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1. Introduction

Human-caused climate change is one of the primary challenges of our
generation. The predicted consequences of human-caused climate change
are catastrophic: the forced migrations from inhospitable areas, the rise of
sea levels, the destruction of habitats, etc.

To avoid the worst-case scenarios, we need to reduce our carbon footprint.
However, our demands for electricity continuously grow due to popula-
tion increase, a larger fraction of the global population having access to
electricity, etc.

Renewable energies have increased their representation in the electricity
mix of numerous countries around the world in the past decades. These
usage of these sources of energy aim to reduce the carbon footprint of en-
ergy production, one of the most important contributors to global warming.
However, they also have significant drawbacks, such as unreliable supply,
storage, contaminating components, etc.

Nuclear fission plants are a reliable source of almost carbon free energy
but managing its nuclear waste is challenging and up to this day, there
is not a definitive solution for safe and long-term storage of spent fuel.
Additionally, accidents in these fission plants have been catastrophic (e.g.,
Chernobyl, Fukushima) hence public concerns are justifiably high.

A hypothetical fusion reactor would provide both a reliable and safe
source of energy and it would not exhaust greenhouse gases, such as
the aforementioned CO2. Fusion could be the best energy source that hu-
mankind could harvest on our planet. However, the challenges of designing
a fusion reactor are greater than anticipated in the early days of research.

1.1 Concept of fusion

In a nuclear fusion reaction, two light nuclei collide and create another
element with higher atomic mass number but lower total mass, thus
leading to a mass deficit.

The most promising candidate for fusion reactors on Earth is the D-T
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reaction, due to its relative high reaction rate coefficient in comparison
with other theoretically feasible processes:

D + T −→ 4
2He (3.5 MeV) + n (14.1 MeV) (1.1)

The electrically neutral neutrons escape the plasma unaffected by the
magnetic arrangement and the charged 4

2He nuclei, also called α-particles,
transfer some of their energy to the plasma before being removed. In this
way, the reaction is self-sustaining.

Deuterium is a stable isotope and can be found in significant abundance
in nature. Tritium, on the other hand, is a radioactive isotope with a
half-life time of ∼ 12.31 years. However, to make tritium readily available
to the reaction, in-situ breeding of tritium can be achieved by reusing
the released neutrons (eq. (1.1)) and lithium located in breeding blankets
covering a significant part of the neutron-facing surfaces of the reactor.

Thermonuclear fusion requires a sufficiently high kinetic energy of ther-
mal deuterium and tritium to surpass the Coulomb barrier. Temperatures
of the order of ∼ 10 keV are needed for the particles in the high energy tail
of the Maxwellian distribution to be able to fuse (maximum of the cross
section of the D-T reaction around T ∼ 100 keV) [1]. Other fusion reactions,
such as the D-D reaction, which is based exclusively on deuterium, are not
limited by tritium scarcity. However, the cross-section of the D-D reaction
below 100 keV is at least two orders of magnitude smaller than the D-T
cross-section [1]. Both cross-sections only converge for temperatures T > 1

MeV [1], making the D-D reaction currently unpractical as a candidate for
fusion on Earth.

At temperatures as high as 10 keV, the state of the matter is a plasma,
i.e., an almost fully ionized gas. While plasmas and gases share many
similarities, one of their main differences is the presence of a large molar
fraction of free charge carriers in plasmas.

To achieve the optimal temperatures for fusion (T ∼ 10 keV), energy
must be transferred to the plasma. In this thesis, heating of the plasma
is achieved through two mechanisms: the first one is Ohmic heating [1],
which is based on the transformation of directed kinetic energy in the
presence of an electric field into randomly directed kinetic energy due to
resistive forces (collisions). The second one is Electron Cyclotron Resonance
(ECR) heating [1] which is based on the transference of energy to electrons
via microwaves of a resonant, coupling frequency. Neutral beam injection
(NBI), which is based on transferring energy and momentum from a beam
of neutral atoms into the core of the plasma, was used in this thesis for
the sole purpose of obtaining the ion temperatures from charge exchange
recombination spectroscopy (CXRS) and not as a heating scheme.

When the rate of fusion reactions is too low, external heating is necessary
to counteract the power lost by the plasma. This process can be expressed
in terms of the plasma thermal energy as Ploss = 3nTV/τE , where τE is
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the energy confinement time and V is the plasma volume [1]. The criteria
for ignition, i.e., a completely self-sustained plasma via α-particle heating,
can be summarized in the triple product, nTτE ≥ (3 − 5) · 1021 m−3 skeV
[1]. The triple product relates the internal energy of the plasma and the
α-particle heating with the power losses.

From a macroscopic point of view, the plasma is quasineutral, i.e., the
ne � ∑

a Za na, where ne is the electron density and na and Za are, re-
spectively, the density and electrical charge of the ion species a. This
macroscopic quasineutrality is a consequence of the enormous restorative
force that arises when charge separation appears anywhere in the plasma.
An estimation of the force per unit area in the case of two charge sheets
separated by a distance d is F ∼ (dn e)2 /ε0 [1]. For a typical plasma
density n = 1020m−3 and a separation distance of 1 mm, F � 107 N m−3

[1].
On a microscopic level, all the charged particles collide with other charged

particles in their vicinity. The long range of the Columb interaction is,
however, shielded due to the presence of the large number of neighbouring
charged particles [1]. If the plasma is sufficiently dense, then the effective
electric potential created by each charged particle is [1]:

φ(r) =
Z

4πε0

1

r
e−r/λD = φCoulomb(r) e

−√
2 r/λD (1.2)

where λD is the Debye length. The Debye length is defined as the dis-
tance at which the work done against the restorative force due to charge
separation and the thermal energy of the plasma are equal [1]:

λD =

(
ε0T

n e2

)1/2

(1.3)

For typical plasma conditions, λD = 10−2 − 10−1 mm. The conditions
under which (1.2) is applicable can be expressed as nλ3

D � 1, i.e., that
there are enough charged particles inside the Debye sphere.

1.2 Magnetic confinement and the tokamak concept

For thermonuclear fusion reactions to occur, temperatures much higher
than the melting point of any known material are required. Magnetic
fields can be used to contain such a hot substance.

In the presence of a magnetic field, charged particles experience the
Lorentz force:

�FL = q �v × �B (1.4)

In a uniform magnetic field, the movement along (parallel to) the mag-
netic field lines is unperturbed by �FL, since �F‖ = 0. However, a velocity
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component in the perpendicular direction1 with respect to the B field
causes the particles to gyrate around the field lines with the gyrofrequency:

ωg =
|q| |B|
m

(1.5)

Many different magnetic field configurations can be used to design fusion
devices based on magnetic confinement. Among the possible solutions and
designs, the configuration that is relevant for this work is the tokamak
concept. In a tokamak, the plasma is shaped in the form of a torus and the
basic magnetic configuration is composed of a toroidal magnetic field, BT ,
and a poloidal magnetic field, Bp.

The toroidal magnetic field, which is the largest component of the total
magnetic field, B, |BT |/|Bp| >> 1, is generated by a set of toroidal field
coils in a circular configuration. Because of the inherent curvature of this
system, the field lines are curved and are compressed towards the centre
of the torus, where the coils are closer to each other. This compression
creates a gradient of the magnetic field in the radial direction [1, 2]. The
side at which the magnetic field lines are compressed is called the high
field side, HFS. The other side is, therefore, the low field side, LFS 2.

The drift velocity caused by the curvature of the field lines and the gradi-
ent of �B is charge dependent [3], leading to a vertical charge separation.
This charge separation, in turn, generates an electric field and a radially
outward directed drift [3], causing the dispersion of the plasma. For this
reason, a toroidal field alone is insufficient for plasma confinement.

In a tokamak, a central transformer generates a toroidal electric field
which induces a plasma current, Ip. This plasma current sustains the
poloidal field, Bp. Since charged particles are constrained to the result-
ing helical field lines, charge separation is prevented, as field lines will
eventually map the entire flux surface in which they lie [2].

The relative strength of BT and Bp is usually expressed via the pitch
angle, which is the angle between the total magnetic field and its toroidal
component. Another common way to express the ratio between the toroidal
and poloidal fields is the safety factor, which is the number of toroidal
turns required for a magnetic field line to cross the same poloidal position
of the flux surface in which it lies.

However, confinement is not perfect as collisions between particles and
fluctuations of the electric and magnetic fields will cause an effective
radially outward transport. Even if this radial transport is slow with

1Perpendicular direction corresponds to any vector that lies in the plane which is
perpendicular to the parallel direction. When flux surfaces are defined, then the
perpendicular direction can be separated into radial and diamagnetic directions.
The radial direction is perpendicular to the flux surfaces. The diamagnetic
direction is perpendicular to both the parallel and the radial directions.
2The HFS and LFS are usually also referred to as the inner and outer sides,
respectively.
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Figure 1.1. Cross section of the ASDEX Upgrade tokamak: (a) Discharge #21303 at t=3.6
s, lower single null (LSN) equilibrium with divIIb lower divertor geometry. (b)
#34314 at t=3.0 s, upper single null (USN) equilibrium with open divertor.

respect to the parallel transport along the magnetic field lines, the plasma
will eventually reach the walls, causing a loss of the plasma internal energy
and potentially damaging the plasma facing components (PFCs).

The field lines that intersect with the PFCs are called open field lines
because both ends of the field line are disconnected from each other. The
flux surfaces in which the open field lines lie are called open flux surfaces.
On the contrary, the field lines that can complete a full poloidal turn are
called closed field lines and the flux surfaces containing them are the closed
flux surfaces.

The normalized poloidal flux ρpol (henceforth referred to as ρ) is a com-
monly used quantity to label flux surfaces [4]. It assigns the value ρ = 1 to
the limit of the confined plasma and ρ = 0 to the magnetic axis:

ρ(x) =

√
Ψ(x)−Ψaxis

Ψlimit −Ψaxis
(1.6)

where Ψ(x) = 2π
∫ x
0

�B · �Stor dr, Ψlimit and Ψaxis are the poloidal magnetic
flux at the position x, at the limit of the confined plasma and at the
magnetic axis, respectively.

The limiters are protuberances in the walls specially designed to with-
stand the heat and particle loads. In an earlier development of the tokamak
concept, the limiters were used to protect the more vulnerable components
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inside the vacuum vessel3 from the energy and particle leaks out of the
main plasma across the Last Closed Flux Surface (LCFS).

However, material from the limiters is sputtered due to the incoming ion
flux, leading to the release of impurities directly into the core of the plasma,
enhancing radiation losses, diluting the fuel and, therefore, reducing the
fusion reaction rate [2].

The currently preferred option, and the one which is of interest for this
work is the poloidal divertor concept [2], henceforth referred to simply as
divertor. In Fig. 1.1, a poloidal cross-section of the ASDEX Upgrade (AUG)
tokamak is shown for two different magnetic configurations.

In a divertor configuration, a secondary current, ID, with the same
direction as the plasma current Ip is run toroidally at a given poloidal
location. The superposition of the poloidal fields generated by Ip and
ID will create a lemniscate shape with a so-called X-point, where this
superposition of the poloidal fields vanishes. The separatrix is defined as
the flux surface that contains the X-point.

The targets, poloidally cutting the poloidal field lines generated by ID,
intercept the particles on open flux surfaces outside the separatrix. The
sections of the plasma between these flux surfaces are also called flux
tubes. The layer of the plasma outside of the separatrix is called the Scrape
Off-Layer (SOL) and the locations where the separatrix intersects the
targets are called the strike points. The width of the SOL is the result of
the competition between the parallel and the perpendicular transport of
particles and power. The area radially inside the separatrix in the divertor
region is called the Private Flux Region (PFR).

A magnetic configuration with only one X-point and one divertor region
is called Single Null (SN) configuration (Fig. 1.1). In some tokamaks, a
second divertor current, ID,2, on the opposite poloidal region of the plasma
with respect to ID can be used to create a second X-point and a second
divertor region. If a significant fraction of the power and particle fluxes
arrive at the secondary divertor region, then the magnetic configuration
is called Double Null (DN) configuration. If the same flux surface crosses
both X-points, then the magnetic configuration is called Connected Double
Null (CDN). Otherwise, it is called Disconnected Double Null (DDN).

When ions arrive at the solid surfaces, they recombine with surface elec-
trons and neutralize. Depending on the velocity of the incoming ions, there
are two main processes for neutralization: the fast ions are reflected as
neutral atoms and the slow ions are absorbed, neutralized and re-emitted,
usually in the form of neutral molecules. These molecules dissociate in
the SOL, the atoms ionize and the cycle is repeated. In a steady-state, the

3Vacuum inside the tokamak is required because the uncontrolled presence of
atmospheric elements such as oxygen or nitrogen would strongly radiate the
stored energy of the main plasma.
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plasma is self fuelling with this recycling process [2].
Because recycling is the main source of ion fluxes and it mostly occurs

within the divertor region, the first figure of merit of a divertor is the
reduction of sputtered impurities in the main plasma compared to limiter
configurations [2]. Additionally, recycling within the divertor region creates
of a dense cloud of neutral atoms and molecules in front of the targets
which reduces the particle, momentum and energy fluxes to the targets
due to neutral friction and plasma-neutral interactions [2]. The enhanced
neutral pressure also facilitates a more efficient extraction of neutrals
from the vacuum vessel. This process is usually called pumping. Pumping
allows control over the density of the plasma and the removal of the helium
ashes, eq. (1.1).

1.3 Importance of the Scrape-Off Layer (SOL)

Dissipative exhaust of power and momentum throughout the SOL is of
utmost importance. Power, momentum and particle exhaust are key issues
for a practical realization of large experimental tokamaks and fusion
reactors.

ITER [5] is a tokamak currently under construction which is foreseen
to become the largest tokamak and the first burning plasma in human
history. Core radiation is expected to account for a portion of the energy
deposition in future machines (approximately 30% in ITER [6]). Even so,
the power crossing the separatrix in ITER is foreseen to be approximately
Psep,ITER ∼ 100 − 150 MW and the parallel heat flux q‖ ∼ 1 GW/m2 at 4

QDT = 10 [7, 8]. Even after geometrical optimization of the impact angle
between field lines and target tiles, the deposited heat flux would still be
of the order of q⊥,target ∼ 35 MW/m2 [6]. However, the technological limit
for power load normal to the target surfaces is q⊥,limit ∼ 5− 10 MW/m2 for
long, steady-state phases [6].

Strong temperature gradients along the magnetic field lines are related
to high SOL electron and ion collisionality which, as a function of upstream
(a poloidal reference point above the X-point) plasma conditions, are [2]:

ν∗SOL,e ≡
Ldiv

λe
� 10−16ne,u L

T 2
e,u

(1.7)

ν∗SOL,i ≡
Ldiv

λi
� 10−16ni,u L

T 2
i,u

(1.8)

where λe and λi are the electron and ion self-collisionality length, respec-
tively; Ldiv is the characteristic size of the divertor; ne/i,u and Te/i,u are the

4QDT is the ratio between the energy production rate due to D-T fusion reactions
and the power provided via external heating.
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electron and ion upstream density and temperature; and L is the parallel
connection length.

When the upstream temperature is high and the density is low, the SOL
collisionality is low (ν∗SOL < 10), the flux tubes are isothermal and the
SOL is determined by the boundary conditions imposed by the sheath
(sheath limited regime) [2]. The sheath limited regime is only relevant for
limiter plasmas. With increasing upstream density, the plasma transitions
into the conduction limited regime as temperature gradients along the
flux tubes are created. However, the plasma is still considered attached,
as neither momentum nor ion particle fluxes are dissipated [2]. Finally,
as the temperature near the targets is reduced to a few eV, volumetric
recombinations, neutral friction and hydrogenic radiation are strongly
enhanced, exhausting energy and momentum and reducing the ion particle
flux onto the targets [2]. The reduction of ion particle flux onto the targets
and the loss of momentum signifies the onset of detachment. The degree
of detachment can vary from partially detached to fully detached divertor
plasmas.

