTRA code. The two dimensional geometry of the spatial
neutral density distribution has to be reduced to a one dimensional value given
at the separatrix at the midplane. Because no two dimensional calculations of
scrape-off layer physics are performed in this work, different cases for neutral
behavior at the separatrix are modeled and investigated. These are described in

detail in chapter 4.
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3. Experiment

To investigate the inter-ELM profile recovery in the pedestal experiments are
performed. The profile evaluation has been performed by Laggner [12] and Keerl
[13]. A fast electron density increase after the ELM crash is observed in all
investigated discharges. In this chapter the diagnostics for the edge profiles and
the method of ELM synchronization are described. Density and temperature
profiles are a necessary input for the modeling.

The density and temperature profiles are split into distinct phases according
to the magnetic characteristic which are observed during the ELM cycle in the
experiment. These phases are introduced in this chapter and kept for the whole

work.

3.1. Diagnostics

3.1.1. Lithium Beam

The Lithium-Beam (LiB) diagnostic is a tool to determine the plasma density at
the plasma edge. It is based on the observation of Li(2p) — Li(2s) transition that
emits a photon with wavelength A = 670.8 nm. Measurement of the intensity of
this transition Iy;2p—2s) yields information about the electron density.
Li ions are emitted at the emitter, accelerated to 30-60 keV, focussed and neutral-
ized in a sodium (Na) charge exchange cell. The spatial line emission profiles are
modeled including impact excitation, ionization and charge exchange processes.
The occupation density N; for the i-th excited state of lithium along the z-axis
is given by .
P S nel2)an(T2) + bV () (3.)

j=0

in which a;; denotes the coefficients for excitation and de-excitation and b;; the

coefficients for spontaneous emission. Density and temperature profiles are de-

18



noted by n. and T,, respectively.

At the plasma edge all Li-atoms are assumed to be in the ground state

This coupled linear differential initial problem (equation 3.1 and 3.2) is solved
using Bayesian probability theory [21].

The emitted photons are detected with two optical systems. The beam has a
diameter of 10-15 mm. To allow background subtraction the beam is chopped

[22]. Radial solution for the density profiles of about 5 mm can be achieved.

3.1.2. Electron Cyclotron Emission

With the electron cyclotron emission spectroscopy temperature profiles of the
plasma can be measured.
In a magnetic field electrons gyrate around the field lines with a certain frequency

w¢ according to
eB

Me

(3.3)

we =

The electron charge is e, B the magnetic field and m, the electron mass. The
radial dependence of B(r) oc 1/r in a tokamak plasma leads therefore to a radial
dependency of the cyclotron frequency wg. This issue is exploited to control
the location of power deposition in the core of the plasma by cyclotron heating.
Measuring the frequency of the emitted radiation, a profile of the temperature
can be determined using only one line of sight.

Nowadays fusion plasmas are mostly optically thick and radiation of all frequen-
cies is absorbed by cyclotron resonances. A black body at a certain temperature
T, that absorbs all radiation, described in Kirchhoff’s law of thermal radiation,
also emits radiation with a spectral distribution I(v) described in Planck’s law

(equation 3.4).
_ 8mhv? 1
B3 ew/keT _ 1

) (3.4)

The frequency v can also be expressed by the angular frequency v = w/27. In
equation 3.4 the speed of light is denoted by ¢, Planck’s constant is given by h and
Boltzmann’s constant is written as kg. Today fusion plasmas have hry < kgT

which allows an approximation /%87 ~ 1 + hv/kgT and equation 3.4 can be
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approximated to the law of Rayleigh-Jeans

I(v) ~ 8—7Ty2kBT (3.5)

3

Combining equations 3.3 and 3.5, measurement of /(v) gives the electron tem-
perature profile if wq(r) is known.
42 1(v)

Te(I<V)> wc<7’)) = kB WC<7‘)2 (36>

In the SOL the optical thickness of the plasma quickly drops and no reliable

measurements are therefore possible.

3.1.3. Integrated Data Analysis

In conventional data analysis the measured quantities of each diagnostic are an-
alyzed and mapped separately onto a coordinate system. Afterwards the results
are combined.

Problems can occur if the data of different diagnostics is partially non consistent
and the validation of the data subset relies on the expertise and judgement of the
analyzing person. This non standardized approach leads to difficulties compar-
ing results of internationally obtained results [21] and diagnostic specific issues
might be lost.

The integrated data analysis (IDA) combines raw data of complementary diag-
nostics and n, and T, profiles, which fit best to the data and their uncertainties
are derived within the framework of Bayesian probability theory. Thereby joint
density and temperature profiles are obtained.

Profiles of ECE, LiB, deuterium cyanide laser interferometry (DCN) and Thom-
son scattering (TS) are analyzed in the IDA approach. The combination of
the LiB spectroscopy and the DCN interferometry lead to a density profile that
reaches from the core to the separatrix, especially accurate at the plasma edge
due to the high reliability of the LiB diagnostic. The correct interpretation of
ECE signals depends on the density profile n, which can now be acquired from
the combining IDA approach. Thomson scattering is the only diagnostic that can
simultaneously measure T, and n, profiles and therefore provides an important
link between these two quantities. The alignment of the different profiles can

therefore be obtained from comparison with T'S.
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3.2. Shot #30701 Parameters

Discharge No. 30701 is investigated in this thesis. Because of low ELM frequen-
cies of about 70 Hz the pedestal recovery phase is long and can be well analyzed
[12]. The plasma was operated in lower single null (LSN) mode. Global dis-
charge parameters are plasma current I, = 1 MA and toroidal field By = -2.5 T.
The negative sign indicates the opposite direction of the current I,. The plasma
was heated by neutral beam injection (NBI) of 4.3 MW and electron cyclotron
resonance heating (ECRH) of 0.7 MW,

The time window of interest of this shot is from 2.975 s to 3.4 s in which the
plasma parameters stay constant and ELMs with similar size occur at constant
frequency. This allows a statistic investigation of ELM events.

An overview plot of #30701 2.975s - 3.4 s is given in figure 3.1. The evolution of
the temperature and density profiles is shown as well as the injected power by the
electron cyclotron resonance heating (ECRH) and neutral beam injection (NBI).
The signal of the density and temperature profiles are repetitively interrupted
due to the chopping of the lithium beam and the further processing with IDA.
In general the profiles as well as the ELM frequency are sufficiently constant to
allow statistical analysis by ELM synchronization.

The divertor shunt current I is shown in the fourth panel of figure 3.1. From the

rising flank of the signal the time of each ELM onset can be determined.
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le6 Overview Plot #30701
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Figure 3.1.: Time trace of shot #30701 for 2.975 s to 3.4 s. Panel 1: time trace of
the input power. Pypy (blue) and Prcry (green) as well as radiated
power P4 (red). Panel 2: electron density at three different radial
positions, p = 0.97 (red), p = 0.98 (green) and p = 0.99 (blue).
Panel 3: electron temperature T,, the same color code is used for
the density. Panel 4: current measured in the divertor to determine
the time of each ELM onset.

3.3. The ELM Cycle

The method of ELM synchronization is based on the the quasi-periodic appear-
ance of ELMs. The behavior of the pedestal recovery after an ELM crash is
similar in each ELM cycle and the method is used to obtain better, statistically
reliable data. Thereby, the ELM onset time tgry = 0 is determined for each
ELM from the rising flank of the divertor shunt current measurements. The
signal, that is ELM-synchronized, is divided into time-spans around each ELM,
and the new time-base locked to tgry = 0 is applied. This procedure allows the
averaging of signals in time windows relative to the time of ELM onset.

The ELM synchronization is performed to obtain a single representative ELM
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cycle within the time window from 2.975 s to 3.4 s of the discharge #30701. In
this thesis in general all data is ELM synchronized before used in the simulations.
In figure 3.2 the ELM synchronized magnetic behavior of this discharge is shown.
The ELM cycle can be divided into distinct phases corresponding to the magnetic

fluctuations.

#30701
Pre ELM X il i 0
e :
= ; -1
__ 300} " : _
N 2>
T s,
5 200 A %
“ 3
o
g 53
* 100} =
-6
oB//a - -7
L M —) == [ —

|
-5.0 -25 0. 25 5.0 7.5
time relative to ELM onset [ms]

Figure 3.2.: ELM cycle of discharge #30701 from 2.975 s to 3.4 s. The cycle is
classified into three distinct phases corresponding to their magnetic

behaviour. Figure taken from [24].

After the ELM crash, which is characterized by a broadband fluctuation from
0 ms to ~1.5 ms, the quiet phase or phase I occurs. Compared to the other
phases there are no magnetic fluctuations observed except for the low frequency
ones.
In phase IT mid-frequency fluctuations with frequencies about 50 - 150 kHz ap-
pear which are supposed to be responsible for additional particle transport into
the SOL [13]. This interpretation comes from an increased D, signal at the di-
vertor which is accompanied by an increase in the divertor electron density [12].
The onset of high-frequency fluctuations (180 - 250 kHz) characterizes phase 111

where both density and temperature reach pre ELM values.

In this thesis the classification of the phases remains always the same and the

timebase is shown in table 3.1.
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Phase theg [MS] to tena [ms]
Pre ELM -7to 0

ELM 0to 1.5

I 1.5to0 3

II 3to 7.5

111 7.5 to 15

Table 3.1.: Timebase for the distinct phases relative to ELM onset (t - tgry = 0
ms) during the ELM cycle of discharge #30701. The ELM itself was

assumed to have a duration of 1.5 ms.

The electron density at different radial positions during the ELM cycle is shown
in figure 3.3. Because of the ELM crash particles are expelled to the scrape-off
layer and the density decreases abruptly in the pedestal.

In phase I the density profile recovers fast. Low transport is expected in this
phase because of fast density recovery. In phase II the rate of density recovery

is reduced. Pre-ELM values for the density profile are reached in phase III.

1e20 Electron Density #30701
T T T T ;
09F L ppg = 0.99 e—p,, = 0.97
05 ,?;m_,E,LM, | ppa = 0.98 o2 p,, = 0.96
=07 S

-0.005 0.000 0.005 0.010
- tgpy [s]

0.014

Figure 3.3.: Density at four different radial positions. The curves are colored in
magenta for p,, = 0.96, blue for p,, = 0.97, in green for ppq = 0.98
and in red for ppo = 0.99.

The behavior of the density gradient Vn, during the ELM cycle is shown in
figure 3.4. The ELM crash at tgrv = 0 ms lets the pedestal collapse and flattens
the gradients at the plasma edge. The gradients in the pedestal in the beginning

of phase I are low and steepen fast during phase I and slower in phase II. At the
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same time the density recovery rate is reduced. In phase III the pedestal recovery

reaches pre ELM values which are characterized by steep density gradients.

Figure 3.4.:

T T E E T ; T ; - 6.99
Pre ELM i=:i1 i 11 f Ppoi = 0.98
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The density gradient at different radial positions. The gradient flat-
tens towards the plasma core. Red and magenta crosses denote Vn,
at ppor = 0.96 and p,, = 0.97, respectively. The gradients for ppy
= 0.98 is shown in black and p,, = 0.99 is colored in blue. Figure
taken from [24].

The temperature profile recovers differently compared to the density profile.

After the ELM crash which reduces the temperature, the recovery is slow in phase

I. During phase II the recovery rate is increased whereas the density recovery rate

stalls. In phase III pre ELM values for the temperature profile are reached.
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Electron Temperature #30701
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Figure 3.5.: Temperature for four different radial position. The same color code
as in figure 3.3) is used. The ELM event can clearly be identified at

t‘tELM = 0 ms.
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4. Transport Modeling

In this chapter the model used to calculate the diffusion coefficient is introduced.
An overview of the used transport algorithms is given, their intrinsic restrictions
are described and their assumptions discussed. Ideas to model and estimate
neutral sources at the separatrix are worked out and presented. In the last

section the model assumptions are described and summarized.

4.1. The ASTRA Code

ASTRA is an acronym for Automatic System for TRansport Analysis. It
deals with one-dimensional diffusion equations for densities and temperatures
of plasma components and a two-dimensional equilibrium equation. Combina-
tion of these two leads to the definition 1.5 dimensional transport code.

In general it is a flexible programming system [25] with various possibilities to
create codes for transport modeling. The model has to be specified in a so called
model file which specifies assumptions for e.g. particle or energy sources and
sinks, boundary conditions or particle pinches. Experimental data is stored in
an experimental file and can be accessed from the model file. ASTRA takes the
given model and the data input to create the transport code. Because of the
interactive design input parameters can be changed during the simulation run.
Plug-in subroutines are provided to allow additional considerations like NBI or
gas puff neutrals.

ASTRA models are embedded in a toroidally symmetric magnetic configuration
and no scrape-off layer physics are included. Quantities like the density of incom-
ing neutrals have to be set as boundary condition at the last closed flux surface.
The calculation of processes inside the SOL needs to be done with other meth-
ods. In this work this is performed by the kinetic code KN1D which estimates
the neutral density at the separatrix (see section 4.2.2).

The plasma itself is assumed to be always in equilibrium as the Grad-Shavfranov
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equation implemented into ASTRA is not explicitly dependent on time. All
terms appearing in the Grad-Shavfranov equation are extracted and inserted
from transport equations. This assumption is practicable because equilibrium
relaxation processes are much faster than transport processes [25].

A flux surface averaged particle diffusion equation is solved by the code and
it derives an effective diffusion coefficient. Implemented transport equations
for tokamak plasmas are derived in [26] and represented in a transport matrix.
Which transport equation has to be solved, is specified in the model file.
Simulations in this work used the particle balance to express the diffusion coef-
ficient of density, D,,. For the ASTRA code the transport matrix is assumed to

have the form shown in equation 4.1.