Partially detached regimes are foreseen to be the key to achieve good
core plasma performance (high plasma pressure) while maintaining the
particle and power loads onto the PFCs below the technological limits.

The studies of this thesis were carried out for the ASDEX Upgrade
tokamak (AUG, Fig. 1.1), which is located at the Max Planck Institute for
Plasma Physics in Garching, Germany. AUG is a medium size tokamak of
a major plasma radius of 1.65 m and a total plasma volume of 14 m3. It
has 16 toroidal field coils and it achieves a maximum toroidal field of 3.1 T.
The nominal plasma current can vary between Ip = 0.4− 1.6 MA, although
for this work the explored range is Ip = 0.6 − 1.0 MA. The maximum
heating capacity is 27 MW. However, only a fraction of this maximum
heating capacity has been used for discharges within this work (chapter 4).
Currently, all the plasma facing components are coated with tungsten and
thus the device is considered a metallic machine.

In AUG, the lower divertor PFCs form a closed divertor geometry confi-
guration. The divertor geometry is designed to keep the neutrals within
the divertor region, by having the normal vectors of the target tiles, the
centre of the distribution of the recycling neutrals, point towards the PFRs.
Such a configuration, in addition to the central structure of the divertor
(dome) aides to further increase the neutral pressure. On the other hand,
the upper divertor has an open divertor geometry configuration, allowing
neutrals to escape the divertor region with its nearly horizontally aligned
divertor plates. Such an arrangement also reduces inner-outer cross com-
munication through the PFR [9, 10]. For more information about the
impact of different degrees of closure in AUG, see [10].
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1.4 Low confinement mode (L-mode) and High confinement mode
(H-mode)
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Figure 1.2. Power threshold for L-H transition in ASDEX Upgrade as a function of the
average core plasma density at various plasma currents with favourable
toroidal field direction for the lower divertor, BT < 0 [11].

The High confinement mode (H-mode) [12] is a regime of the tokamak
plasma characterized by an improved energy confinement in contrast with
the lower confinement of the Low confinement mode (L-mode).

In H-mode, a reduction of turbulence with respect to L-mode near the
edge of the confined region leads to a reduction of radial transport forming
a region of steep radial gradients of the plasma parameters. This region
is called the edge transport barrier. The improvement in confinement
conditions leads to an increase of τE of a factor of two and strong gradients
of temperature and density in the region of the plasma near the separatrix,
which receives the name of the pedestal. The steep temperature and
density gradients within the pedestal region increase the plasma pressure
inside the separatrix in comparison to an L-mode plasma with similar
SOL plasma conditions. This transition has been experimentally observed
to occur when heating above a certain power threshold is applied, which
depends on several plasma and device parameters [11]. In Fig. 1.2, the
required power threshold is represented as a function of the average core
plasma density and the plasma current [11]. The toroidal field direction
significantly impacts the L-H power threshold. The direction in which
the power threshold is lowered is called favourable field direction and the
direction in which the power threshold is raised is called unfavourable
field direction5. The phenomena leading to the L-H transition are an active
topic of research.

5In favourable field direction, the ion drift velocity, ∝ �B × �∇B, (section 2.4.1) is
directed towards the active divertor. In unfavourable field direction, the ion drift
velocity is directed away from the active divertor.
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During Edge Localized Modes (ELMs) [13], a main feature of standard
H-mode plasmas, a sizeable portion of the pedestal particles and energy
is transported into the SOL. This periodically enhanced leakage across
the separatrix causes a periodic increase of the particle and heat loads
onto the targets, characterize by the ELM frequency. The database in this
thesis includes plasmas with type I (large outburst with low frequency)
and type III (small outburst with high frequency) ELMs [13].

Neglecting ELMs, there are two important differences between both
regimes for the interest of this work. First, the power crossing the sepa-
ratrix and the upstream plasma pressure are higher in H-mode. These
two observations lead to a higher neutral pressure in the vicinity of the
targets. Second, if the upstream heat flux density distribution in the SOL
is approximated by an exponential decay, exp (−x/λq), then, in the near
SOL, λL−mode

q ∼ 2λH−mode
q in AUG [14, 15].

Even if H-mode is preferred with regard to the operation of future fusion
reactor, the analysis of L-mode plasmas and the creation of L-mode-like
simulations are advantageous. The main advantage of L-mode plasmas is
the absence of ELMs while presenting the same volumetric physics, which
facilitates the creation of simulations and the analysis of the experimental
data and the comparison between computational and experimental obser-
vations. On the other hand, the main drawback of L-mode plasmas as
a means to infer conclusions from H-mode plasmas is that the relative
importance of different pieces of the underlying physics might change sig-
nificantly due to the difference of the plasma parameters space of the two
modes. L- and H-mode studies can, therefore, be complementary as they
expand across different combinations of plasma parameters and conditions.

1.5 Motivation of the thesis

Power and momentum transport and exhaust within the divertor volume
are considered critical mechanisms to obtain and control detachment. On
the one hand, radial transport redistributes power and momentum among
flux tubes. On the other hand, exhaust processes remove power and
momentum from the plasma.

In this work, the study of exhaust is focused on understanding the role
of plasma-neutral interactions: charge exchange between ions and neutral
atoms (CX) and elastic scattering between ions and neutral molecules (EL).
On the topic of transport, the diffusion-convection ansatz for perpendicular
transport (section 2.4.1) is separated in the study of the role of turbu-
lent transport and the role of cross-field drifts. SOLPS (section 3) is the
numerical code package used as an interpretative tool in this thesis.

In the literature, one can find several studies of momentum removal
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in L-mode plasmas (C-mod [16, 17], AUG [17, 18], JET [19, 20]), but the
studies with data of H-mode plasmas are scarce, e.g. [18].

Publication I aims at providing a comprehensive database that encom-
passes a large number of ASDEX Upgrade H-mode plasmas with different
plasma conditions to study the physics mechanisms of parallel momen-
tum loss in attached to partially detached plasmas. H-mode-like and
L-mode-like 6 SOLPS 5.0 simulations have been used to interpret the role
of plasma-neutral interactions and diffusive transport. CX and EL have
been switched on and off in the model to study the impact of both processes.

To study the role of cross-field drifts, the upper divertor of AUG has been
used. It has two main advantages over the lower divertor of AUG: first,
due to lack of tilt of the target tiles along the toroidal direction, the toroidal
magnetic field can be reversed without having to change the direction
of the plasma current. This feature allows pairs of forward and reverse
toroidal field plasmas to be carried out experimentally in one experimental
day while maintaining the same machine conditioning. Second, the open,
upper divertor configuration of AUG can reduce the cross-divertor neutral
interchange and divertor neutral compression [9, 10], and thus reducing
the effect of plasma-neutral interactions, facilitating the analysis of the
role of cross-field drifts.

In publication II, a set of pairs of L-mode plasmas in the upper, open
divertor of ASDEX Upgrade with different core plasma densities and
plasma currents in both forward and reversed toroidal field directions are
used to study the impact of cross-field drifts without the interference of
ELMs. These experiments were designed and carried out as a part of
this thesis during the AUG 2017 experimental campaign. The drift flow
patterns are reversed when the toroidal field direction is reversed due to
the dependence of cross-field drifts on the toroidal field direction. The core
plasma density and plasma current scans show the relative importance of
the drift effects in different SOL regimes and with different levels of power
exhaust (volumetric processes, connection length, etc.).

In publication III, both the net effect (i.e., how the activation of the drift
terms affect the overall plasma conditions) and the specific contributions
to the balance equations of cross-field drifts have been analysed in detail
with a set of SOLPS-ITER fluid simulations based on the experimental
discharges of publication II.

6In SOLPS, the same physical models are used to simulate L-mode and H-mode
plasmas. Therefore, the simulations are referred to as L-mode-like and H-mode-
like simulations, according to the characteristics of the transport coefficients,
plasma pressure and heating power.
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2. Theoretical background

In this chapter, the tools required for the analysis of the experimental and
computational results, as well as the foundations of the computational
codes used in this thesis (SOLPS 5.0 [21, 22] and SOLPS-ITER [21, 23]),
will be described.

In the first section, the electrical sheath that develops on PFCs in the
presence of a plasma is described. These results can be used to build simple
models, such as the Two-Point model (TPM), which is based on assumptions
related to the flow of plasma and the sheath. Ad hoc extensions of the TPM
introduce the concept of loss factors, which will be used to interpret the
results of this work.

However, the TPM does not attempt to model the fundamental physics
behind the processes of power and momentum transport and removal1. For
a more appropriate treatment of these physical processes, more complex,
numerically solvable models are required. In the analysis of a thermo-
dynamical system, the Boltzmann equation, which describes the time
evolution of the single-particle probability density, relates the microscopic
state of the system with its macroscopic evolution. This set of equations is
too complex to be solved for any non trivial system and, therefore, some
simplifications must be applied. If the plasma is assumed to be close to
local thermal equilibrium at every spatial point, then one can derive the
fluid equations, which serve as the basis of the constitutive equations of
the fluid codes, such as SOLPS.

2.1 The plasma sheath

In a plasma discharge, the electrically isolated, solid walls surrounding
the plasma charge up negatively due to the higher mobility of the electrons
with respect to the ions [2].

1Some simple analytical models, such as the Self-Ewald model (appendix A),
incorporate some basic models for the plasma-neutral interactions (ionization and
CX). However, the range of validity of these models is very limited.
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This potential difference between the plasma and the walls generates
an electric field that increases the ion flux to the solid surfaces, Γi, and
reduces the electron flux, Γe. An equilibrium is achieved when Γi = Γe, i.e,
when there is no net current flowing between the plasma and the PFCs.
This is called ambipolar flow and the potential difference at which it is
achieved is called floating potential, Vfl [24].

Due to the floating potential, quasineutrality cannot be maintained in
a thin layer of plasma in front of the PFCs. The width of this layer of
plasma is of the order of the Debye length, λD (section 1.1). The Debye
sheath is defined as the region in which ni > ne. Within this region, the
electron distribution is typically assumed to remain Maxwellian, modified
by a Boltzmann factor [2]. Therefore, at distance x inside the sheath, the
electron density is:

ne(x) = nse exp

(
eV (x)

Te

)
(2.1)

where nse is the density at the sheath entrance, Te is the local electron
temperature and V (x) < 0 is the the electric potential difference between
the entrance of the sheath (V (0) = 0) and the position x inside the sheath.
Assuming that there are no sources of particles within the sheath, the
condition for non oscillatory solutions give raise to the Bohm criterion (see
[2] for a complete derivation), which links the ion velocity at the entrance
of the sheath with the local sound speed [24]:

vse ≥ cs =
√
(ZTe + γiTi) /mi (2.2)

where γi is the ion adiabatic coefficient. The electrons are usually as-
sumed to be isothermal within the sheath and thus γe = 1.

2.2 The Two-Point Model

To disentangle the different pieces of the underlying physics in complex
edge plasma models, e.g. SOLPS simulations, the net effect of these physics
processes can be analysed by comparison with simple, analytical models,
such as the TPM.

The TPM [25, 2] is an analytic model that relates the plasma conditions
at an upstream position, usually poloidally located at the mid-plane or
the X-point, and the downstream position, corresponding to the targets,
without attempting to model the plasma along the flux tube connecting
them. A set of loss factors are introduced as an extension to the TPM
to take into consideration the integrated effect of physical processes that
remove momentum and power from the flux tube between the upstream
and the downstream poloidal positions (plasma-neutral interactions, radial
transport, etc.) without any attempt to model these aforementioned physi-
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Figure 2.1. Schematic representation of the extended TPM [17]. Neutrals are ionized
within the recycling region, creating a source of particles and a sink of mo-
mentum. The assumption of isothermal flux tube across the recycling region
implies small radiative losses [17].

cal processes. Although the TPM lacks any information of the underlying
physics and its assumptions are never simultaneously fulfilled, the concept
and definitions of the loss factors will be beneficial for the interpretation of
the results in this work as a way to quantify the net power and momentum
removal in SOLPS simulations in comparison with the expected result of
the simple, non-dissipative TPM.

The most basic form of the TPM is derived from the assumption of a
perfect conservation of total pressure and power on a straight individual
flux tube. The only power source along this flux tube is located upstream
(e.g. the core) and the only sink of particles and power is the target
[2]. Cross-field transport is not considered within the TPM. The plasma
within the flux tube is assumed to be stagnant upstream (vu = 0) and
it is accelerated up to the sound speed at the target, fulfilling the Bohm
criterion ( vt = cs =

√
2T/mi) [2]. It is usually assumed that the plasma is

accelerated within a thin recycling layer near to the target [26, 27].
Assuming a single ion species plasma and neglecting the contribution of

electrons (me/mi 
 1) to the dynamic pressure, the total pressure is:

Total pressure: ptotal = pstatic + pdynamic (2.3)

Total static pressure: pstatic = pstatic,i + pstatic,e = niTi + neTe = 2nT

(2.4)

Dynamic pressure: pdynamic = minv
2
i (2.5)

Therefore, the total pressure conservation takes then the form:

pstatic, u = 2 pstatic, t (2.6)
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Since the target is the only sink of power, the sheath will determine
the relationship between the incoming parallel heat flux and the plasma
condition at the sheath entrance:

q‖ = qt = γ nt Tt cs,t (2.7)

where γ is the sheath heat transmission coefficient [2].
Because one of the assumptions of the TPM is that the plasma is mostly

stagnant, power entering upstream must be transported via conduction.
The Spitzer-Härm heat conduction model is assumed for the parallel heat
transport. Assuming that T = Te = Ti and that the electron heat con-
ductivity is much larger than the ion heat conductivity, κe � κi, then the
Spitzer-Härm conduction is:

q‖ = q‖cond = −κ0,eT
5/2 ∂T

∂s‖
(2.8)

Since neither dissipative processes nor radial transport are considered
in the basic TPM, q‖u = q‖t. Integrating (2.8) between upstream (s‖ = 0)
and target (s‖ = L) yields:

(
T 7/2
u − T

7/2
t

)
=

7

2

L

κ0,e
q‖ (2.9)

The strong temperature dependence of eq. (2.8), ∝ T 5/2, reduces the
temperature parallel gradients at high temperature (e.g., almost isother-
mal flux surfaces in the core region). However, in the divertor region the
temperatures are usually lower. Because of pressure conservation (eq.
(2.6)), in the high recycling regime, in which nt > nu, it can be assumed
that T 7/2

u � T
7/2
t . Then, (2.9) results in:

T 7/2
u � 7

2

L

κ0,e
q‖ (2.10)

Some of the assumptions of the TPM can be relaxed allowing power and
momentum to be removed along the flux tube and only a fraction of the heat
to be conducted. For that purpose, a number of ad hoc correction factors
can be introduced in the formulae to take into account the integrated effect
of the physical processes along the flux tube [2] (Fig. 2.1).

The momentum loss factor:

fmom =
2 pstatic, t
pstatic, u

(2.11)

The power loss factor:
fpow =

q‖t
q‖u

(2.12)

The definition of eq. (2.12) is changed with respect to the one given in [2].
With this definition, fmom, equation (2.11), and fpow, equation (2.12), will
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be unity in case of perfect momentum and power conservation, respectively,
and will vanish in case of complete dissipation.