T 1 One

- D, D. D, Dg e op

ge e . i 1 9Te

neTe o _V/G Xn Xe Xi XE . Te Op (4 1)
. = 1 . . . _ .

i i i ) i 1 0T

n;T; Xn Xe Xi XE T, dp
i E
/(Y. HOJBS ) —
e C, C. G 0 ol

Flux surface averages are included by the factor V/G; on the right hand side of

this equation. In this equation p is the toroidal magnetic flux coordinate of a

magnetic surface.

The equation for the diffusion coefficient implemented into the model file yields
I, on,

+ Cune 220(0.85 — p) (4.2)

Dy=——" —
G110n./0p dp

in which G;; = —V'G;. A pinch with velocity C,, which is defined up to p
= 0.85 is also added to the model to achieve better matching of modeled and
experimental density profiles in the core. The heaviside function ©(§ < 0) = 0
is zero if its argument ¢ is smaller than zero and ©(§ > 0) = 1 for arguments
¢ > 0 greater and equal zero.

The output is converted to normalized poloidal flux coordinates pp;.

[V — U
=4 — 4.3
pp l \I/S . \Ija ( )
The flux ¥ at the separatrix is denoted by ¥, and at the magnetic axis it is ¥,,.

Two ways of calculation are possible. ASTRA can be used either interpreta-

tively or in predictive mode. In predictive modeling density and temperature
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profiles are calculated from model considerations, which can be compared to
experimentally measured data, and interpretative modeling provides quantities

(e.g. diffusion coefficient) derived from experimental profiles.

4.2. Consideration of Neutrals

In previous chapters the focus on neutrals in this work is mentioned. The ASTRA
code package is equipped with a subroutine NEUT that includes an incoming
neutral flux into the confined plasma. Thereby a mono-energetic neutral density
with corresponding delta distributed energy has to be set as a boundary condition
at the separatrix. The particles enter the plasma, get ionized and are added to
the plasma.

These neutrals have to be distinguished from the fast ones injected by the NBI
as they penetrate much deeper into the plasma. The fueling from the NBI is
mainly located at the core and not of interest in this study. Therefore it will
further be neglected.

Two mono-energetic species (denoted as warm and cold) can be considered with
different densities. Their energy is delta distributed at arbitrary values. The
mass of neutral particles is assumed to coincide with the mass of the working
gas.

In this investigation only neutrals with one energy are included and their energy
and density is varied.

Due to the difficulty to calculate the behaviour of the neutrals from the wall to
the confined plasma region an introduction of different neutral regimes is made.
They are based on the pressure gauge signal M17 at the midplane and D,, signals
at the outer divertor. An explanation is given in the following sections but at

first the cases are only generally introduced
A) During the ELM cycle the neutral source is constant in time.
B) The signal of the midplane gauge M17 is processed with the KN1D code.

C) The D, signal at the outer divertor was used to indicate the time dependent

neutral source

29



D) A modification of the very same D, signal, where no neutrals during the

ELM are assumed, is used.

The neutral density at the separatrix is assumed to be constant for only one type
of simulation. For three other different cases it is changing over time. These four
distinct cases are investigated and also compared to each other. The letters A,
B, C, D labeling these regimes are kept in further descriptions.

The following sections give a deeper insight into the different considerations for
the neutral particles in the four cases. The resulting functions serving as ASTRA

input for the time dependent neutral sources are also described there.

4.2.1. Constant Neutral Density Source - Case A

The neutral regime A assumes a constant density source ny during the whole
ELM cycle. The density is varied by multiplication of a fixed constant density
with a factor . The source is assumed to be ng = a- 0.7 - 10'® m=3. The value
for « = 1 is taken from the one dimensional KN1D simulation of the scrape-off
layer. In the section for case B (page 31) this is explained in detail. What finally

serves ASTRA as input for a constant neutral density without scaling is shown

in figure 4.1.
ASTRA Input for Neutral Regime A
1116 n,= Const. #30701
L o] Pre-ELM =1 I I :
E‘ 0.6
=
=04
= (3] : : :
0.2p b
00 I = I 1 1
-0.005 0.000 0.005 0.010 0.014
t -ty [s]

Figure 4.1.: A constant neutral density at the separatrix serves as input to the
subroutine NEUT to take neutrals into account. In this case the

density is not scaled (o = 1).
For different simulations the absolute value of ny is multiplied by a factor a.

If no scaling is applied, then a = 1. The values of « that are multiplied with the

constant density function are shown in table 4.1.
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Scaling Factor «
0.1
0.5
1.0
1.5
2.0
5.0
10.0

Table 4.1.: Values of the scaling factor ae. The density for no scaling (o = 1.0)
is the result obtained from KN1D in the Pre-ELM phase of the ELM

cycle.

The energy of the incoming neutrals can also be selected in the subroutine
NEUT. The values that are used for the energy of the incoming neutrals are
shown in table 4.2.

Neutral Energy E
2 eV
3 eV
5 eV
8 eV

Table 4.2.: Values of E for incoming neutrals. The values of energetic neutrals
with 3 eV and 5 eV are assumed to rely on Franck-Condon dissociation
processes. This is described in section 2.3. In order to obtain a greater

energy spectrum the values 2 eV and 8 eV are investigated as well.

In the simulations for all neutral regimes (A,B,C,D) both parameters a and E

are varied independently of each other.

4.2.2. Midplane Signal - Case B

To estimate the neutral density at the separatrix the kinetic transport algorithm

KN1D is used. It basically calculates distribution functions for molecular and

31



atomic hydrogen or deuterium. The code is one dimensional and calculates sev-
eral plasma quantities (e.g. molecular and atomic temperature, atomic ionization
rate, heat fluxes and so on) in the SOL at the midplane.

The spatial geometry, on which this simulation is based, is slab-like and can be
further specified in the input file. Thereby wall surface, limiter shadow, scrape-
off layer and confined region are taken into account. Apart from the geometric
dimensions the plasma profiles and the molecular neutral pressure are serving as
input.

The KN1D model assumes particles to be born at the vessel wall as molecular
deuterium at room temperature (0.025 eV) with an isotropic Maxwellian dis-
tribution function. Several dissociation, exciation and ionization processes are
included in scrape-off layer simulations and are described in more detail in [27].
The data of the pressure gauge for the input file is obtained from the midplane
gauge M17. The thereby measured and ELM synchronized particle flux is shown

in figure 4.2. Due to calibration reasons the curve is shifted by -1.5 ms [24].

2.975-3.400s #30701
T 1 T L T i I
Pre-ELM 5 [{i o i I
shifted by iF§ . i i
-15ms P SR

6 o i +‘}¢¢f+
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#
L

H + G e
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50 -25 00 25 50 75 100
time relative to ELM onset [ms]

Figure 4.2.: ELM synchronized particle flux measured at the midplane vessel

wall. The curvature is shifted by -1.5 ms. Picture taken from [24].

In the input file the density and temperature profiles used in the KN1D cal-
culation are the same as the ones used for the ASTRA calculations inside the
plasma. Because of the difficulty to obtain reliable temperature profiles in the
SOL, it is adapted by an exponential decay in this region with a decay length A
= 6.5 mm [16]. To model shot #30701 deuterium is selected to be recycled at
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the wall.

The output of the KN1D calculation for atomic neutral density at the separa-
trix is shown in figure 4.3. The value for nyxnip in the pre ELM phase doesn’t
fluctuate much from -0.0045 to -0.0005 s relative to the ELM onset. Therefore
averaging these values leads to a comparatively small error. The value of the
density is generally based on this average and further scaled with the scaling
factor a. The average (ngxnip) is determined to be (ngxnip) = 0.68 - 101 m=3.

All further neutral density regimes are assumed to match this KN1D result in

the pre ELM phase if no scaling is applied.

Atomic Neutral Density from KN1D

1.4lel6 at Separatrix #30701
| o Pre-ELM S| 1 e

C AT KNID

0.005 0.010 0.014
t-tepa[s]

-0.005 0.000

Figure 4.3.: Match of the KN1D result to the ASTRA input. The mean value
(noxn1p) is calculated in the interval illustrated with a red ellipse.

The ASTRA model of the neutral density behavior for case B is shown in

figure 4.4. No scaling is applied (o = 1) and the values are directly comparable
to the result of the KN1D calculation.
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ASTRA Input for Neutral Regime B

L 41616 _ #30701
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0005005  0.000 0005 0010 0014

t- tELM [S]

Figure 4.4.: The input of the neutral source to the ASTRA code for neutral

regime B without scaling (« = 1) is shown.

4.2.3. D, Signal at the Divertor - Case C

Photons are emitted if electrons fall to a lower state of energy in excited atoms.
In hydrogen, the energy of the emitted photon depends in first order on the prin-
cipal quantum number of initial n; and final state ny. The transition from n—3
— n=2 is called a-line of the Balmer series.

As for this effect an electron has to be bound to the core, the D, signal is as-
sumed to be somehow related to a neutral density. The intensity of I, depends
on the number of neutrals in the excited state n=3, Ip, o no(D(n = 3)). The
excited state is nonlinearly dependent on not only the neutral density but also
the electron density and temperature. However, no quantification for this general
assumption is undertaken in this work.

The D, signals are measured spectroscopically at the outer divertor. The signal
is shown in figure 4.5. A second peak after the ELM crash develops which could
also be observed earlier [28] and even at different tokamak experiments [29]. It is
excluded that this behaviour comes from a second ELM because the temperature
doesn’t increase simultaneously [28]. Its origin is currently explained by a higher
particle flux into the SOL due to the mid-frequent fluctuations [13]. This leads

to higher recycling at the divertor and therefore to higher neutral production.
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outer divertor 2.750-3400s #30701
[
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Figure 4.5.: D, signal at the outer divertor measured by spectroscopy. After
the ELM peak at t - tgry = 0 ms a second peak evolves. The D,
signal is assumed to be somehow related to a neutral density at the

midplane. Figure taken from [24].

The signal is interpreted qualitatively as neutral density and combined with
the averaged KN1D result in the pre ELM phase by matching the values (n{®E
= (noxnip)). This is also described in the previous section. For the neutral
regime C the function ng(t) is assumed to have the same shape as the one of
the outer divertor D,, signal. The amplitude of the peaks is estimated relatively
to the pre-ELM value and in this way the function of D, is rebuilt as neutral
source. With n{®® = (ngxxip) the model can be based on quantitative values.
Processes that impact neutrals on their way to the separatrix at the midplane
are neglected.

The modeled function of the neutral density that serves as input for the ASTRA

code is shown in figure 4.6.
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ASTRA Input for Neutral Regime C
lel6 Ny oc D, Signal (Divertor) #30701

2.5
Pre-ELM [S[1| 1 o
Ml
0 |
g b= "N
‘ | |[— ny o« D, Signal (Div)|
00 | L | | | |
-0.005 0.000 0.005 0.010 0.014

t- Ty [s]

Figure 4.6.: The D, signal at the outer divertor is taken to indicate the neutral
source. An exponential decay of the neutral source after the ELM
onset is modeled. The second peak is approximated by parabolic

functions.

4.2.4. Modification of the Divertor Signal - Case D

In the fourth neutral regime D, it is assumed that no neutrals are crossing the
SOL during the first 0.5 ms after the ELM onset. This is related to the high
density and temperature outside the separatrix during the ELM event [28]. In
the model the neutral source increases linearly after 0.5 ms after the ELM until

the end of phase I and is then matched with the D,, signal like in neutral regime C.
The function that is used in the ASTRA simulations is shown in figure 4.7.

On the contrary to the cases A,B,C the average of the neutral density in phase

I ins lower than ng prg. An estimation yields ng1 ~ 0.6-ng prg.
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ASTRA Input for Neutral Regime D
lel6 Dy x D, Signal (Modified) #30701

2.5
Pre-ELM 2|1 I DI ‘
| |
gltop .
Stof |8
=1 ‘ 1 |
‘ ~f |—n, x D, Signal (Mod)|
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Figure 4.7.: Identical D, signal taken to model the neutral source. During the
ELM no neutrals are assumed due to the dense SOL. A linear in-

crease from 0.5 ms after the ELM until phase II is assumed.

Although the assumptions to model the neutral regimes C and D are quite
arbitrary they are used in simulations to give an estimate of how neutrals impact
the determination of the diffusion coefficient. Further scrape-off layer modeling

has to be taken into account if more reliable results are desired.

4.3. Model Assumptions and Input Profiles

The actual input profiles for the ASTRA simulations are presented in this section.
General assumptions that have to be considered are also described here.

For the ASTRA simulations experimental density and temperature profiles are
used. They are ELM synchronized and divided into distinct phases as described
earlier in section 3.3. In general full density and temperature profiles up to the
core are necessary.

For the modeling density and temperature profiles are provided each 0.5 ms. The
radial grid of these profiles is not equidistant and has more points in the pedestal
region. It is interpolated automatically by the ASTRA code.

The density profile for four different phases is shown in figure 4.8. The reduction
of the value of the profile due to the ELM can clearly be seen. Because no
scrape-off layer physics are considered in ASTRA this region is excluded (gray
area). In phase III the pedestal is restored and the profile is almost identical to
the one of the pre-ELM phase.
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Figure 4.8.: Density profile at four different time steps. The profile in the pre-
ELM phase (-2.0 ms) is colored in blue. In phase I (2.5 ms) the

curve is colored magenta. Green color is used for phase II (5.0 ms)

Parts of the used temperature profiles are shown in figure 4.9. The radial
grid of the temperature profile for the ASTRA input is identical to the one of
the density profile. Because of the difficulty to measure the temperature profile

outside the separatrix with the ECE spectrometer the uncertainty of the data is

Density Profile n (t—tg)

1e20

0.8 [
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g : ‘
= 0'4_T1me t- tELM ...................................................... i
< — -2.0ms
— 2.5 ms
0.2H _— 5oms [ N b ]
— 11.0ms | . .
0.0 0.8 0.9 1.0 L1
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and a red one for phase III (11.0 ms).

increased (see section 3.1.2).