The conduction fraction of the parallel heat flux is unity when all the
power is transported via conduction (basic TPM) and zero when none of
the power is transported via conduction:

fcond =
q‖cond
q‖

(2.13)

The target temperature, density and particle flux density scale with these
loss factors as [2]:

Tt ∝
f2
pow

f2
mom f

4/7
cond

(2.14)

nt ∝ f3
mom f

6/7
cond

f2
pow

(2.15)

Γt =
q‖u
γ e Tt

∝ f2
mom f

4/7
cond

fpow
(2.16)

Tu/Tt ∝ f2
mom f

6/7
cond

f2
pow

(2.17)

In a detached divertor scenario, strong momentum and power losses
must occur simultaneously. Otherwise, in the case of strong power losses,
fpow → 0, but momentum conservation, fmom ∼ 1, then, according to
equations (2.14), (2.15) and (2.16):

Tt → 0, nt → ∞ ⇒ Γt ∝ nt T
1/2
t → ∞

However, experimental observations show that Γt increases with decreas-
ing target temperature down to a certain Tt, below which Γt decreases. This
is called the roll over of Γt and it coincides with the onset of detachment.
The roll over is caused by a combination of momentum removal and a lack
of sufficient energy to ionize the recycling neutrals (power starvation) and
thus sustain Γt.

Ionization of the recycling neutrals is an unavoidable sink of power
along the flux tube which is not addressed in the basic TPM but can
be incorporated in the extended TPM [2]. The electron cooling factor, ε,
represents the energy lost by electrons per neutral ionization [2]. In a
hydrogenic plasma, this factor is composed by the ionization energy (13.6
eV), half of the molecular binding energy (2.2 eV) and the line radiation
caused by the decay of excited electrons due to non-ionizing collisions.

Ignoring the effect of cross-field transport and volumetric recombination,
the heat flux entering upstream is divided into radiated power and power
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flux to the target [17, 2]:

q‖u = (γTt + εpot + εdis/2) Γt + εrad Γt = q‖t + qrad (2.18)

However, neither the potential energy flux nor the radiation contribute to
the plasma temperature. At low temperatures, the increase of the electron
cooling factor leads to power starvation.

2.3 Main divertor diagnostics

Accurate measurements of the plasma parameters at the target plates
(target temperature and density, heat loads, etc.) are fundamental to
evaluate the amount of power and momentum removal in the divertor
region. The two main target plate diagnostics used in this thesis are the
Lagmuir probes, which provide data of the electron temperature, electron
density and ion saturation current. The second diagnostic system is the
infra-red thermography, which provides data of the heat deposition profile.

Langmuir probes
Langmuir probes [24] are electrically conductive devices in direct contact
with the plasma and which can be used either individually or in arrays to
measure the local plasma conditions. This section follows the derivation
found in [24].

In a single Langmuir probe configuration, a periodic biasing potential
relative to the floating potential (section 2.1), Vprobe, is applied to the probe.
When Vprobe 
 Vfl, then all the electrons are repelled and the measured
current is called ion saturation current [24]:

Isat = e n cs Aprobe (2.19)

As Vprobe increases, more electrons will arrive at the probe, reducing
the electrical current measured by the probe. The electron density in
front of the probe is given by (eq. 2.1), i.e, it is related to the unbiased
electron density by a Boltzmann factor ∝ exp (e(Vprobe − Vfl)/Te). There-
fore, by sweeping the biasing potential it is possible to obtain the electron
temperature from the characteristic I-V curve [24].

By assuming that the ion and electron temperatures are sufficiently
similar, Ti � Te, it is possible to obtain the electron density using the
electron temperature and the ion saturation current.

In the triple Langmuir probe configuration, only three points of the I-V
curve are sampled at once. One of the probes measures Vfl, while the other
two are biased with respect to each other with a known potential, Vpos,
large enough that the measured current between the two is close to Isat.
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From this biasing potential, the electron temperature can be extracted:

Te � e Vpos

kB ln 2
(2.20)

Because the I-V curve is reconstructed with only three samples instead of
a full period of the biasing potential, this setup allows for a much faster Te

and Isat data acquisition rate and an enhanced time resolution. However,
the uncertainties of the measurements also increase, as a consequence of
the incomplete information about the I-V curve.

Both single probe and triple probe configurations have been used in this
thesis.

Infra-red Thermography
Infra-red (IR) thermography [28] is used in this thesis to measure the
power deposition onto the inner and outer upper targets of ASDEX Up-
grade. This power deposition is calculated from the temporal evolution of
surface temperature measurements.

The evolution of the surface temperature profile and the heat flux profile
are related via the heat diffusion equation [28]:

ρ cp
∂T

∂t
= ∇ (κ(T )∇T ) (2.21)

where ρ is the mass density, cp is the specific heat capacity and κ(T ) is
the heat conductivity. The code THEODOR [28, 29, 30] is used to solve eq.
(2.21) in two dimensions, corresponding to the cross section of the solid
surface. Toroidal symmetry is assumed.

IR cameras measure the photon flux emitted by the targets. To relate
the emitted photon flux and the surface temperature, it is assumed that
the target tiles emit electromagnetic radiation in the form of photons with
energy Eγ = hc/λ as non-ideal Planck black bodies, i.e., modulated by an
emissivity function, ε = ε(T, λ) [28]:

Γγ(λ, T ) dAdλ = ε(T, λ)
2πc

λ4

1

exp
(

hc
λkBT

)
− 1

dAdλ (2.22)

To relate the surface photon emission to the camera photon collection,
it is necessary to calculate the spectral response function R(λ) [31]. This
function models all the elements that distort the emitted photon flux in
its way towards the photodetectors. Examples of these elements are the
spectral transmission of the vacuum windows, the spectral aberrations of
the optical circuit and the IR camera filters [31]. The measured photon
flux by the photodetectors is then [31]:

Γ(T ) dA =

∫ ∞

0
R(λ)Γγ(λ, T ) dAdλ (2.23)

The IR system in ASDEX Upgrade is calibrated by measuring R(λ) and
the solid angle dA for a source at a known temperature [31]. Reflections
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are a source of measurement uncertainty, especially in metallic machines.
However, when analysing the upper tungsten target tiles of the AUG
discharges created for this thesis, these reflections can be neglected at the
strike line positions2 [32].

due to the angle of the normal of the target tiles and the angle of the cam-
era system that points towards the upper divertor. The light reflected in
one target from the other does not have the correct angle to be captured by
the camera, which only captures the the photons of the thermal radiation
(emitted homogeneously from the surface)

Significant infra-red Bremsstrahlung emission can occur along the line
of sight of the IR system when the plasma is sufficiently cold and dense.
The Bremsstrahlung photons are mixed with the thermal photons emitted
by the target and thus cause uncertainty in the calculation of the target
surface temperature. However, the analysed USN discharges in this thesis
are not affected by Bremsstrahlung due to viewing geometry and chosen
plasma parameters.

2.4 SOLPS-ITER constitutive equations

As mentioned at the beginning of the chapter, a tokamak plasma is a
many-body system composed of a myriad of charged particles interact-
ing simultaneously with every other particle in the system. Solving the
system of the equations of motion of every single particle in the system
is impracticable. Additionally, a tokamak plasma is outside of a global
thermodynamical equilibrium and, therefore, most of the results of the
classical statistical mechanics cannot be applied to the system as a whole.
To advance towards a practical solution, one may assume that states close
to local thermodynamical equilibria can be achieved throughout the system
[33]. These local thermodynamical equilibria appear when a large number
of particles within a certain volume of the plasma undergo a sufficiently
large number of collisions for their distribution to be close to a Boltzmann
distribution. In other words, the distance travelled by a particle between
two large angle collisions (mean free path, l) and the time lapse between
two large angle collisions (collision time, τ ) must be much shorter than the
macroscopic spatial and time variations of the system.

Under such conditions, the time evolution of the system can be described
with the one-particle distribution function, f = f (t, �x,�v), that describes
the probability of finding a particle in an infinitesimal volume around �x

with velocity �v at a time t, being t, �x and �v the independent variables of

2The orientation of the target tiles of the upper divertor with respect to the IR
camera system prevents the reflected light between inner and outer divertor to be
mistakenly mixed with photons emitted from the strike lines. The reflection of the
strike line of the inner divertor is observed in the outer target tile, but sufficiently
far away from the outer target strike line.
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the phase space of f [34, 35].
On a microscopic level, each particle experiences the Lorentz force ex-

erted by every other particle. However, as explained in section 1.1, Debye
shielding greatly reduces the impact of particles outside of the Debye
sphere of the particle [1]. The binary Coulomb collisions constantly alter
the trajectories of all particles that are close enough to each other. On a
higher, but still microscopic level, and despite the quasi neutrality of the
plasma, rapid fluctuations in the densities of electrons and ions cause fluc-
tuations in the electric and magnetic potentials. The effect of the net fields
in a plasma can therefore be separated in macroscopic averaged fields (e.g.,
the electric field caused by a temperature gradient or the magnetic field
created by the toroidal magnetic coils), the effect of rapidly fluctuating
microscopic fields (e.g., turbulences) and the effect of binary Coulomb colli-
sions [1]. This decomposition allows a separate treatment of the effect of
each component on f.

Introducing only the macroscopic averaged fields, �E and �B, in the Lorentz
force, thus ignoring the rapid microscopic fluctuations of the fields, and
grouping the binary collisions (including the Coulomb collisions) in the
collision term, then the Fokker-Planck kinetic equation takes the form
[34, 33, 35, 36]:

df

dt
=

∂f

∂t
+ �v �∇f +

q
(
�E + �v × �B

)
m

�∇�vf =

(
∂f

∂t

)
coll

+Q(t, �x,�v) (2.24)

where the first terms on the right side of the equation describes the effect
of collisions on f and the second term corresponds to an external source
in units of particles per unit time per unit of volume of the phase space.
There is one of these equations for each of the plasma species, including
electrons. The equation of each species is then coupled to the other species
only by the collision term.

In many circumstances, including the work of this thesis, the complete
description of the distribution function is not required. When the system
is close to thermodynamic equilibrium, the distribution function is close to
Maxwellian and thus it can be characterized by simple fluid parameters [34,
1, 35]. To satisfy these conditions, the mean free path of the particles must
be smaller than the characteristic length of the macroscopic variations. The
actual distribution function will be necessary when this fluid assumption
is not valid [36].

The fluid equations are the average of eq. (2.24) over different moments
of �v (1, m�v, 1/2m�v 2, . . . ).

With the zeroth order moment, we obtain the continuity equation for
species a [21]:

∂

∂t
na + �∇(na

�Va) = Sna(t, �x) (2.25)
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where Sna =
∫
Q d�v is a particle source/sink (ionization, recombination,

. . . ) and:

Density: na =

∫
fa d�v (2.26)

Average velocity: �Va =
1

na

∫
�v fa d�v = 〈�v〉 (2.27)

Since the distribution function is close to Maxwellian, the temperature
can be defined by decomposing the particle velocity into a collective velocity
and a thermal relative velocity [35], �v = �V + �w, with 〈�w〉 = 0:

1

2
ma〈�w2〉 = 3

2
naTa (2.28)

The ion momentum equation for ion species a [21]:

∂

∂t

(
mana

�Va

)
+ �∇

(
mana

�Va
�Va

)
= −�∇

↔
P a + Zaena

(
�E + �Va × �B

)
+ �Ra + �Sma

(2.29)
The term, �Sma = ma

∫
Q�v d�v, represents the drag caused by the parti-

cles coming from the source Q. In this work, these particles are usu-
ally the result of the ionization of cold neutrals which, once ionized,
are thermalized by collisions with the hot ions present in the plasma.
�Ra =

∑
bma

∫
�v(∂f/∂t)coll|bd�v represents the friction between species. The

pressure tensor is defined and decomposed as follows [35]:

Pressure tensor:
↔
P a = ma

∫
�w ⊗ �wfad�v = pa I+

↔
Πa (2.30)

Isotropic pressure: pa = na Ta =
1

3
ma

∫
�w2fad�v (2.31)

Anisotropic viscosity:
↔
Πa = ma

∫ (
�w ⊗ �w − 1

3
�w2

)
fad�v (2.32)

The pressure tensor represents the transport of momentum. In the case
of a global Maxwellian distribution, the pressure would be isotropic, i.e.,
momentum would be equally transported in all directions. However, a
plasma is a very anisotropic medium (e.g. radial vs parallel transport) and
thus the pressure cannot be described by a scalar and, consequently, a
tensor expression, eq. (2.31), is needed. Cross field transport of momentum
is also contained in eq. (2.32).

In SOLPS, only the viscosity due to gradients of the parallel velocity,
V

‖
a = �Va ·�b with�b = �B/B, is considered in eq. (2.29). The parallel projection

of the viscosity tensor can be expressed as [21]:
(
�∇

↔
Πa

)
‖
=

4

3
B3/2�b · �∇

( μ0

B2
�b ·

(
V ‖
a

√
B
))

(2.33)
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where μ0 is the viscosity coefficient in the limit of weakly magnetised
plasma. Perpendicular viscosity is responsible for the radial transport of
parallel momentum [21], being �μ the vector of the viscosity coefficients:(

�∇
↔
Πa

)
⊥
= �∇⊥

(
�μ�∇⊥V ‖

a

)
(2.34)

Due to the lighter mass of the electrons, me/m1 
 1, many terms in the
electron equation are deemed negligible, and the electron pressure can be
considered isotropic. Consequently, the electron momentum equation is:

−�∇pe + ene

(
�E + �Ve × �B

)
+ �Re = 0 (2.35)

Summing over all charged species (ions eq. (2.29) and electrons eq. (2.35))
yields the total momentum equation [21]:

∂

∂t

(∑
a

mana
�Va

)
+ �∇

(∑
a

mana
�Va

�Va

)
= −�∇

↔
P +�j × �B + �Sm (2.36)

where
↔
P = pe +

∑
a

(
pa +

↔
Πa

)
, �j = e

(∑
a Zana

�Va − ne
�Ve

)
is the current

density and �Sm =
∑

a
�Sma .

In SOLPS, only the parallel component of eq. (2.29) is solved, yielding
V ‖ [21]. As will be explained in section 2.4.1, the cross-field transport
is dominated by turbulences and thus the cross field components of the
ion velocity are given by a diffusion-convection ansatz [21]. The parallel
component of eq. (2.35) yields j‖, the parallel current density [21]. On
the other hand, the cross-field components of the current density, �j⊥, are
obtained from eq. (2.36) [21].

Finally, the total energy conservation equations are obtained by averag-
ing eq. (2.24) over 1/2m�v2. For ion species a [37, 23]:

∂

∂t

(
3

2
naTa +

1

2
mana

�V 2

)
+ �∇

[(
5

2
naTa +

1

2
mana

�V 2

)
�Va + �qa

]
=

−�∇
(↔
Πa

�Va

)
+ Zaena

�E�Va +Wa + SEa

(2.37)

The second term on R.H.S represents the divergence of the total heat
flux, which first term is the convective heat flux and second term is the
conductive heat flux.
Wa =

∑
b

[
�Rab

(
�Vb − �Va

)
+Qab

]
represents the energy exchange between

species due to collisions and equipartition, Qab ∝ (Tb − Ta).
For the electrons, the inertia terms as well as the anisotropic viscosity

are neglected, as in eq. (2.35) :

∂

∂t

(
3

2
neTe

)
+ �∇

(
5

2
neTe

�Ve + �qe

)
= −ena

�E�Ve +We + SEe (2.38)
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Figure 2.2. Schematic representation of ion VE×B and V∇B drift direction in upper single
null (USN) configuration of AUG for (a) favourable and (b) unfavourable
toroidal field direction.

The system of fluid equations needs a closure, because the n-th order
equation contain terms with n+1 order. The closure of the SOLPS constitu-
tive equations is the prescription of the Spitzer-Härm conduction for the
heat flux of ions and electrons in the parallel direction and the diffusion-
convection ansatz for the heat flux in the perpendicular direction, section
2.4.1.