Figure 4.9.:

Temperature Profile ng (t—tgy)

#30701

— 600F ... %
> L
o i
= — -2.0ms
— 2.5 ms
2000 _ 50 ms
— 11.0 ms
0

Temperature profile in four different phases. The colors are the same

as in figure 4.8.
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The high collisionality (v* > 1) of the plasma in discharge #30701 allows to

set the ion temperature equal to the electron temperature, T; = T..

During the ELM crash the equilibrium changes and the plasma volume is

reduced by about 3% at maximum which can be seen in figure 4.10.

13.0 _ _.__Plasma VQIume ! #30?01
- i SoII

12.8F - - [ T S

. o."n: o :
12.6 Y \ o -‘,'
g XN R A
E 124
~ 122
12.0 .

11.8 i ; n :
-0.005 0.000 0.005 0.010 0.014

t -ty [s]

Figure 4.10.: ELM synchronized plasma volume. During the ELM crash the

volume shrinks and recovers fast during phase I.

The plasma surface therefore also shrinks. It recovers during phase I and II
(1.5 ms - 5 ms relative to ELM) and can have a quantitative impact on the
diffusion coefficient as it has units of m?s~*. The equilibrium in the model used
for this study is taken to be constant even during the ELM crash and the volume
is not changing.

Because the considered neutrals are not based on exact quantitative calculations
an assumed constant equilibrium is not fatal [30]. The effect of the volume
reduction is smaller than the estimated source of the density, which is more
or less estimated in this work. As soon as this issue is overcome and exact
calculations for neutrals are performed, careful consideration of the equilibrium

is necessary to get more reliable results.
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5. Simulation Output

In this section the output of the ASTRA simulations is presented. The behavior
of the diffusion coefficient for different assumptions of the neutral source is de-
scribed. An interpretation and discussion of the results is given in the following
chapter 6.

As mentioned before the subroutine NEUT is used to take the neutrals into ac-
count. Although an investigation of two distinct neutral densities with different
delta distributed energies is possible only one species is investigated.

In all different kinds of simulations presented in this work the average of the dif-
fusion coefficient in each phase is taken with the formula (D%97 4 D% 4 D099 /3,
Thereby the mean of the diffusion coefficient at each radial position D*re! is taken

over 2 ms in each phase (in phase I it is averaged over 1 ms).

5.1. Constant Neutral Source (A)

The results of simulations that assumed a constant neutral density are presented
and discussed. This is denoted as neutral regime A in this work. As described
in section 4.2 a variation of neutral energy E and neutral density via a scaling
factor a has been performed.

Beginning to discuss some general results figure 5.1 shall serve as an example.
It shows the diffusion coefficients D at p,,; = 0.97 - 0.99 for E = 3 eV with a
constant neutral density of 1.4-10'® m™ (a=2) at the separatrix. Disregarding
the absolute value for Dpgrg, which is significantly lower compared to estimations
in [18] that finds D ~ 0.1 - 0.25 m?s™!, some qualitative behaviour can be seen.

A quantitative consideration is undertaken later in section 5.1.3.
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Diffusion Coefficient - n, = «-0.7-10! m?
#30701 E=3eV,a=2.0
016{[— =097 |1 | ©m |  m s
0.14L — Ppa =0.98| SRR
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Figure 5.1.: Example calculation for the diffusion coefficient with a constant neu-
tral source. The diffusion coefficient is shown for three radial posi-
tions. D% is colored in red, D%% in green and D7 is painted in
blue. During the ELM no reliable result is achieved and therefore
it is excluded from consideration. This is illustrated by the gray

shaded area from tgry = 0 ms to 1.5 ms.

The diffusion coefficients in the phase after the ELM crash D; shows a decay-
like behavior if a constant neutral source is applied. Dy is higher in phase I
than in the pre-ELM phase and further decreasing to pre-ELM values again.
This behavior is observed for all varied parameters of all simulations assuming a
constant neutral density during the ELM cycle. Changing the energy and density
doesn’t change the qualitative characteristic of the curves shown in figure 5.1.
In the following sections the impact of the variation of the neutral energy and

density is investigated separately.

5.1.1. Impact of Neutral Energy

In table 4.2 the values of the energy used for the simulations are shown. To show
the impact on the diffusion coefficient independently of the neutral density, the
density is not changed for this kind of investigation. No scaling is applied (o =
1) and the absolute value for the density is set to a constant value of 0.7-10'
m~3. The energy is varied for the parameters E = 2, 3, 5, 8 V.

The two cases at the limits of the energy variation (2 ¢V and 8 ¢V) are particu-

larly discussed in this section.
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Diffusion Coefficient - n, = «-0.7-10! m?
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Figure 5.2.: Diffusion coefficients for a neutral energy of 2 eV and a constant
density ng = 0.7-10'® m™3 (a = 1.0). The color code is identical
to figure 5.1 The curve for D%% (red) is distinguishable from the

others which have similar values.

In figure 5.2 the diffusion coefficients are shown for a neutral energy of 2 eV
and a constant density ng = 0.7-10' m™3 (a = 1.0). D shows almost equal values
for py=0.98 and p,=0.97. D% is separated from the others. It is expected
that a higher neutral energy affects the diffusion coefficient deeper in the con-
fined region. The comparison of D%*" and D% confirm this behavior. This is

shown in table 5.1.

E  Dpgp [m*™'] Dpgi [m*™']  Dpih/ Dbt
26V 0.010 0.010 1.0
3¢V 0.016 0.015 1.07
56V 0.026 0.022 1.18
8eV  0.039 0.031 1.26

Table 5.1.: Comparison of Dpgg for radial position pye = 0.97 and ppe = 0.98.
The ratio between these two is increasing for higher energies. The
quantitative values are lower than previously estimated in [18] but

can be arbitrarily scaled (see section 5.1.2).
In table 5.1 calculated values for Dpgrg are shown for different energies. The

total value as well as the ratio increases for higher energies. This is in accordance

with a higher neutral density at higher energies for a given radial position.
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To give an illustration figure 5.3 is shown. All parameters remain unchanged
and only the energy is increased to 8 eV. For this case the diffusion coefficients
at ppoi=0.98 and p,,—=0.97 are also separated. A higher total value of D can also

be observed.

Diffusion Coefficient - n, = «-0.7-10! m?

0.20#30701 E=8eV,a=1.0 .
—=007 [ i o
H— Ppat =0.98 s R :
O =009 |
‘Uj .
~ 00| Pre-ELM M
g 1
Roosl. WE |
0.00 ‘ Dpgy -H ; , Dy :
-0.005 0.000 0.005 0.010 0.014

Time [s]

Figure 5.3.: T same calculation but for higher neutral energy (8 V) is shown
in this figure. In comparison to the lower energetic case (2 eV) the
diffusion coefficients deeper inside the plasma fan out due to higher

neutral penetration depth. The colors are the same as in figure 5.1.

The reduction of the neutral density inside the plasma due to ionization pro-
cesses is shown in figure 5.4. This calculation is done in the pre-ELM phase at
-0.002 s relative to the ELM onset. It is clear that this is consistent with previous
arguments as for a given p,, the neutral density is higher for higher energies.
Quantitatively, it can be seen that n§?7 is about 25% higher for 8 ¢V than for 2
eV.
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Neutral Density in Confined Region
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Figure 5.4.: Radial profile of neutral density normalized to the value at the sep-
aratrix. A higher energy enables a neutral particle to fly deeper into
the confined region. The calculation is done at -0.002 s relative to
the ELM onset normalized to a constant density of 0.7-10'¢ m™3.

The highest energy, 8 €V is colored in magenta, 5 €V is green, 3 eV

is blue and 2 €V is red.

To sum things, up it is shown that the energy of neutrals has an impact on the
radial dependence of D. The total value of D is also increasing with increasing

E. In the next section the neutral density is varied for a fixed constant energy.

5.1.2. Impact of the Scaling Factor «

For these calculations the neutral energy is set to a constant value of 3 eV. The
density is varied by multiplying the value ny = 0.7-10'¢ m~2 with a scaling factor
a. It ranges from 0.1 to 5.0. The cases a = 0.1 and a = 5.0 are directly compared
in this section.

In figure 5.5 the diffusion coefficient is shown for a constant neutral density of
0.7-10 m™3 (o = 0.1). The value for Dpgg is ~ 0.002 m?s~! which is about one

order of magnitude lower than for the case with a = 1.0.
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Figure 5.5.:

Figure 5.6 shows the results for the neutral density increased to 3.5-10'6 m~

Diffusion Coefficient - n, = «-0.7-10! m?
#30|701 E =3¢V, a = 0.1 . .
0.014L— =007 P -] II e
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~o.010f| /e =099 |
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A 0.00ab i s Y

0.002 AWkl

0.000

20.005 0.000

Time [s]

Diffusion coefficients for a constant density of 0.7-10 m™3 (a = 0.1)

and a neutral energy E = 3 e€V. The color code is identical to figure

o.1.

3

(v = 5.0). The value for Dpgg is about 2 orders of magnitude higher compared
to the case with o = 0.1. The total value for D is significantly higher for higher
neutral density but the radial dependency is not clearly affected. Despite the

increasing absolute value of D its temporal behavior remains unchanged.

Figure 5.6.:

Diffusion Coefficient - n, = «-0.7-10'% m?

#30701 E=3eV,a=5.0
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Calculation for D with constant neutral source for a « = 5.0 and a
constant energy at E = 3 eV. The absolute value for D is increased
equally for all radial positions. The color code is identical to figure

5.1

In table 5.2 the values of Dprg at E = 3 eV are shown for all « investigated

in this simulation series. The diffusion coefficient is increasing for increasing

density. If the slope can generally be assumed to be linear is discussed in the

next section.
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o DPRE [m28_1]

0.1 0.0015
0.5 0.0088
1.0 0.0179
1.5 0.0270
2.0 0.0361
5.0 0.0908

Table 5.2.: Diffusion coefficient in the pre-ELM phase for E = 3 eV.

5.1.3. Combination of Results

In this section a summary plot for Dpgrg for all investigated values of o and the
neutral energy E is given. The neutral density at the separatrix is assumed to
be ng = -0.7-10' m=3. An overview plot is shown in figure 5.7. Different colors
denote the diffusion coefficient at different neutral energies.

Dpgy for Constant Neutral Density n,
#30701

Neutral Energy| n,=a:0.7.10'% m~*
8eV : :

0.4+

5eV
3 eV
2eV

Scaling Factor «

Figure 5.7.: Overview of Dprg after an independent variation of a and the neu-
tral energy. The color code is identical to figure 5.4. The gray back-
ground illustrates the total value for Dpgrg calculated by [18, 31].

The gray area in figure 5.7 indicates the previously modeled value for Dpgg.
Chankin et al. [18] estimate Dprg ~ 0.1 - 0.25 m?s™L.
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Different ionization, dissociation and charge exchange processes lead to a pro-
duction of energetic neutrals in the SOL (see page 16). For neutrals with energies
of 3 eV (blue) their density has to be about 4.2:10' m™ (a = 6.0) to lie within
the gray area. More energetic neutrals need to be less dense to reach the same
limits.

To investigate the slope of the curves shown in figure 5.7 and decide whether it
is linear or not for small values further considerations are made. By taking the

ratio
_ DPRE(ai—H) - DPRE(ai)
Qi1 — @

ki

(5.1)

for the curve of one energy and iterative comparison of all k;, a possible change
in the slope can be detected. The values of all k; for for each energy are averaged
and shown in table 5.3. Comparison of the values show no ezxact linearity, because
the standard deviation o (k) of the average (k;) is not 0. It is found that o(k) is
small and may also come from numerical uncertainties. The increasing error for
lower energies might indicate a non linear slope for low energies of the neutral
source. However, from the data points obtained in this work the curves are

assumed to be linear.

E [eV] | (k) [m*s™'] o (k) [m?s™"]
2 0.0132 2.28-107°
3 0.0182 1.12:10-°
5 0.0268 8.72-10°7
8 0.0377 2.00-10~

Table 5.3.: The average slope (k;) of the diffusion coefficient Dprg at different

energies is calculated.

In further calculations(cases B, C and D) with time dependent neutral sources
the energy is set to 3 eV and the neutral density in the pre ELM phase nf®E
= 5.6-10" m™3 (a = 8.0). A common value for all neutral regimes for Dpgg is

achieved this way.
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5.2. Time Dependent Neutral Source

In this section the results for a time dependent neutral density at the separatrix
are described. The modeling of the neutral source is described in section 4.2 and
only the results are presented here. In the end of this chapter all neutral regimes

are compared to each other in a bar diagram.

5.2.1. Neutral Source from KN1D calculation (B)

The result of the diffusion coefficient studies with a neutral source with a time
dependency estimated via KN1D calculation is presented here. This is denoted as
neutral regime B and the function of the particle source at the plasma boundary
is shown in figure 4.4. The parameters a and the neutral energy E are set to
8.0 and 3 eV, respectively (nj®F = 5.6:10'° m~3). The value for Dpgg is then
between the limits estimated in [18].

Figure 5.8 shows the result of this calculation at three radial positions.

Diffusion Coefficient - n;(t) o« KN1D

#30.701 E=3eV,a=28.0 .
— ppa =0.97 1 il LI ;
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Hoz2p A
A ; l A L]
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-0.005 0.000 0.005 0.010 0.014
Time [s]

Figure 5.8.: Diffusion coefficient at three different radial positions with a neutral
source calculated from KN1D for o = 8.0 and E = 3 eV. Color code
is identical to figure 5.1).

It can be seen that the neutral source plays an important role in the diffusion
coefficient calculation. In phase I Dy is increasing due to an increasing neutral
source at the same time. The source reduces afterwards, D reduces as well and
Dy even drops below the Dprg value. Then D increases again and finally reaches

the pre ELM level. The averaged values in phases II and III do not vary much.
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5.2.2. Neutral Source from D, Signal (C and D)
Case C

The outer divertor D, signal is related to a neutral source and the results of the
calculations are presented here. For the density in the pre-ELM phase n{®F the
same value as the one in case B, ni®¥ = 5.6-101 is used. The energy is also set
to E = 3 eV. The exact function of the neutral source that served as input for

these simulation is shown in figure 4.6.