2.4.1 Cross-field transport and drifts

In a simplified picture, in the presence of a homogenous magnetic field,
the charged particles of a plasma can move freely along the magnetic field
lines, while they can only gyrate in the perpendicular plane. In this picture,
cross-field transport is then exclusively due to collisions. If the plasma were
homogenous, then the net perpendicular particle flux would be zero. In the
presence of a density gradient, however, the resulting particle flux from a
classical random-walk-like diffusion has the form Γ = −D⊥∇⊥n, where D⊥
is called the perpendicular diffusion coefficient and it is proportional to the
size of the step of the random walk [38]. For typical SOL conditions, the
value of D⊥,classical ∼ 10−6 − 10−4 m2s−1 [2]. However, the experimentally
observed perpendicular diffusion coefficient is usually of the order of unity,
D⊥ ∼ 1 m2s−1 [2].

Currently there is still a lack of first principles models and only empiri-
cal scaling laws are readily available, but these empirical laws are very
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dependent on the machine characteristics. The cross-field transport is then
said to be anomalous. The micro-scale fluctuations of density and poten-
tial, that were ignored during the derivation of the Braginskii equations
in the previous section, can create turbulences, which greatly enhance
the perpendicular transport and dominate over the classical random-walk
diffusion. The cross-field transport is, therefore, said to be turbulent.

When forces with components perpendicular to the magnetic field act on
the plasma, they modify the gyroradius during a rotation period and thus
the gyration around the field lines is affected, leading to effective drifts of
the guiding centre. In a tokamak plasma, there are many types of such
drifts, with various degrees of importance. A detailed derivation of the
different drift terms can be found in [39].

The most important contributions at the lowest order of (2.29) and (2.35)
are the pressure gradient and the Lorentz force:

0 = −∇pα + Zα e nα

(
�E + �Vα × �B

)
(2.39)

The perpendicular velocity can be extracted from eq. (2.39):

�V⊥,α =
�E × �B

B2
− ∇pα × �B

Zα e nα B2
= �VE×B + �Vdia (2.40)

where α can represent electrons and ion species.
The first term of the R.H.S of eq. (2.40) is the so called E × B drift.

Because the E × B drift does not depend on the charge of the particles,
the resulting total plasma flow is ambipolar and, therefore, it does not
carry any current. The second term of the R.H.S of eq. (2.40) is called the
diamagnetic drift and it is almost divergence free [39].

The diamagnetic drift flow is sometimes (e.g. in SOLPS-ITER) replaced
by an effective diamagnetic drift flow for computational stability reasons:

∇ ·
(
n�Vdia

)
= ∇ ·

(
n�̃Vdia

)
= ∇ ·

(
n�V∇B

)
(2.41)

where �V∇B ∝
(
�B ×∇B

)
/qB3. The �V∇B drift is a vertical guiding centre

drift caused by the curved nature of the tokamak. First, a radially inward
directed gradient in the magnetic field, ∇B, arise because the magnetic
field coils are closer to each other in the inner side of the torus [3]. Second,
the curvature of the magnetic field lines causes a centrifugal pseudo-force
(curvature drift) which can be approximately related to ∝ ∇B [3].

The typical flow patterns of the ion �VE×B and the �V∇B drifts for the two
directions of the magnetic toroidal field are shown in Fig. 2.2 [39]. For the
upper divertor of ASDEX Upgrade, the favourable toroidal field direction
corresponds to BT > 0 (Fig. 2.2 (a)) and the unfavourable toroidal field
direction corresponds to BT < 0 (Fig. 2.2 (b)).
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Previous studies of the effect of drifts in different machines (AUG [28, 40,
41, 42], C-mod[39], JET [43], DIII-D [44], JT60-U [45]) reported similar
observations to each other with respect to the asymmetries of the inner
and outer target temperatures and densities: In favourable field direction,
a hotter, less dense outer target with respect to the inner target is usually
observed, while in unfavourable field direction the asymmetry between
inner and outer targets is reduced.

In SOLPS, the perpendicular ion transport is described with the diffusion-
convection ansatz that combines the turbulent (diffusion) transport and
the transport due to cross-field drifts [21]:

�Γi,⊥ = −Di,⊥∇⊥ni + ni

(
�VE×B + �Vdia

)
(2.42)

In SOLPS, the density driven diffusion coefficient, Dα,⊥, is usually an input
parameter of the simulations and its numerical value is set to a constant
or to a radial profile (see Chapter 4 for the setup of the simulations used in
this thesis). The perpendicular particle flux for electrons, �Γe,⊥, is derived
from eq. (2.42) and j‖.

B2.5 solves the internal heat equations instead of the total energy equa-
tions (2.29) and (2.35). The prescribed perpendicular heat transport is a
combination of turbulent heat transport and heat convection carried by
the particle flux:

�qα =
3

2
Tα

�Γα,⊥ − nαχ⊥,α
�∇⊥Tα = �qanomalous + �qE×B + �qdia (2.43)

where α can represent electrons and ions, �qE×B = 3
2nαTα

�VE×B is the heat
transport due to the E ×B drift and �qdia = 3

2nαTα
�Vdia is the heat transport

due to the diamagnetic drift. In a similar way to D⊥, the thermal diffusivity
of electrons and ions, χe and χa, is usually prescribed by a radial profile or
a constant parameter.

2.5 Poloidally integrated analysis of the SOLPS-ITER equations

The net effect of a certain component of the balance equations within the
divertor plasma can be calculated by integrating along each flux tube from
the entrance to the divertor to the corresponding target.

In a curvilinear coordinate system in which x and y are the poloidal and
radial coordinates, respectively, and symmetry is assumed in the toroidal
coordinate, z, the most general form of the conservation equation is [46]:

∂

∂t
A+

1√
g

∂

∂x

(√
g

hx
ΓA,x

)
+

1√
g

∂

∂y

(√
g

hy
ΓA,y

)
= S (2.44)

where A is either the ion density, the parallel momentum, the ion or
electron temperatures or the electric potential; hx and hy are the metric
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coefficients of the coordinate system, √g = hx hy hz is its Jacobian and
thus √

g dx dy dz is the cell volume.
In a steady state, thus ∂A/∂t = 0, eq. (2.44) can be numerically inte-

grated within a desired region of the computational grid (e.g, the divertor)
to analyse the relative impact of different components [47, 48] :

syΓx|tu = −
∫
∂x

Γyds
x|∂y +

∫
V
S dV (2.45)

where s[x,y] =
√
g/h[x,y] d[y, x] are the cell face surfaces. The L.H.S shows

the total change in the poloidal flux of A (e.g., particle flux, heat flux, etc.)
along the flux tube connecting the upstream and downstream poloidal
reference locations (e.g, X-point and target) and the R.H.S contains the
sources and sinks (e.g., radial transport of particles and heat, plasma-
neutral interactions, etc.) for that flux along the flux tube.

35





3. SOLPS

In plasma regimes of high collisionality (section 1.3), the assumptions of
the fluid equations (section 2.4) are valid [34, 21]. These fluid equations
are, however, non-linear and cannot be solved analytically for relevant
scenarios. Moreover, simplified models, such as the 0D Two-Point Model
(section 2.2) are insufficient by themselves for comprehensive study of
actual tokamak plasmas. For that reason, there are a variety of fluid
codes that solve the fluid equations (chapter 2) with various levels of
complexity and dimensionality; some of them coupled with neutral Monte
Carlo transport codes.

3D codes, such as EMC3-EIRENE, can be used to analyse toroidally
asymmetric effects. To make simulations computationally practicable,
these codes usually require a simplified formulation of the atomic, molec-
ular and transport models. For example, drifts are not implemented in
EMC3-EIRENE.

2D codes, such as SOLPS 1 (B2.5-EIRENE), EDGE2D-EIRENE or UEDGE,
represent a compromise between the computational power saved by dimen-
sional simplification (toroidal symmetry is assumed) and the additional
computational power required for more complex atomic, molecular and
transport models, e.g., cross-field drifts. These codes are therefore suitable
to study problems which are nearly toroidally symmetric but require a
more complete physical description of the plasma, e.g., toroidally average
power and momentum losses within the divertor volume.

Two versions of SOLPS are used in this work: SOLPS 5.0 [21, 22] and
SOLPS-ITER [21, 49, 50, 23]. Both versions of SOLPS consist of two
primary codes: B2.5 [51, 21], a 2D multispecies Braginskii-like (section
2.4) fluid code that works on a quasi-orthogonal computational grid aligned
with the magnetic surfaces and orthogonal to the target tiles; and EIRENE
[36], a general purpose 3D Monte Carlo neutral transport simulator for
atoms and molecules. SOLPS also contains supporting software: DivGeo,
Carre, Uinp, B2plot, etc. mainly focused on the creation of grids, setup of

1Scrape-Off Layer Plasma Simulation
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simulation runs and post-processing.
Although B2.5 has an implementation of a neutral fluid model for atoms,

the assumption of the mean free path between collisions being much
smaller than the characteristic sizes of the plasma non-uniformities is not
always valid for neutral atoms. In this work, both simulations with the
EIRENE kinetic neutral model and simulations with only the fluid neutral
model of B2.5 are presented.

The typical dimensions of the AUG divertor below the x-point are Ldiv ∼
(0.1 − 0.5) m. The total cross-section of ion-neutral interactions (charge
exchange and elastic scattering) is σi,n ∼ 10−18 m2 for the typical range of
divertor temperatures, T = (1− 100)eV [6]. Considering σn,n ∼ 0.2 σi,n the
mean free path of neutrals is λn ∼ [σi,n (ni + 0.2 nn)]

−1 [6].
The fluid description may be valid in certain regions of the divertor

plasma and in some circumstances (e.g., near the strike point for a high
density discharge, ni,t ∼ 1020 m−3), when the Knudsen number is Kn ≡
λn/Ldiv 
 1. In these situations, hundreds of interactions occur within a
single computational cell for each time step, allowing the neutral gas to
achieve local thermodynamical equilibrium. However, further away from
the strike point or in lower density discharges, the mean free path might
be orders of magnitude longer, rendering the fluid description invalid. This
is especially important for connections between inner and outer divertors
via the PFR, which is typically low density and requires a kinetic descrip-
tion for the atoms and molecules. Finally, the entire sub-divertor region
requires a kinetic description (e.g., JET [52]).

On the other hand, in open divertor geometries in which cross commu-
nication between divertor legs is expected to be smaller than in closed
divertor configurations [9, 10], the fluid neutrals potentially provide an
adequate approximation for some quantities, such as the peak heat flux at
the targets.

In SOLPS, B2.5 and EIRENE are coupled self-consistently. Schemati-
cally:

1. B2.5 solves its set of fluid equations, creating the background plasma,
and it passes the required information to EIRENE.

2. EIRENE launches test particles from the different user-defined sources
(strata). Each one of the test particles represents a multitude of real
particles.

3. EIRENE then follows the test particles through the given, fixed back-
ground plasma. The interactions yield sources and sinks of particle,
momentum and energy for B2.5.
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(a) Physical domain (b) Computational domain

Figure 3.1. Representation of the B2 grid [53] used for the L-mode simulations, in both (a)
physical and (b) computational domains. The core is represented in violet, the
SOL is blue, the inboard divertor is green and the outboar divertor is orange.

4. B2.5 updates its sources and solves its fluid equations with the new
source terms.

3.1 The B2.5 code

The B2.5 grid is orthogonal and aligned with the flux surfaces of the
magnetic field except in the near-target region (Fig. 3.1a). In this region,
the B2.5 grid is aligned with the target tiles and, consequently, it loses
its orthogonality. Henceforth, the poloidal coordinate of the B2.5 grid is
labelled as the x coordinate and the radial coordinate is labelled as the y
coordinate (Fig. 3.1b).

The system of equations to be solved consists of the ion energy and elec-
tron energy balance equations, the charge conservation/potential equation;
and one continuity and one parallel momentum balance equations for each
ion species. B2.5 models electrons and a user-prescribed number of ion
species corresponding to the main ions and the dominant impurity ions,
although all ion species share the same ion temperature, Ti. This system
of equations is solved sequentially (explicit scheme) but with attention to
reduce computational artefacts and instabilities [49, 23].
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As explained in section 2.4.1, the perpendicular transport is anomalous
and governed by turbulences and cross-field drifts. In B2.5, the radial
transport is imposed by setting prescribed transport coefficients and radial
velocities, which can be constant or defined by a radial profile for each
fluid species [21]. This radial profile is usually specified at the OMP
because experimental diagnostics (chapter 4) such as Thomson Scattering
are usually mapped to the OMP. The transport coefficients can also be
scaled poloidally using a ballooning factor proportional to the local poloidal
magnetic field, ∝ α (Bp/Bref )

β, where the reference value is usually the
OMP poloidal magnetic field.

In this work, diffusion-like energy and particle transport with effective
diffusion coefficients χe, χa (thermal diffusivity of electrons and ions of
species a) and D⊥ ≡ Dn

a (density-driven particle diffusion coefficient of ions
of species a) is considered.

As previously mentioned, B2.5 also includes a neutral fluid model. In
this model, fluid neutral species are treated in a similar fashion as the ion
species, by having their own set of simplified fluid equations [21]. All fluid
neutral species share the same neutral temperature, which is set to the
ion temperature, Ti [21]. The sources of these fluid neutrals are recycling
with user specified recycling coefficients and sputtering, as well as volume
recombination.

This model enables the creation of B2.5 standalone runs, in which B2.5
provides both the solution for charged and neutral particles. In coupled
runs with EIRENE, fluid neutral sources are rescaled down (by 10−10 in
this work), so only EIRENE neutrals contribute to the solution.

The advantages of the fluid neutral model is a much faster iteration and
the absence of Monte Carlo noise.

3.2 The EIRENE code

EIRENE is a Monte Carlo neutral transport code that solves a set of gener-
alized linear Boltzmann-like equations for an arbitrary number of species
in an arbitrary 3D geometry [36]. These transport equations correspond to
the WCU (Wang-Chang-Uhlenbeck) generalization [54, 55], which allow
the collisional kernel to encompass list of interactions, including chemical
reactions.

EIRENE follows the path of a number of test particles (e.g. 50000), which
represent a large number of actual particles (e.g. 1013 per test particle), on
a given background plasma. These test particles are launched from strata,
which represent sources of neutrals (e.g. target plates, gas puff, volume
recombination, . . . ).

Schematically, the internal EIRENE cycle is:
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1. A number of particles are sampled from the specified strata, which are
characterize by an angular and energy distribution.

2. For each test particle, EIRENE calculates the flight distance between
collisions:

− If the particle trajectory intersects with a surface representing the
material wall, the specified model for the neutral-surface interaction is
called.

− If the test particle interacts with the background plasma, the ion-
neutral interaction model is called and the trajectory is modified ac-
cordingly.

3. The test particles are followed until they are absorbed by a surface,
surpass an specified time limit or get ionized, becoming a source for the
background plasma.

4. The tallies of the EIRENE observables are updated.

The collision kernel represents the conditional distribution of the new
velocities and species after interaction at �r ′ has taken place. It is further
divided into individual atomic and molecular processes, C =

∑
k pkCk. The

rate coefficients for the atomic and molecular processes are provided via
databases of collisional-radiative model 2 rates (AMJUEL [56], HYDHEL
[57], METHANE [58]).

The reflection of neutrals at surfaces can be described as an additional
component of the collision kernel, C = pwCw +

∑
k pkCk, where pw(�r) = 1,

if �r belongs to a solid surface.
The reflection kernel, Cw, can be, at the same time, divided into three

different kernels for fast particle reflection, thermal re-emission and wall
absorption. The database for the reflection model of fast ions is based on
the TRIM code [36, 59, 60].

2The Collisional Radiative Model is a commonly used model for population density
of excited states. In the CRM of regions of the plasma with high local density
and low local temperature, the depopulation of excited states due to collisions can
have a comparable importance to the depopulation due to spontaneous emission.
The CRM rates are strongly dependent on both the local temperature and density.
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4. Experimental and simulation setup

4.1 Lower single null magnetic configuration (Publication I)

Publication I provides a comprehensive database that encompasses a
large number of ASDEX Upgrade H-mode plasmas with different plasma
conditions to study physics mechanisms of parallel momentum loss in
attached to partially detached plasmas. L-mode-like and H-mode-like
SOLPS 5.0 simulations have been utilised to study these experimental
plasmas.

Across the H-mode database, the momentum loss factor depends strongly
on the radial position of the considered flux tube and it is stronger than in
previous experimental studies in L-mode plasmas, e.g., [16].

The main result of the L-mode-like simulations is that charge exchange
with atoms dominates over elastic scattering with molecules in this range
of temperatures and plasma conditions. Charge exchange removes mainly
dynamic pressure from the plasma ions.

4.1.1 AUG lower single null H-mode experimental database

Measurements of the electron temperatures and densities at the outer
midplane and outer target for a set of 54 H-mode ASDEX-Upgrade plasmas
have been used to estimate the momentum loss factor, fmom, using eq.
(2.11).

The set of discharges encompasses a wide range of plasma parameters
and magnetic configurations, shown in table 4.1, and includes unseeded
as well as nitrogen-seeded discharges. The set is limited to attached and
partially detached discharges.

The analysed profiles are taken during inter-ELM phases of stationary
plasmas. The shunt currents at the targets, Idiv, are used to identify
ELMs [61]. The ELM bursts appear in the time evolution of Idiv as events
with a build up phase, a peak and a decay phase. Aiming to reduce the
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−BT[T] Ip[MA] Te,peak,out[eV]

1.8− 2.6 0.6− 1.2 3.3− 35.5

Pheat[MW] ne,average[10
19m−3] q95

2.8− 13.0 3.6− 10.5 2.6− 5.4

Table 4.1. Range of characteristic parameters of the set of H-mode AUG discharges. BT <
0 is the toroidal field (favourable field direction for LSN), Ip is the plasma
current, Te,peak,out is the peak of the target temperature profile at the outer
target plate, Pheat is the input heating power, ne,average is the average electron
density across the core, and q95 is the safety factor measured at ρ = 0.95.

presence of the ELM bursts in the analysed data, once the peak of the
ELMs are identified, every single inter-ELM time window is defined by two
boundaries: a minimum delay after the peak of the previous ELM and a
time interval prior to the peak of the next ELM. The best fitting inter-ELM
time window was manually selected for each plasma, usually between 3.5

and 1.5 ms before an ELM and 5 ms after the previous ELM. The data are
gathered over various inter-ELM windows.

Electron upstream data of density and temperature were collected using
the Vertical Thomson Scattering (TS) system (Fig. 4.1) [62]. Only edge
data were used to reconstruct the radial profile, since the main focus of
publication I involves the separatrix and the near SOL. Modified hyperbolic
tangent (mtanh) [63] was used as the fitting model. The uncertainties
of the mtanh fit are calculated from the covariance matrix of the fitting
routine.

The electron density and temperature at the lower outer target were ob-
tained by means of the triple Langmuir probes on the outer target (Fig.4.1).
Spline fitting is used to interpolate over the binned data. The experimental
uncertainty was assessed statistically using the data gathered within the
selected stationary time window.

The momentum loss factor, fmom, is calculated in flux tubes between the
entrance of the divertor (X-point poloidal position) and the outer target.
These flux tubes are labelled by their distance from the separatrix mapped
to the outer midplane (Δsomp = 1mm, 2mm, etc.). Measurements were
mapped to corresponding magnetic field lines using ρ (eq. 1.6). Examples
of the radial upstream and downstream electron static pressure profiles
are given in Fig 4.2 for a low electron target temperature, Te,t, case.

The experimental reconstruction of the separatrix position is subject
to an uncertainty of approximately Δsomp ∼ ±(2 − 5) mm [64]. On the
other hand, in the high recycling regime, the upstream separatrix temper-
ature, eq. (2.10), is assumed to be rather insensitive to variation of other
plasma parameters. Using typical H-mode LSN AUG plasma parameters,
PSOL = 5MW, A‖ = 10m × 2 mm and L‖ = 25m [65], then the upstream
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temperature is Tu � 100 eV . This result, in conjunction with the exper-
imentally observed strong gradient, leads to an alternative criterion for
the separatrix position for AUG instead of using the unshifted equilibrium
reconstruction: Te,u(ρ = 1) � 100 eV . The upstream profiles were rigidly
shifted with respect to EQH, the AUG standard equilibrium reconstruction
based on CLISTE [66], to match this criterion.

Figure 4.1. Thomson scattering and Langmuir probes systems in AUG.

Figure 4.2. Radial upstream and downstream pressure profiles. The dashed lines corre-
spond to the fit uncertainties.
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4.1.2 AUG LSN L-mode-like SOLPS 5.0 simulations

Cryopump

Turbopump

D  pu2

Figure 4.3. SOLPS 5.0 computational grid based on AUG discharge 21303. The blue lines
represent the pumping surfaces of the cryo and turbopumps. The five lines
surrounding the mesh represent the EIRENE recycling strata. In addition
to them, the other two strata are the gas puff and the volume recombination
(which extends over the entire grid).

The L-mode-like simulations used in publication I were executed and
analysed based on the magnetic equilibrium and main plasma parameters
taken from discharge 21303 of ASDEX Upgrade at t = 3.6s [67]. This
discharge was a fully attached, ohmic L-mode plasma. At the time of
the discharge, in April of 2007, the machine had graphite PFC and the
divIIb divertor geometry [67]. The main objective with these L-mode-like
simulations is not to achieve a quantitative agreement with the H-mode
experimental results of section 4.1.1, but to capture the qualitative trends.
L-mode-like simulations are also easier to execute and to analyse.

The original B2.5 computational grid was created by Marco Wischmeier
[67] and extensively used in [68, 53, 10], where a comparison between
simulation results with experimental data can be found. The resolution of
the grid is 48 poloidal cells by 18 radial cells, not counting the 2 poloidal
and 2 radial rows of guarding cells (extra cells added by B2.5 for numer-
ical reasons) at the 2 radial and 2 poloidal external boundaries of the
computational grid.

The B2.5 plasma is composed by deuterium ions, which is the main
component, and carbon, which is the product of sputtering of the PFC.
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Species Type Reaction

D
EI D + e → D+ + 2e

CX D +D+ → D+ +D (A)

C
EI C + e → C+ + 2e

CX C +D+ → C+ +D

He
EI He+ e → He+ + 2e

CX He+D+ → He+ +D

D2

EI D2 + e → D+
2 + 2e

DS D2 + e → D +D + e

DS D2 + e → D+ +D + 2e

EL D2 +D+ → D2 +D+ (B)

D+
2

DS D+
2 + e → D+ +D+ + 2e

DS D+
2 + e → D +D

DS D+
2 + e → D+ +D + e

Table 4.2. Table of atomic and molecular model in SOLPS simulations using CRM
databases (section 3.2). The acronyms stand for: EI, electron impact ionization;
CX, charge exchange; EL, elastic scattering; and DS, molecular dissociation.

Radial transport is implemented by imposing a set of radially varying
transport coefficients, χ⊥ and D⊥, that ensured a good match of the up-
stream SOL profiles, especially electron density and temperature (Fig.
4.4). No further adjustments were carried out for individual simulations.
Cross-field drifts were not enabled in these simulations.

For EIRENE, in addition to the corresponding atomic neutrals of the
B2.5 ion species, molecular deuterium, D2, is also included. Hydrocarbon
molecules were not considered.

The atomic model specifications can be found in table 4.2. The rate
coefficients for the atomic and molecular processes are provided by the
atomic and molecular databases in EIRENE (section 3.2).

For a subset of the L-mode-like simulations, elastic scattering between
ions and molecules (table 4.2, (B)) and/or charge exchange between ions
and atoms (table 4.2, (A)) were turned on and off to study the role of the
neutrals on momentum removal.
D2 gas injection is located at R = 2.24 m and Z = 0, corresponding to

the actual position of the valve during the discharge. In the simulations,
a feedback scheme was used on ne, sep, omp. The pumping system (Fig. 4.3)
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Figure 4.4. Radial transport coefficients for L-mode simulations, prescribed at the outer
midplane. The radial profiles are adjusted point-wise to give a rough match to
the upstream profiles of AUG discharge 21303.

is composed by a cryopump, with an albedo of 0.75 simulating a pumping
speed of ∼ 100 m3s−1 [67]; and a turbopump, with an albedo of 0.91 and
∼ 10 m3s−1 [67]. The neutrals crossing the core boundary return as fully
ionized ions.

Chemical carbon sputtering was set by a constant yield rate of 1% for
all carbon surfaces and the physical sputtering was described by the Roth-
Bogdansky model [36, 69]. The emitted particles were characterize by a
Thompson energy distribution and a cosine angular distribution [70, 71].

When B2.5 is coupled to EIRENE, the residuals of the fluid equations
usually saturate before reaching full convergence for non simplified, ded-
icated cases [36]. Adequate criteria for convergence in runs with Monte
Carlo noise are still an open topic [72]. For the simulations presented in
publication I, the practical convergence criterion was established as ∼ 1%

variation of a number of quantities, such as the electron outer midplane
separatrix density or particle content, during a run with enough steps
(usually 3000-5000 time steps).

4.1.3 AUG LSN H-mode-like SOLPS 5.0 simulation

The H-mode-like simulations used in publication I were created by Felix
Reimold and are based on the AUG discharge 28903 at t=2.4s [73] (the
reference includes a more extended description of the simulations).

The edge transport barrier is simulated in SOLPS via a strong reduction
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Figure 4.5. Radial transport coefficients for H-mode simulations as prescribed on the
outer midplane [73].

of the transport coefficients in the vicinity of the separatrix (Fig. 4.5).
ELMs are not usually modelled in SOLPS and only the inter-ELM phases
are considered.

The simulation set encompasses attached and partially detached un-
seeded plasmas in AUG with divIId geometry. All surfaces are assumed
to be covered by tungsten with no sputtering. The atomic and molecular
model can be found in table 4.2. Cross-field drifts are not enabled in these
simulations.

The input heating power is Pheat = 8 MW, much higher than the maxi-
mum of 1 MW of the aforementioned L-mode-like simulations. The ranges
of densities are thus also higher, being ne,sep,omp = (1.0 − 5.8) · 1019 m−3

for the H-mode-like set while ne,sep,omp = (0.5 − 1.8) · 1019 m−3 for the L-
mode-like set. Both sets are complementary in the sense that they explore
different regions of the power input / upstream pressure parameter space.
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4.2 Upper single null magnetic configuration (Publications II and
III)

4.2.1 Upper, open divertor L-mode pair discharges

|BT | = 2.5 T

nH1[10
19m−2] = 2.5 3.5 4.0 4.5 5.0 5.5

Ip = 0.6 MA
Bt < 0

34303
34508 34623 –

– – –

Bt > 0 34302 – 34624

Ip = 0.8 MA
Bt < 0 34301

34314 34312
–

34505
36355 34616 34503

Bt > 0 34300
34306

34311
36356

34507
36333 34618 –

Ip = 1.0 MA
Bt < 0 34309

– – – – –
Bt > 0 34308

Table 4.3. Pairs of L-mode plasmas in forward and reverse toroidal field directions with
different plasma conditions (plasma core density and current).
Blue: PECRH = 0.3 MW instead of PECRH = 0.5 MW. Orange: No Isat data.
Red: No IR data.

As a part of this thesis, a set of L-mode discharges were performed in
the upper, open divertor of ASDEX Upgrade during its 2017 and 2019
experimental campaigns. The corresponding shot numbers are presented
in Table 4.3. The database consists of pairs of shots with both forward and
reversed toroidal field directions for which the same plasma conditions
(plasma core density and current as well as input heating power) were
maintained as similar as possible. The plasma core density is measured
with the AUG core interferometer line of sight (LOS), H-1 (Fig. 4.6).
Because of the lack of tilt of the upper divertor tiles, when reversing the
toroidal field direction, the plasma current direction remained unchanged
and thus the helicity was reversed. The tilt of the surface normal of the
divertor targets with respect to the impact angle of the magnetic field in
the poloidal plain is expected to reduce the neutral communication across
the private flux region between the two divertor legs [9, 10]: atoms and
molecules are preferentially released into the SOL and the main chamber.

ECRH with a power of PECRH = 0.5MW was applied for all cases ex-
cept those labelled with blue in table 4.3. These other plasmas received
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(a)O
uter

target

Inner
target

(b)

Figure 4.6. Experimental coverage of the upper divertor. In (a), typical 2D thermal
emission pattern (ph/s) measured by infrared thermography with profile lines
(yellow). In (b), Langmuir probes (black points), interferometer LOS H-1
(black line) and LOS of foil diodes for bolometry (blue lines) in relation to the
typical equilibrium reconstruction (red dotted lines), including the separatrix
(red solid line). Bolometry is used to obtain tomographic reconstructions of
the plasmas and to estimate the total radiation and the core radiation.
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Figure 4.7. Strike point sweep performed during the AUG experiments: (a) vertical po-
sition of the centre point of the plasma and (b) strike point position at the
maximum, minimum and middle point of the plasma vertical displacement.
The vertical grey lines in (a) represent the NBI blips.
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PECRH = 0.3MW only. Additionally, neutral beam injections (NBI) blips
were used to obtain the ion temperature profiles in the core plasma, Ti,omp,
via charge exchange recombination spectroscopy (CXRS) measurements
[74, 61]. The NBI blips had PNBI = 2.5MW and a duration of 12ms. These
NBI blips in addition to the ECRH and the Ohmic heating caused an L-H
transition in some discharges, especially in favourable toroidal field direc-
tion. The occasional L-H fluctuations and the lack of a pumping system
close to the upper divertor degraded the level of density control in some
discharges.

IR thermography (section 2.3) provides the reconstruction of the heat
flux onto the targets based on temperature measurement. Figure 4.6(a)
shows the thermal emission as received by the cameras in a typical USN
plasma.

The heat flux profiles were measured along the upper inner and outer
target plates (yellow lines in Fig. 4.6(a)). The position of the lines are
maintained for different discharges. The outer target (right-hand side)
consists in an special tile for IR measurements. On this tile, the heat flux
is toroidally symmetric and a single radial line can be used to characterise
it. On the other hand, at the inner target (left-hand side), the heat flux
is localized toroidally and poloidally around the leading edges [75], which
compose a hotter region that receives larger heat loads due to edges of
the tiles. The position of the leading edge changes from one end of the
tile to the other when the toroidal magnetic field and thus the helicity are
reversed.

The LOS of the bolometry system [76] are shown in Fig. 4.6(b). The
tomographic reconstruction of these data can be used to analyse radiation
patterns of the plasmas. The upper divertor of AUG has a small number
of LOS available and thus the relative error (with respect to synthetic
diagnostics based on the tomographic reconstructions) can be up to 30%

with respect to the observed data [77]. When the tomographic inversion is
performed using the standard Tikhonov regularization, then one cannot
estimate the actual error. The only error that can be quantified is how much
the sensors, and thus the integrated values, differ from the reconstructed
values. The value of 30% is a generous (on average cases between 5 and
15%, 25-30% in worst case scenarios) higher limit for the average error
over all sensors of the line integrated measurements [77]. However, the
reconstruction of the total radiation intensity is more reliable [77]. From
experience of many tomographic reconstructions in known scenarios and
on synthetic images, the results are reliable in the position of the radiation
and in the intensity of the local radiators. The tomographic reconstructions
are iterated manually by experts to make sure the resulting 2D plot (among
the infinite possible for a set of measurements) is physically relevant [77].