Diffusion Coefficient - n,(t) « D, (Divertor)
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Figure 5.9.: Diffusion coefficient at three different radial positions with a neutral
source estimated from the D,, signal of the outer divertor (Case C).
The energy is set to E = 3 eV and the scaling factor a to @ = 8.0.

Color code is identical to figure 5.1.

In figure 5.9 the results of case C for D at three different spatial positions is
shown. As already recognized in previous studies the strong dependence of D on
the neutral source is also observed here. After the ELM D; shows an exponen-
tial decrease due to the exponentially decaying assumption made for the neutral
source in this phase. In phase II a parabolic shape of the diffusion coefficient is
observed, which corresponds to the higher neutral density in this phase. At the

end of phase III the diffusion coefficient reaches pre ELM values again.

Case D

Finally no neutrals are assumed until 0.5 ms after the ELM onset (Regime D).

After a linear increase of ng(t) from 0.5 ms after the ELM until phase II, this
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neutral regime D is identical to regime C (see figure 4.7). The result of the

simulation with parameters a = 8.0, E = 3 €V is shown in figure 5.10

Diffusion Coefficient - n,(t) « D, (Modified)
0.8#30701 E =3eV,a=8.0 .
Sooee ,II i i i IH

—_—
—

v 0.4 :
Eoal
Aoz
0.0 , Dppg A Dy Dy - Dy ‘
-0.005 0.000 0.005 0.010 0.014
Time [s]

Figure 5.10.: Diffusion coefficient at three different radial positions with a neutral
source estimated from the D,, signal without a neutral source during
the first 0.5 ms after the ELM (case D). The energy is set to E = 3
eV and the scaling factor a to o = 8.0. The color code is identical

to figure 5.1.

Due to the assumptions of case D, almost constant behavior of Dy is found
in phase I. This is contrary to other results. Nevertheless, the average of Dy is

slightly increased compared to Dpgg.

5.3. Comparison of Different Neutral Regimes

To compare the previously obtained results an overview for D in different phases
for the different neutral regimes is given. Data from the previously discussed
results with a = 8.0 and E = 3 €V are taken and summarized in one plot. In
addition an extra calculation is performed for an assumed neutral source nfRE

= 35101 m™® (a = 5) with 5 €V neutral energy.
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D for Different Neutral Regimes
#30701 E=3eV,a=8.0
I, = Const. (A) ;
BN, < KN1D (B)
0.4 \mmn, < D, Signal Div (C)
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Figure 5.11.: Bar diagram of D in all phases for different neutral sources. The
neutral energy is 3 eV and nj ™ = 5.6:10' m ™3 (o = 8.0). Red bars
denote a constant neutral density (case A). Results considering the
KN1D calculations are colored in blue (case B). The outer divertor
signals are given in green (original signal, case C) and magenta
(modified signal, case D).

In figure 5.11 D is shown for n{®F = 5.6:10'° m™3 (o = 8.0) and neutral energy

E = 3 eV which is identical in all four regimes. This can be seen in figure 5.11
as the bars of the pre ELM-phase are all equal.
Depending on the neutral source assumptions the diffusion coefficient in phase I
is increased by about ~ 12 - 100% compared to Dprg. For a constant neutral
source it is increased by about 70% (red bar). An interpretation for this behavior
in phase I is given in the conclusion in chapter 6.
In phase II which is characterized by the onset of mid-frequency fluctuations a
higher particle flux into the SOL is expected because of the increased measured
densities and D, emissions in the divertor. This is observed considering the
results of case C and D in figure 5.11. The neutral midplane signal processed
with KN1D (blue bar) doesn’t show an increased diffusion coefficient during this
phase. In general, a strong dependency of D on the assumptions made for the
neutral source is observed.

In phase III the diffusion coefficients are recovering to pre ELM values and do

not vary much among each other.
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A similar summary plot for a = 5.0 and E = 5 €V is shown in figure 5.12.
Due to the Franck-Condon dissociation process Hy +e~ — H+HT (5.0 eV) (see
itemization on page 16) energetic neutrals with E = 5 eV are also produced. To
match Dprg ~ 0.1 - 0.25 m?s~! the scaling factor a is chosen to be o = 5.0.

It basically shows identical behavior of D with slightly different absolute values

and is shown in figure 5.12.

D for Different Neutral Regimes
#30701 E=5eV,a=50
BN, = Const. (A) :
BN, < KN1D (B)
0.4 -\mmn, x D, Signal Div (C)
B, x D, Signal Mod (D)

D[m2s!]

PRE I I III
ELM Cycle Phases

Figure 5.12.: Bar diagram for four different neutral regimes similar to figure 5.11.
The neutral energy in this simulation is assumed to be 5 eV and
nERE = 3.5:101 m~3 (a = 5.0). The color code is identical to 5.11.

Comparison of both results yields no generally different behavior. The absolute
values of D are lower in the case with lower density (o = 5.0) which corresponds

to the result described in section 5.1.2.

One concluding result of the study with varying neutral regimes is the impor-
tance of the exact knowledge of the neutral source. Reliable calculations for the
particle source are indispensable for quantitative studies of the diffusion coeffi-
cient. It is not clear which neutral regime is the most reliable one especially for

the results of phase II.
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6. Conclusion

In discharge #30701 2.975 - 3.4 ms all data were synchronized to the ELM onset.
The obtained representative ELM cycle was split into 4 distinct phases (pre ELM,
[, 11, IIT) due to the magnetic characteristic. Time dependent transport analysis
with ASTRA in interpretative mode were performed to determine the density
diffusion coefficient D in different phases of the ELM cycle. A particle source from
recycled neutrals was included. Four different cases of neutral temporal behavior
were introduced which were related to experimental measurements. The impact
due to varying energy and density of the particle source was investigated. The
results were compared among each other as well as to previously worked out

calculations.

6.1. Results

In this section the most important results of this work are summarized. Calcu-
lations were performed for four different assumptions for the neutral density at
the separatrix, denoted as neutral regimes A B,C and D.

Simulations with constant neutral density during the whole ELM cycle (case A)
were performed. The neutral density and energy were varied separately and the
impact of this variation on the diffusion coefficient was investigated indepen-
dently.

The increase of the neutral energy E leads to an increase to the diffusion coef-
ficient and changes the radial dependency of D. The augmented energy affects
D deeper inside the plasma. This is consistent with the result which was found
for the density profile of neutral particles inside the plasma. The comparison for
higher energetic neutrals to lower energetic ones shows an increased density for
the higher energetic ones at the same radial position. For example, the neutral
density at ppo = 0.97, nJ®", was found to be 25% higher for 8 eV than for 2

eV. The impact of the neutral energy on the diffusion coefficient was shown with
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these investigations.

Independently from the energy the neutral density was varied by multiplication
of the density with a scaling factor a. Higher neutral densities (higher o) showed
an increase of the diffusion coefficient whereas the radial dependency of D is not
clearly affected.