Langmuir probes (section 2.3) are located in both targets (Fig. 4.7(b)).
A strike line sweep (Fig. 4.7 (a)) was performed in order to obtain com-
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Figure 4.8. Disconnected double null upper (DDNU) computational grid based on AUG
discharge 34314 at t= 3.0 s.

plete radial profiles of the electron temperature and density and the ion
saturation current at the targets. Due to the lack of strike line control in
the upper divertor, the plasma centre was displaced up and down by 2 cm,
which caused the strike line to cross two different probes. A large divertor
volume is desirable as more volumetric processes might occur. However,
displacing the X-point further down would relegate most LPs to the PFR.

4.2.2 AUG disconnected upper double null SOLPS-ITER
simulations

SOLPS-ITER simulations have been carried out based on the upper single
null, unseeded AUG plasmas in L-mode presented in publication II and
explained in 4.2.1.

The radial distance between the secondary X-point and the main sepa-
ratrix (Fig. 4.8) in these discharges limits the radial width of the com-
putational grid to a few millimetres into the SOL at the outer midplane.
Such setup is undesirable, as a large portion of the input power escapes
the computational domain (up to 30% in simulations with a standard USN
grids (not shown)) and the boundary conditions will have a larger impact
than in cases with wider grids. For that reason, a disconnected double null
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Favourable (a) Favourable (b)

Unfavourable

(c)

Unfavourable

(d)

Figure 4.9. Electron density (a, c) and temperature (b, d) for favourable (a,b, AUG 34311)
and unfavourable (c,d, AUG 34312) field direction for Ip = 0.8 MA as a function
of the normalized magnetic flux, ρpol.

upper (DDNU) magnetic geometry has been used. The DDNU geometry
doubles the physical radial length of the computational domain in the
SOL at the outer midplane. The lower outer target has been modified to
improve the stability of the simulations by removing a region of highly
compressed grid cells. The same computational grid (Fig. 4.8) is used for
the three different plasma current values of the experimental dataset. In
SOLPS, the plasma current is modified by rescaling the poloidal magnetic
field in every computational cell. The change in the plasma current pre-
dominantly affects the parallel connection length; when only Ip is modified,
the upstream profiles of Te and ne are similar within 25% for each toroi-
dal field direction case (not shown). This observation is consistent with
L-mode power decay-length scaling laws found in previous experimental
and SOLPS 5.0 studies [78, 10]: λq ∝ B−0.5

p ∝ I−0.5
p .

The SOLPS plasma is composed of three fluid species: deuterium atoms,
deuterium ions and electrons. Tungsten is the main impurity species in
ASDEX Upgrade plasmas, generated by physical sputtering of the plasma
facing components material. However, tungsten is assumed to radiate
in the core only and thus outside of the SOLPS computational domain.
Kinetic neutrals are not considered in this set of simulations.

The VE×B and Vdia drifts are fully activated. The currents associated to
the ion-neutral collisions, the perpendicular and the parallel viscosity are
also activated.

The position of the separatrix at the outer midplane extracted from the
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Favourable
(a)

Unfavourable(b)

Figure 4.10. Poloidal sum within the LFS above the X-point of the total radial ion particle
flux (black), the flux due to anomalous transport (green), the flux due to the
VE×B drift (red) and flux due to the diamagnetic drift (orange) in medium
collisionality in favourable (a) and unfavourable (b) toroidal field directions
as a function of the radial distance from the separatrix measured at the
outer midplane. Negative values are directed radially inwards while positive
values directed radially outwards.

equilibrium reconstruction is uncertain within a few millimetres. Inte-
grated Data Analysis (IDA) [79] and Thomson Scattering (TS) are used for
both electron temperature and density in the vicinity of the separatrix and
the SOL. In publication III, the upstream profiles are not shifted for cases
with BT > 0 (Fig. 4.9(a, b)) and are shifted by 6 mm for BT < 0 (Fig. 4.9(c,
d)). Shifting the profiles of the BT > 0 plasmas by the standard amount
(edge TS data are usually shifted 6 mm for AUG) causes Te,omp > 100 eV in
some cases. On the other hand, unshifted profiles of the BT < 0 plasmas
show Te,omp < 30 eV. However, according to eq. (2.10), the expected values
for AUG L-mode plasmas are Te,omp ∼ (40− 80) eV.

Tomographic reconstructions are used to estimate the radiation within
the region of closed flux surfaces and the approximate power crossing the
separatrix into the SOL can be calculated with Psep = Pheat − Prad,ρ<0.95.
The electron and ion temperatures at the core boundary are set to values
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that yield Psep, SOLPS � Psep, exp. The electron separatrix density at the
outer midplane is controlled with a feedback scheme.

The diffusive cross-field transport is assumed to be anomalous (section
2.4.1) and it is prescribed by setting radially varying profiles of the plasma
diffusivity, D⊥, and the electron and ion heat diffusivities, χe,⊥ and χi,⊥,
respectively. Different values of the transport coefficients have been used
for each individual experimental plasma, aiming to match the upstream
profiles of electron temperature and density (BT > 0, Fig. 4.9(a, b), and
BT < 0, Fig. 4.9(c, d)). In the divertor region, the same SOL transport
coefficients as in the main SOL are applied; the PFR values were set to
constant coefficients (D⊥ = 0.4 m2s−1 and χe,⊥ = χi,⊥ = 1.6 m2s−1). For
each experimental plasma, a sensitivity scan of ΔTe,core = ΔTi,core = ±25

eV and ne,sep,omp = ±1 × 1018m−3 has been carried out around a median
value, corresponding to the markers in the figures. This range represents,
in most cases, enough variation of the plasma solutions to encompass a
significant portion of the scattering of the experimental data in the vicinity
of the separatrix and the SOL at the outer midplane. The sensitivity scan
is represented by the error bars in the various figures of publication III
and it will be used as a proxy for the uncertainties in the simulations due
to the imposed boundary conditions. Different sets of D⊥, χe,⊥ and χi,⊥
have also been tested (not shown).

The impact of drifts on the low field side upstream profiles is assessed by
poloidally summing the radial fluxes above the X-point (Fig. 4.10). In the
SOL, the flux due to VE×B and Vdia peaks in the vicinity of the separatrix
and it is directed outwards in both toroidal field directions. In favourable
toroidal field direction, the poloidal electric field in the SOL within the
poloidal cells around the OMP is directed away from the X-point, whereas
in unfavourable toroidal field direction, it is directed towards the X-point.
In a similar fashion, within the poloidal cells around the OMP the total
static pressure along the field lines increases in the direction of the X-point
in favourable toroidal field direction and decreases in the direction of the
X-point in unfavourable toroidal field direction. In the region of closed
flux surfaces, the total flux is almost completely determined by anomalous
transport, as the contributions due to drifts cancel out. However, when
the effective diamagnetic flux is used to construct the total flux (Fig. 3 of
publication III), the effective diamagnetic drift creates an outwards pinch
in favourable toroidal field direction and an inwards pinch in unfavourable
toroidal field direction. The same dependency on the toroidal field direction
of the radial drift-driven fluxes has also been observed for Ip = 0.6, 0.8 and
1.0 MA (not shown).
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5. Summary of results

The objective of this thesis is to investigate the relative importance of
underlying physical processes of divertor transport and exhaust of momen-
tum and power in tokamak plasmas in ASDEX Upgrade. The causes of
momentum loss along the scrape-off layer are studied by investigating the
role of ion-atom charge-exchange (CX) and ion-molecule elastic collisions
(EL). Cross-field plasma transport in the Scrape-Off Layer is studied by
analysing the impact of diffusive transport and convective transport due
to drifts. Both elements are combined in a diffusion-convection ansatz
(section 2.4.1).

To achieve these goals, in publication I, pressure conservation was anal-
ysed for a set of ASDEX Upgrade H-mode experimental discharges with a
closed divertor and a variety of different plasma conditions (section 4.1.1).
L-mode-like and H-mode-like SOLPS 5.0 simulations were used to inter-
pret these experimental data (section 4.1.2). The focus of publication I was
the study of the role of diffusive transport and plasma-neutral interactions
(CX and EL) on momentum transport and exhaust.

To elucidate the impact of cross-field drifts, a set of matching pairs of
AUG L-mode upper single null discharges with positive and negative to-
roidal field directions were carried out and presented in publication II.
The objective of these experiments was the study of the effect of drifts on
momentum and power transport in different plasma conditions (plasma
current and density scans). L-mode-like SOLPS-ITER simulations with
fluid neutrals, an open divertor and a more complete transport model (tur-
bulent transport, and VE×B and Vdia drift terms activated) were described
in publication III to study the both the net effect as well as the specific
contribution of drifts.

Finally, a set of auxiliary SOLPS simulations were carried out to ad-
dress some of the discrepancies between the setups of publication I, and
publication II and III to facilitate the combined analysis of the results.

In the lower single null H-mode plasmas of publication I, the degree
of plasma pressure loss within the outer divertor depends on the radial
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Figure 5.1. Experimental electron momentum loss factor in the outer divertor of ASDEX-
Upgrade H-mode plasmas, calculated in a number of flux tubes and compared
to the Self-Ewald model (appendix A). The criterion of Te,u(ρ = 1) = 100 eV
is applied. The uncertainty in the measurements is exemplified by the error
bars of some representative points.

distance from the separatrix (Fig. 5.1), in contrast to previous studies in
C-mod [17]. In the vicinity of the separatrix (within Δsomp ≤ 1 mm into
the SOL at the outer midplane), plasma pressure losses are observed for
target temperatures below 10 eV. The plasma pressure losses in H-mode
plasmas are also stronger than those found in previous studies with L-mode
plasmas in C-mod [17]. At low electron target temperature (Te,t < 5 eV),
the near SOL parallel momentum loss is up to two orders of magnitude
larger compared to the far SOL parallel momentum loss in flux tubes with
the same target temperature. In the far SOL, target temperatures below 3
eV are required to observe any significant loss of pressure.

Both the L-mode-like and H-mode-like SOLPS 5.0 simulations (Fig. 5.2)
reproduce, within the outer divertor, the effect of stronger parallel momen-
tum losses in the vicinity of the separatrix with respect to the far SOL for
the same target temperatures. The losses, however, are up to an order
of magnitude weaker in both L-mode-like and H-mode-like simulations
than observed experimentally. These results suggest that these SOLPS 5.0
simulations do not fully capture all the underlying exhaust processes.

In the L-mode-like simulations, only the first flux tube in the SOL,
Δsomp = 0.74 mm, shows strong parallel momentum losses for 3 eV <

Te,t < 10 eV. For the flux tubes further radially outward in the SOL
total pressure losses are only observed below Te,t < 3 eV, similar to the
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Figure 5.2. Ratio of the downstream to upstream total pressure (total static + dynamic)
in the outer divertor as a function of the electron target temperature for (a)
H-mode and (b) L-mode. The outer X-point is considered as the upstream
position.

experimental observation in the far SOL.
In the H-mode-like simulations, the total pressure losses are up to a

factor of 2 larger than in the L-mode-like simulations for Te,t < 3 eV, for
the underlying physics to be explored.

The SOLPS 5.0 simulations also suggest that the apparent momentum
gain (momentum loss factor, fmom > 1) experimentally observed in AUG
for Te,t > (8− 10) eV is an artefact of the assumption Ti = Te (which does
not hold for high Te,t) and the poloidal position at which the Thomson
Scattering data were collected (Fig. 7 of publication I).

The disparities between the AUG (momentum gain and stronger radial
position dependence) and C-mod experimental observations [17] (minimal
momentum gain and no radial position dependence) may be caused by two
different factors: the collisionality of C-mod is typically higher than in AUG.
C-mod usually operated with plasma densities up to an order of magnitude

59



Summary of results

higher than AUG, thus Te � Ti is usually a better approximation in C-mod
plasmas. Additionally, data collection via Thomson Scattering in AUG is
accomplished closer to its OMP whereas in C-mod it is closer to the X-point.
When the outer midplane was used as the upstream poloidal position for
the calculation of fmom in the L-mode-like and H-mode-like simulations
(Fig. 7(c,d) of publication I), the dependence of fmom on the radial position
of the flux tube was stronger than when the X-point is considered as
the upstream poloidal position for the calculation of fmom. The effect of
using the OMP instead of the X-point as the upstream poloidal location
is twofold: within the section of the SOL connecting the OMP with the
X-point, the main plasma provides a source for the near-separatrix SOL.
Additionally, momentum is lost to the very far SOL (out of the boundaries
of the computational grid in simulations and out of the experimental
diagnostic spatial range in the experiments).

The second objective of publication I was the analysis of the specific effect
of the ion-neutral interactions on momentum removal. The importance of
ion-atom charge exchange (CX) and ion-molecule elastic scattering (EL)
was studied by switching them on/off in a set of SOLPS 5.0 L-mode-like
simulations (Fig. 9 of publication I). The main result is that the impact of
CX on momentum removal is larger than the impact of EL in this range
of temperatures and plasma conditions and CX removes mainly dynamic
pressure from the plasma ions.

In the SOLPS 5.0 simulations with EL and CX disabled, the total pres-
sure is conserved for temperatures down to Te,t ∼ 2 eV. This trend is
observed across all radial positions of the SOL except in the near prox-
imity of the separatrix, where diffusive transport is enhanced by larger
radial gradients of the plasma density and temperature profiles along the
divertor leg with respect to simulations with EL and CX enabled. When
comparing the simulations at the highest electron outer midplane density
(and thus the lowest target temperatures) with CX and EL and without
either process, the static pressure profile at the target remains roughly
the same in the SOL (except near the separatrix, where it remains within
a factor of 2 and where pressure losses due to transport are greatly en-
hanced). However, the dynamic pressure contribution to the total pressure
is reduced by up to a factor of 2 across the SOL. This result suggest that
the ion-atom interactions mainly affect the dynamic pressure and not the
static pressure. Finally, simulations in which only EL is enabled yield
a very similar result to simulations in which neither CX or EL were en-
abled, and thus it appears that CX is the dominant process out of the two
for dynamic pressure removal. It must be noted that CX and EL have a
synergistic effect, so that CX reduces the temperature down to the range
in which EL is relevant. However, in simulations in which only CX was
enabled (not shown) the plasma conditions were very similar to the simu-
lations in which both CX and EL were activated. On the other hand, in
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[47], EL was the dominant process when both CX and EL were activated
simultaneously.

In publications II and III the study of the role of the VE×B and Vdia

drifts in divertor transport and exhaust was carried out by gathering
experimental data in forward and reverse toroidal field directions and
improving the transport model of the SOLPS simulations by enabling
cross-field drifts.

The upper, open divertor of AUG was used for this study instead of the
lower, closed divertor. The lack of tilt of the upper divertor tiles allows
reversing the toroidal field direction without the need to reverse the plasma
current also. This feature was very beneficial from the experimental point
of view, as matching pairs of plasmas with the same discharge program
and machine conditioning in both toroidal field directions could be carried
out in one experimental day. This experimental procedure minimizes the
effects of different machine conditioning as a source of differences between
the two shots of each pair. Additionally, the tilt of the surface normal of the
divertor targets with respect to the impact angle of the magnetic field in
the poloidal plain is expected to reduce the neutral communication across
the private flux region between the two divertors. This target arrangement
enables us to isolate the effect of plasma-neutral interactions from other
contributions.

The main experimental observation is that the net effect on the heat
flux density loads onto the targets of increasing the core plasma density
or the plasma current strongly depends on the toroidal field direction: on
the one hand, the increase of the plasma core density mainly affects the
plasmas with BT < 0 until strong reductions of the heat flux are observed
in both targets for high density plasmas in both toroidal field directions.
On the other hand, the increase of the plasma current mainly affects the
plasmas with BT > 0. A fraction of the effect is caused by up to 8 times
higher tungsten radiation in the core for low density plasmas with BT < 0.
However, this dependency on the toroidal field direction is observed even
when the IR heat loads measurements are rescaled by the experimentally
inferred power crossing the separatrix (Figs. 5.3, 5.4 and 5.5). The onsets
of power and particle detachment are observed at lower core densities for
plasmas with BT < 0 with respect to plasmas with BT > 0 (Figs. 13 and
14 of publication II).

As observed in previous studies (AUG [28, 40, 41, 42], C-mod[39], JET
[43], DIII-D [44], JT60-U [45]), outer and inner target heat loads are
more balanced in the unfavourable toroidal field direction compared to the
situation for the favourable field direction, in which the heat load to the
outer target can be up to a factor of 4 larger than to the inner target.

In these AUG USN plasmas,the effect of the toroidal magnetic field direc-
tion on the evolution of the heat flux profiles was observed to be an effect
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Figure 5.3. IR heat flux deposition profiles normalized to the value of the power crossing
the separatrix, Psep, as a function of the distance from the separatrix for the
core plasma density scan at Ip = 0.8 MA. Red and orange represent the
favourable magnetic field direction, BT > 0, while black and green represent
the unfavourable direction, BT < 0. The label nH1 represents the integrated
core density of the discharge.
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Figure 5.4. IR heat flux deposition profiles normalized to the value of the power crossing
the separatrix, Psep, as a function of the distance from the separatrix for the
core plasma density scan at Ip = 0.6 MA. Red and orange represent the
favourable magnetic field direction, BT > 0, while black and green represent
the unfavourable direction, BT < 0. The label nH1 represents the integrated
core density of the discharge

63



Summary of results

2

2

2

Figure 5.5. IR heat flux deposition profiles normalized to the value of the power crossing
the separatrix, Psep, as a function of the distance from the separatrix during
the plasma current scan with integrated core density nH1 = 2.5 1019 m−2.
Red and orange represent the favourable magnetic field direction, BT > 0,
while black and green represent the unfavourable direction, BT < 0.
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of the drifts and also of the power crossing the separatrix. In the experi-
mental dataset, the power crossing the separartix, Psep, is rather constant
for medium to medium-high densities (Figs. 8 and 12 in publication II).
However, Psep is reduced by approximately 50% for most of the low density
plasmas, except BT > 0 with Ip = 0.8MA. These plasmas at low density
have a reduced Psep due to two different issues: as previously stated, for
the case at Ip = 0.8MA with BT < 0, up to 8 times higher levels of tungsten
radiation for the plasma with BT < 0 with respect to its BT > 0 pair. The
tungsten core radiation in the unfavourable direction is, throughout the
dataset, larger than in favourable direction. The root causes behind this
observation are not yet understood and beyond the scope of this thesis. On
the other hand, for the low density plasmas at Ip = 0.6MA in both field
directions, the reduced Psep is caused by a lower ECRH heating power.

However, even when Psep is taken into account, at medium plasma cur-
rent, Ip = 0.8 MA (Fig. 5.3), increasing the plasma core density from
low to mid values increases the heat flux to both targets mainly in the
unfavourable direction (up to 50-70%, compared to the up to a factor of 2
when Psep is not taken into account). For favourable direction a consider-
able reduction (around 40%) of the heat flux density is only observed in
the inner target. For high densities, significant reduction of the peak heat
flux and total power to the target plates is observed at both targets in both
toroidal field directions.

The onset of strong reductions of the heat flux density is observed at a
lower core density for plasmas with BT < 0 with respect to plasmas with
BT > 0, even when Psep is taken into account (Fig. 5.4). For BT > 0, only a
small reduction of 10% of the peak heat flux density is observed between
the low and medium-high core density plasmas.

Finally, increasing the plasma current at a fixed, low integrated core den-
sity, nH1 = 2.5 1019m−2, significantly increases the heat flux to the targets
in the favourable field direction while the heat flux in the unfavourable
direction remains unchanged within experimental uncertainties (Fig. 5.5).
These differences in the behaviour are observed even when Psep is taken
into account.

The ion saturation current data of the outer target (Fig. 14 of publica-
tion II) show similar trends to those of the IR measurements. Particle
detachment is only observed at the outer target in the unfavourable field
direction for Ip = 0.8 MA. The strong reduction of the heat flux and power
is triggered at a lower plasma core density than the onset of particle
detachment.

SOLPS-ITER L-mode-like simulations with VE×B and Vdia drifts were
executed based on the set of these experimental pairs of discharges. Here,
fluid neutrals have been used, as they allow for a much shorter compu-
tational time required for convergence. The fluid neutral equations are
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Inner div.

(a)

BT > 0

Outer div.

(b)

BT > 0

Figure 5.6. Heat flux density profiles as a function of the distance from the separatrix at
the inner (a) and outer (b) targets in favourable toroidal field direction. The
line integrated plasma density is ncore = 3.5 1019 m−2 and Ip = 0.8 M.

solved with a 5 point-stencil scheme, the only publicly available for com-
mon use in SOLPS-ITER at the time of this work. The fluid neutral model
cannot correctly reproduce the neutral communication between divertor
legs. The open configuration of the upper divertor of AUG is expected
to reduce the strong cross-divertor neutral communication that is antici-
pated in the lower, closed divertor configuration [10]. The open geometry
of the upper divertor tiles significantly reduce the grid distortion, which
leads to qualitatively and quantitatively incorrect results when using the
5 point-stencil scheme [46].

The more complete transport model, including the activation of drifts
and currents, is necessary to correctly reproduce inner and outer divertor
asymmetries, or lack thereof. The SOLPS-ITER predicted trends of the
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Inner div.

(a)

BT < 0

Outer div.

(b)

BT < 0

Figure 5.7. Heat flux density profiles as a function of the distance from the separatrix at
the inner (a) and outer (b) targets in unfavourable toroidal field direction. The
line integrated plasma density is ncore = 3.5 1019 m−2 and Ip = 0.8 M.

peak of the heat flux density at the targets with increasing core plasma
density and plasma current (Figs. 4(a-d) and 5(a-d) of publication III)
are in quantitative agreement, within experimental and computational
uncertainties, with the experimental data.

Despite a quantitative agreement, within uncertainties, between the
experimental value of Psep and the numerical Psep in the simulations, the
integrated power loads onto the targets are larger than in experiments
across both the core plasma density and the plasma current scans. Exam-
ples of the heat flux density profiles are shown in Fig. 5.6 (favourable field
direction) and in Fig. 5.7 (unfavourable field direction). Additionally, the
SOLPS-ITER predicted power decay length, λq, was found to be twice as
large as the experimentally observed λq for most cases in both ncore and
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Ip scans. The computational heat flux density profiles are in quantitative
agreement within uncertainties with the experimental heat loads in the
PFR and up to radial position of qpeak, which indicates that this observa-
tion of λq,solps ∼ 2λq,exp could be caused by the lack of sufficient power
removal in the SOL 1. In that case, SOLPS-ITER with the fluid neutral
model would not capture all the physical mechanisms of power dissipation
and redistribution in the divertor. Additionally, the density distribution of
fluid neutral atoms can be different from the density distribution of kinetic
atoms and molecules. Finally, the perpendicular transport coefficients were
maintained for the SOL below the X-point in these simulations. However,
there is no first principle model to asses the correctness of this assumption.

In simulations without VE×B and Vdia and in BT > 0, the peaks of the
heat flux profiles across both plasma current and core density scans are
qualitatively close to both the experimental results as well as the predic-
tions of SOLPS-ITER simulations with drifts. More power crosses the
separatrix on the outer side than on the inner side due to two factors: the
Shafranov shift and the consequent magnetic field lines compression on
the outer side of the closed flux surfaces, and the larger separatrix surface
in the outer side of the plasma. As a consequence, simulations without
drifts are asymmetric and, therefore, qualitatively closer to simulations
with favourable field direction when drifts are enabled.

On the other hand, in simulations without drifts and with BT < 0,
the magnitude and trend of qpeak,out is predicted qualitatively, but the
magnitude of qpeak,inn at medium density is underpredicted by up to a
factor of 3. Additionally, there is clear asymmetry between the hotter
outer target and the colder inner target. This discrepancy in the inner
divertor can be at least partially explained by the absence of drift-driven
fluxes, which dramatically affect inner and outer divertor symmetry in
unfavourable field direction.

The integral contribution to the energy balance (within the divertor re-
gion) equation of the net radial energy transport due to the VE×B , QE×B , is
generally the most important contribution to the total source due net radial
transport in both toroidal field directions. In Fig. 5.8 (BT > 0) and Fig. 5.9
(BT < 0), the net contribution to the energy balance equation (section 2.5)
of the radial divergence of the radial transport, Q =

∫ ∫ ∇yqy
√
gdxdy, as

a function of the distance from the separatrix is presented. The sources
are integrated for each flux tube between the targets and the X-point
(if ΔS > 0) or mid-way connection between the targets across the PFR
(if ΔS < 0), following eq. (2.45). The total contribution of the radial di-
vergence of the radial transport is decomposed in Fig. 5.8 and Fig. 5.9
into QE×B, Qdia and the remainder, Q0 = Qtotal −QE×B −Qdia . Positive

1This trend has been observed in simulations with very different perpendicular
transport coefficients and boundary conditions and in both toroidal field directions
(not shown).
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integrated contributions are net sources along the divertor leg.
The contribution due to Vdia, Qdia, in most cases is negligible across

the SOL and PFR except in the vicinity of the separatrix where it can
be up to 50% of QE×B for BT > 0 and up to 10% of QE×B for BT < 0 .
Although the individual electron and ion energy fluxes due to drifts are of
a similar magnitude and shape, because of the charge dependence of the
Qdia, the diamagnetic ion and electron energy flux contributions almost
cancel each other, Fig. 5.10 (BT > 0) and Fig. 5.11 (BT < 0). On the other
hand, for QE×B , because of the charge independence of the VE×B drift, the
net contribution is always amplified. This explains why the total (ions +
electrons) contribution of QE×B is larger than that of Qdia. Finally, the
anomalous transport also plays an important role, comparable to QE×B in
some cases.

Besides the contribution of the radial divergence of radial transport, other
components of total sources of the energy equations are also important. In
favourable toroidal field direction, the radial transport causes a net source
in the inner divertor SOL and a net sink in the inner divertor PFR, Fig.
5.12(a). However, in the outer divertor, Fig. 5.12(b), the other components
of the total source are stronger than the integrated contribution of the
radial transport and are the primary source in the PFR and the net sink
in the SOL.

In the inner divertor of the example case for the unfavourable toroidal
field direction, Fig. 5.13(a), the radial transport is the most important
factor in net source located in the PFR and accounts for half of the net
power sink within the inner divertor SOL. On the other hand, within the
outer divertor, Fig. 5.13(b), the combination of all the sources excluding
radial transport counter the source of radial transport near the separatrix
and the sink effect of radial transport further away in the SOL.
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Inner divertor(a)
BT > 0

Outer divertor(b)
BT > 0

Figure 5.8. Contributions to the integral source of power due to radial divergence of
radial transport as a function of the distance from the separatrix (measured
at the outer midplane) within the inner (a) and outer (b) targets in favourable
toroidal field direction. The blue line represents the total integrated source
along each flux tube, from the X-point to the target. The red and orange lines
represent the contributions of the energy fluxes due to VE×B and Vdia (real
diamagnetic drift velocity, not the effective one, see 2.4.1). The green line is
the total integrated contribution minus the sum of both drift contributions.
Positive contribution are net sources and negative contributions are net sinks
for each flux tube.
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Inner divertor

(a)
BT < 0

Outer divertor

(b)
BT < 0

Figure 5.9. Contributions to the integral source of power due to radial divergence of radial
transport as a function of the distance from the separatrix (measured at the
outer midplane) within the inner (a) and outer (b) targets in unfavourable
toroidal field direction. The blue line represents the total integrated source
along each flux tube, from the X-point to the target. The red and orange lines
represent the contributions of the energy fluxes due to VE×B and Vdia (real
diamagnetic drift velocity, not the effective one, see 2.4.1). The green line is
the total integrated contribution minus the sum of both drift contributions.
Positive contribution are net sources and negative contributions are net sinks
for each flux tube.
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Inner divertor

(a)
BT > 0

Outer divertor(b)
BT > 0

Figure 5.10. Contributions of the energy fluxes due to VE×B and Vdia (real diamagnetic
drift velocity, not the effective one, see 2.4.1) as a function of the distance from
the separatrix (measured at the outer midplane) within the inner (a) and
outer (b) targets in favourable toroidal field direction. Positive contribution
are net sources and negative contributions are net sinks for each flux tube.
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Inner divertor

(a)
BT < 0

Outer divertor(b)
BT < 0

Figure 5.11. Contributions of the energy fluxes due to VE×B and Vdia (real diamagnetic
drift velocity, not the effective one, see 2.4.1) as a function of the distance
from the separatrix (measured at the outer midplane) within the inner
(a) and outer (b) targets in unfavourable toroidal field direction. Positive
contribution are net sources and negative contributions are net sinks for
each flux tube.
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Inner divertor

(a)
BT > 0

Outer divertor

(b)
BT > 0

Figure 5.12. Contributions to the integral source of power as a function of the distance
from the separatrix (measured at the outer midplane) within the inner (a)
and outer (b) targets in favourable toroidal field direction. The red line
and the black line represent the total power flux at the entrance of the
divertor and at the targets respectively. The blue line represents the total
integrated source due to radial divergence of radial transport (anomalous
and drifts) along each flux tube, from the X-point to the target. The green
line is the total integrated source minus the radial divergence of the radial
transport contribution. Positive contribution are net sources and negative
contributions are net sinks for each flux tube.
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Inner divertor

(a)
BT < 0

Outer divertor(b)
BT < 0

Figure 5.13. Contributions to the integral source of power as a function of the distance
from the separatrix (measured at the outer midplane) within the inner (a)
and outer (b) targets in unfavourable toroidal field direction. The red line
and the black line represent the total power flux at the entrance of the
divertor and at the targets respectively. The blue line represents the total
integrated source due to radial divergence of radial transport (anomalous
and drifts) along each flux tube, from the X-point to the target. The green
line is the total integrated source minus the radial divergence of the radial
transport contribution. Positive contribution are net sources and negative
contributions are net sinks for each flux tube.
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Closing the gaps in the analysis

The combined analysis of the results of the experimental observations and
the numerical predictions in Publication I (section 4.1), and Publication
II and III (section 4.2) is adversely affected by discrepancies in their
respective setups. To close these analysis gaps, and to elucidate the impact
on power and momentum removal of some of these discrepancies, i.e., the
neutral model, the degree of divertor closure, the boundary conditions and
the SOLPS code version, two auxiliary sets of simulations were carried
out.

The set of DDNU simulations based on experimental discharges (section
4.2.2) is limited to a range of electron target temperatures above Te,t >

4 − 5 eV in the vicinity of the separatrix. However, the most important
discrepancies between experimental observations in the lower divertor
and SOLPS LSN predictions are found for temperatures below Te,t < 5 eV.
Additionally, the net effect of the different sets of anomalous transport
coefficients used in experimentally based simulations (section 4.2.2) is
intertwined with the contributions due to drifts. To expand the available
range of divertor plasma conditions of simulations with drifts, and to
assess the role of anomalous transport coefficients in power and momentum
removal in L-mode-like SOLPS-ITER simulations, plasma density, input
power and plasma current 2 scans were conducted. These simulations are
based on a single set of anomalous transport coefficients (D⊥, χe,⊥ and χi,⊥
from the set of simulations modelling AUG shot #34311 in section 4.2.2).