The values of the diffusion coefficient in the pre-ELM phase Dpgrg for indepen-
dent variation of the two parameters a and E was shown in an overview plot.
Thereby the increase of Dprg due to an increase in « was shown. The slope of
this increase is depending on the neutral energy E. The slope, derived from the
available results, shows linear behavior within the limits of uncertainty.

One general result of these simulations is that the absolute value of D cannot
be determined without accurate knowledge of E and ny. Therefore, the diffusion
coefficient was compared to previously obtained results [18, 31| that estimate
Dpgg to be ~ 0.1 - 0.25 m?s~!. The scaling factor o and the neutral energy E
could then be chosen reasonably to get results for Dprg that lie in between these
limits. Thereby the cases a = 8.0, E = 3 eV and a = 5.0, E = 5 €V were taken

as parameters for further calculations with a time depending neutral source ng(t).

The temporal behavior of the diffusion coefficient was investigated for differ-
ent phases in the ELM cycle. Thereby the neutral source was set to constant
values (case A) or modeled as time-dependent function ny(t) (cases B,C,D). The
model for the neutral source was based on measurements at the midplane and
at the outer divertor.

In the pre-ELM phase Dprg has the same values for all neutral regimes A,B,C,D
due to identical assumptions of the neutral source in this phase and usage of the
same parameters o and E.

The diffusion coefficient in phase I, Dy, was found to be larger than Dpgrg for all
neutral regimes. This could also be observed in case D where ng; ~ 0.6:ng prg.
An interpretation of a possible mechanism that causes this behavior is given in
section 6.2.

D in phase II showed strong dependency of the absolute value of D on the as-
sumptions made for the neutral source. The value is similar for cases A and
B but about a factor of 3 higher for the cases C and D (which are identical in
this phase of the ELM cycle). This higher diffusion coefficient results from the

increased neutral density in phase II for cases C and D. As more particles appear
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as source in the pedestal, the modeled D must increase to match the measured
gradient.

In phase III the values for D are similar for all neutral regimes and the absolute
value is about the same as that for the pre-ELM phase.

As mentioned before, the temporal behavior of D was investigated for two sets
of parameters (o = 8.0, E = 3 ¢V) and (a = 5.0, E = 5 ¢V). The results didn’t
change qualitatively, only the absolute values of D are found to be lower, corre-
sponding to the results found by the variation of o and E.

Qualitative statements about the time dependence of the diffusion coefficient D
could be made, but it was found that as long as the neutral energy and density

are not determined accurately, the absolute value of D cannot be derived.

6.2. Interpretation

To interpret the results for D; a deeper insight into the mechanism of transport
reduction for high confinement operation is necessary. After the discovery of the
H-mode 1982 [8] different models were developed to describe this phenomenon.
In the fluid picture, Biglari et al. [33] suggested to describe the reduced transport
in the pedestal region as a consequence of a poloidal E x B shear of the plasma
flow caused by the radially changing electric field E,. Due to this shear the
spatial correlation length of turbulences is lowered which results in a decrease of
diffusion.

Viezzer et al. showed in [34] the neoclassical nature of the radial electric field in
the pedestal region. In this region the radial electric field was found to behave

like
Vp;

en;

E, =

(6.1)

In a fully developed pedestal the gradient Vp; is responsible for the improved
confinement. F, reaches values around -60 kVm™! in the pedestal region where
anywhere else it is greater than zero. Generally, it is hard to detect this strong
field gradient experimentally because high spatial resolution of the diagnostics is
required and was only achieved in latest investigations [35].

The collapse of the pedestal due to the ELM flattens the ion pressure profile
p; = n;1; and therefore reduces the gradient Vp; which leads further to a re-
duction of the poloidal flow shear caused by F,. Thereby the decorrelation of
turbulences is reduced and higher radial transport is expected. After the ELM
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the pressure profile p; recovers and the poloidal shear develops again. Due to the
accompanied decreasing correlation length of turbulences the transport continu-
ously reduces.

If a constant neutral source is included into the simulations, D decreases from
a relatively high value after the ELM to pre-ELM level with a decay-like char-
acteristic. Because of the constant plasma fueling by neutrals a higher diffusion
coefficient is observed. During the recovery of the shear flow transport is continu-
ously reducing. This is exactly the case observed in phase I for calculations with
a constant particle source. Considerations like these give a possible explanation
for the increased diffusion coefficient in phase 1.

Phase I is also called the quiet phase due to its missing magnetic signature. In
this phase the ion saturation current in the divertor is observed to be low. The

particle flux I" is approximated by Fick’s law
I'=—-DVn (6.2)

Interpreting the results for D in phase I one can conclude that the reduced par-

ticle flux is caused by the small density gradient Vn in phase 1.

In phase II no clear statement is possible. The higher particle flux in the di-
vertor could be due to the steep gradients only, but also because of an increased
D additionally. The mid-frequency signature, which determines phase II, could
be related to an increased D or not. The increasing VT, leads to a higher heat
flux into the SOL, changing the pressure balance in the divertor towards lower
Ne.

The appearance of high frequency fluctuations in phase III either does not change

D, or even reduces D when compared to phase II.

In summary, no clear impact of the different magnetic modes, which are clearly
visible in the magnetic signals and which can be correlated with the recovery
behavior of n, and T, profiles, on the interpretatively determined particle diffu-
sion coefficient can be seen. This might lead to the conclusion that MHD modes,

visible in the magnetics, are not the modes which dominate particle transport.
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6.3. Outlook

In this thesis the diffusion coefficient D was calculated including different par-
ticle sources in the pedestal. A possible explanation of the behavior of D was
sketched but further investigations are necessary to underline the given hints in
the previous section.

In this work only the confined region of the plasma was considered and physics
in the scrape-off layer were roughly estimated. To obtain more reliable results
the transport model needs to be improved. Because of the uncertainty coming
from the neutrals, calculations with the SOLPS (Scrape-off layer physics) code
package are suggested to estimate their behavior outside the confined plasma.
The changing equilibrium during the ELM crash was not taken into account in
this work. This could cause effects not considered here especially after the ELM
during its recovery. However, quick tests showed these effects to be generally
small compared to the effect of incoming neutrals, but should be taken into ac-
count for accurate simulations.

Another improvement of the model would be the consideration of the neutral
beam injection. Although the beam neutrals are highly energetic and focused to
fuel and heat the core of the plasma it cannot be excluded that some particles
get ionized in the pedestal and act as a plasma source as well.

Simultaneous modeling of n., T, and T; could be performed to see, whether the
stagnation of the recovery of T, in phase I is due to increased heat transport or

because of the rising number of particles.

Long term goal is to quantify the diffusion coefficient taking incoming neutrals
into account. The general dependence on the neutral energy and density could
be shown in this work. Next possible steps could be the quantification and char-
acterization of the neutral source including processes in the scrape-off layer. Also
the consideration of different neutral species with different velocity distributions
is open for future investigations. In general this would help to give deeper in-
sights into the transport mechanism in a tokamak plasma and add another piece

to the puzzle of a controlled nuclear fusion reactor.
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