When comparing the simulations in the power, density and plasma cur-
rent scans (one set of anomalous transport coefficients for all simulations)
with the simulations based on experimental discharges (individual set of
anomalous transport coefficients for each experimental discharge), the
trends of the power and momentum losses as a function of the electron tar-
get temperature indicate that the impact of anomalous transport on power
and momentum loss is insignificant for these L-mode-like simulations (not
shown).

The neutral gas model, i.e, kinetic atoms and molecules versus fluid
atoms (chapter 3), determines the neutral gas composition and distribu-
tion, its plasma-neutral interaction model, and, therefore, it plays a role in
power and momentum removal. Additionally, the different boundary condi-
tions used in SOLPS 5.0 simulations and SOLPS-ITER simulations also
impact the predictions of both the neutral and plasma species. To bring
together the results of the LSN SOLPS 5.0 simulations with kinetic atoms
and molecules and the DDNU SOLPS-ITER simulations with fluid atoms, a

2The same computational grid is used for all the simulations. The rescale of the
plasma current affects the parallel connection length. For simulations with the
same power input and electron density at the outer midplane, the SOL and the
pedestal electron temperature and density are within 25% across the plasma
current scan.
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Figure 5.14. Ratio of outer target to upstream (X-point) total plasma pressure (static and
dynamic) as a function of the electron target temperature for five different
sets of L-mode-like simulation: SOLPS 5.0 simulations in LSN configuration
with EIRENE neutrals but no drifts (blue); SOLPS-ITER simulations in LSN
configuration with fluid neutrals and no drifts (green); SOLPS-ITER power,
density and plasma current scans in DDNU configuration with fluid neutrals
and no drifts (black); and SOLPS-ITER power, density and plasma current
scans in DDNU configuration with fluid neutrals and drifts in favourable
(red) and unfavourable (orange) toroidal field directions. Each row corre-
sponds to a different flux tube in the SOL. The distance from the separatrix
of each flux tube is measured at the outer midplane.
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set of SOLPS-ITER simulations with fluid neutrals and without drifts were
executed on the LSN computational grid with the anomalous transport
coefficients of LSN SOLPS 5.0 simulations (section 4.1.2). The boundary
conditions have been updated to the same used for DDNU SOLPS-ITER
simulations (section 4.2.2).

In L-mode-like simulations, the neutral model, the divertor closure, the
boundary conditions and the SOLPS version do not significantly impact
the ratio of outer target to upstream (X-point) total plasma pressure (static
and dynamic), ptot,t/ptot,u, except for low temperatures (Te,t < 3 eV) in the
vicinity of the separatrix. Fig. 5.14 shows ptot,t/ptot,u as a function of the
electron target temperature for five different sets of L-mode-like simu-
lations in three different flux tubes in the SOL: SOLPS 5.0 simulations
in LSN configuration with EIRENE neutrals but no drifts (blue, section
4.1.2); SOLPS-ITER simulations in LSN configuration with fluid neutrals
and not drifts (green); SOLPS-ITER power, density and plasma current
scans in DDNU configuration with fluid neutrals and no drifts (black); and
SOLPS-ITER power, density and plasma current scans in DDNU configu-
ration with fluid neutrals and drifts in favourable (red) and unfavourable
(orange) toroidal field directions.

The comparison between the LSN SOLPS 5.0 simulations with kinetic
neutrals and the LSN SOLPS-ITER simulations with fluid neutrals suggest
that the SOLPS version, the boundary conditions, and the neutral model do
play a less than a factor-of-two role in total momentum removal within the
outer divertor of L-mode-like simulations. SOLPS-ITER simulations with
fluid neutral atoms show an increase of the ptot,t/ptot,u ratio of up to 50% in
the first flux tube in the SOL with respect to SOLPS 5.0 simulations with
EIRENE neutral atoms and molecules. Further away from the separatrix,
simulations with fluid neutrals show an up to 20% reduction of the ratio
with respect to simulations with EIRENE neutrals.

Within the outer divertor, the divertor closure plays a significant (factor
of 2) role on momentum removal only at low target temperatures in the
vicinity of the separatrix. To isolate the role of divertor closure, the LSN
(closed divertor configuration) and DDNU (open divertor configuration)
simulations with fluid neutrals and no drift terms activated are used. In
the closest flux tube to the separatrix, the DDNU simulations show a factor
of 2 reduction of the ptot,t/ptot,u ratio at low target temperatures, Te,t < 3 eV,
with respect to the LSN simulations. For higher target temperatures as
well as for flux tubes further away from the separatrix, the differences are
reduced to up to 20%.

The observed dependence of the efficiency of momentum removal on the
radial position of the flux tube partially explains the differences between
these three sets of simulations in the vicinity of the separatrix, reducing
the discrepancies in ptot,t/ptot,u to less than a factor-of-two.

The trends of ptot,t/ptot,u in SOLPS-ITER simulations with fluid neutrals
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Figure 5.15. Momentum loss factor, fmom, as a function of the electron target temperature
for five different sets of L-mode-like simulations: SOLPS 5.0 simulations
in LSN configuration with EIRENE neutrals but no drifts (blue); SOLPS-
ITER simulations in LSN configuration with fluid neutrals and no drifts
(green); SOLPS-ITER power, density and plasma current scans in DDNU
configuration with fluid neutrals and no drifts (black); and SOLPS-ITER
power, density and plasma current scans in DDNU configuration with fluid
neutrals and drifts in favourable (red) and unfavourable (orange) toroidal
field directions. Each row corresponds to a different flux tube in the SOL.
The distance from the separatrix of each flux tube is measured at the outer
midplane.
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and drifts in both toroidal field directions are quantitatively consistent
within 30% for Te,t < 10 eV in all flux surfaces. The total pressure ratio is
reduced by up to a factor of 2 in the 3 eV < Te,t < 10 eV temperature range
with respect to simulations without drifts. On the other hand, for tempera-
tures above Te,t > 10 eV, the ratio in unfavourable field direction is up to
an order of magnitude higher than in favourable toroidal field direction
and up to 5 times higher than simulations without drifts. This observation
might be caused by a strong transport of particles and momentum across
the PFR from the inner to the outer divertor in unfavourable toroidal field
diction due to strong radial gradients at high target temperatures. In the
far SOL, the trends of all the sets of DDNU simulations are quantitatively
consistent for the entire range of Te,t.

Drifts in both toroidal field directions show the same fmom trends for
Te,t < 4 eV in all flux surfaces (Fig. 5.15). However, simulations in
favourable toroidal field direction show a factor up to 2 stronger momen-
tum losses with respect to both simulations in unfavourable toroidal field
direction and simulations without drifts. This reduction increases to up to
an order of magnitude for temperatures above Te,t > 10 eV.

The ratio of target to upstream electron temperatures, Te,t/Te,u, is up to
a factor of 2 larger in favourable toroidal field direction with respect to
the other two sets for Te,t < 5− 7 eV in the vicinity of the separatrix (not
shown). However, this difference in Te,t/Te,u is compensated by an up to
a factor of 2 smaller target to upstream electron density ratio, ne,t/ne,u,
in favourable toroidal field direction compared to the other two sets (not
shown).

For higher target temperatures, however, the Te,t/Te,u ratio trends are the
same for all three sets of DDNU simulations, while the ne,t/ne,u ratio trends
are up to an order of magnitude stronger in simulations with unfavourable
toroidal field direction with respect to simulations with favourable toroidal
field direction. This observation can be explained by a strong transport of
particles and momentum from the inner to the outer targets due to drifts
in unfavourable toroidal field direction. Further away from the separatrix,
the trends of temperature and density ratios are quantitatively consistent
for all three sets.

For Te,t < 10 eV, in the vicinity of the separatrix, total power losses in
DDNU simulations with unfavourable toroidal field direction are up to a
factor of 2 stronger than in DDNU simulations with favourable toroidal
field direction and up to a factor of 4 stronger than in DDNU simulations
without drifts (Fig. 5.16). In the far SOL, power losses in simulations
with unfavourable toroidal field direction are only observed for Te,t < 3 eV
and are up to a factor of 2 weaker than the trends of simulations with
favourable toroidal field direction and simulations without drifts.

At low temperature and in the vicinity of the separatrix, the target to

80
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Figure 5.16. Power loss factor, fpow, as a function of the electron target temperature
for the three sets of power, density and plasma currents scans of DDNU
simulations with fluid neutrals: simulations without drift terms activated
(black), and simulations with drifts in favourable (red) and unfavourable
(orange) toroidal field directions. Each row corresponds to a different flux
tube in the SOL. The distance from the separatrix of each flux tube is
measured at the outer midplane.
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upstream ratio of the electron heat flux for simulations with unfavourable
field direction is up to a factor of 2 larger than the ratio for simulations with
favourable toroidal field direction (not shown). However, in this case, the
trend of the ratio for simulations without drifts remains between trends of
favourable and unfavourable toroidal field directions (not shown). Further
away from the separatrix, the trends of the three sets of simulations
overlap.

On the other hand, the ratio of the ion heat flux does not monotonically
decrease with decreasing Te,t and maxima are observed around Te,t =

(3− 5) eV. Simulations without drifts show an order of magnitude larger
qi,t/qi,u ratio than simulations with unfavourable toroidal field directions
and up to a factor of 5 larger than simulations with favourable toroidal
field direction. The electron heat flux provides a larger contribution to the
total power flux than the ion heat flux. However, the ion heat flux is the
most affected by the activation of the drift terms.
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6. Conclusions

In this thesis, the role of plasma-neutral interactions (charge exchange, CX,
and elastic scattering, EL) and the diffusive-convective ansatz (anomalous
diffusive transport and drifts) have been studied in the ASDEX Upgrade
tokamak (AUG) with dedicated experimental dischargers and numerical
simulations using the SOLPS code package.

The amount of total plasma pressure losses in the direction parallel to
the total magnetic field in AUG H-mode plasmas depends on the radial
distance between the analysed flux tube and the separatrix. At low elec-
tron target temperatures (Te,t < 4− 5 eV), the near SOL (Δsomp ≤ 4 mm)
momentum losses are up to two orders of magnitude stronger with respect
to the far SOL momentum losses in flux tubes with the same target tem-
perature. SOLPS 5.0 simulations representing H-mode plasmas between
the occurrence of edge localized modes (ELMs) and L-mode plasmas show
a similar trend, although the predicted momentum losses in the near SOL
(Δsomp ≤ 4 mm) is up to two orders of magnitude weaker compared to the
experimental observations for low target temperatures (Te,t < 4− 5 eV).

In the L-mode-like simulations, the effect of CX on the total plasma
pressure loss is predicted to be larger than the effect of EL for the studied
range of plasma parameters. Simulations in which CX was disabled but
EL was enabled show that the increase of the target total pressure with
respect to the standard case is caused by an increase in the target dynamic
pressure of the plasma ions.

To study the effect of cross-field drifts on power transport and exhaust,
the upper, open divertor of AUG was used for its experimental advantages:
the toroidal field can be reversed between two consecutive discharges, and
the neutral communication across the private flux region between the two
divertors is reduced compared to the closer divertor configuration in the
lower half of AUG.

The net effect on the heat loads onto the targets with increasing core
plasma density or plasma current strongly depends on the toroidal field
direction. The core plasma density mainly affects the plasmas in magnetic
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configurations with the unfavourable toroidal field direction, BT < 0, until
strong reductions of the heat flux to the targets are observed at high
density in both toroidal field directions. On the other hand, the increase of
the plasma current mainly affects the plasmas in magnetic configurations
with the toroidal magnetic field in the favourable toroidal field direction,
BT > 0.

SOLPS-ITER predicted trends of the peak of the heat flux density at the
targets with increasing core plasma density and plasma current are in
quantitative agreement with the experimental data, within experimental
and computational uncertainties. The drift terms are important to repro-
duce the inner and outer divertor asymmetries. However, the predicted
integrated power loads onto both targets and with both toroidal field direc-
tions are larger than the experimental observations, indicating that in the
SOLPS-ITER simulations with fluid neutrals power dissipation within the
SOL is weaker than experimentally observed.

These simulations show that the integral contribution within the divertor
region to the energy balance equation of the radial energy transport due to
the VE×B, QE×B, is generally the most important contribution to the total
source due to radial transport in both toroidal field directions. However,
the contribution due to anomalous transport can also be important.

Auxiliary L-mode-like simulations show that the neutral model, the
divertor closure, the boundary conditions and the SOLPS version do not
have a significant impact on the total plasma pressure ratio except for
temperatures below Te,t < 3 eV in the vicinity of the separatrix (up to a
factor of 2). Drifts have a stronger impact than the other aforementioned
elements on momentum losses in the vicinity of the separatrix.
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A. Self-Ewald model

Another example of a simple, analytical model of the divertor plasma is
derived in [80]. This model has been used in the literature [16, 17] and it
is used in this work as an approximate solution to guide the eye. However,
the assumptions in this model make it unsuitable as a tool for physical
analysis. The Self-Ewald model describes a 1D analytical relation between
density at the entrance of the recycling region and the density at the
target plate, under the assumption of isothermal flux tubes with uniform
neutral density, nH , and Te = Ti (Fig 2.1). Following the steps in [17], only
ionization and momentum removal via charge exchange are considered. In
this model, it is assumed that the momentum removed by charge exchange
is extracted out of the system completely. For this assumption to hold,
the mean free path of the neutrals should be larger than the width of the
SOL, which is only a valid approximation for divertor plasma temperatures
above ∼ 8− 10 eV 1. The validity of the S-E model has been studied in [81].
Molecules are neglected. The momentum equation for the recycling region
is then [17]:

mnv
dv

dx
= −dp

dx
−mv (Si + Sm) = −2Tt

dn

dx
−mv

Si

α
(1.1)

with Si = nnH〈σv〉i, Sm = nnH〈σv〉m and α ≡ 〈σv〉i/(〈σv〉i+〈σv〉m), where
〈σv〉i and 〈σv〉m are, respectively, the rate coefficients for ionization and
momentum removal. At first approximation, these rates depend on the
target temperature only. By solving eq. (1.1) and combining it with the
TPM (section 2.2), the following relation of the momentum loss factor and
the target temperature is obtained [17]:

fmom(Tt) = 2

(
α

α+ 1

)(α+1)/2

(1.2)

1Considering an ion and neutral densities of ni ∼ nt ∼ 1020m−3, the total cross-
section of ion-neutral interactions σi,n ∼ 10−18m−2, and the total cross-section of
neutral-neutral interactions σn,n ∼ 0.2σi,n, then the neutral mean free path is
approximately λn ∼ 10mm
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B. Archived SOLPS simulations

B.1 Publication I

The following simulations are stored in the MDS+ server.

L-mode SOLPS 5.0 simulations:

Pin[MW ] 0.5 0.7 0.9 1.0

ne,sep[10
19m−3]

0.5 41227 41241 41255 40211

0.6 41228 41242 41257 40212

0.7 41229 41243 41256 40213

0.8 41230 41244 41258 40214

0.9 41231 41245 41259 40215

1.0 41232 41246 41260 40216

1.1 41233 41247 41261 40217

1.2 41234 41248 41262 40218

1.3 41235 41249 41263 40204

1.4 41236 41250 41264 40205

1.5 41237 41251 41265 40206

1.6 41238 41252 41266 40207

1.7 41239 41253 41267 40208

1.8 41240 41254 41268 40209

H-mode SOLPS 5.0 simulations [73]:
40202, 40201, 40195, 40199, 40196, 40197, 40200.
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Archived SOLPS simulations

B.2 Publications II and III

The following simulations are stored in the MPCDF archive servers. The
root directory for all the archived files is
AUTOMATIC//toks/scratch/ipar/solps-iter/runs/..

AUG DDNU SOLPS-ITER simulations based on experimental dis-
charges:

Table 4.3 contains the discharge numbers with the corresponding plasma
parameters.

Every file contains both the simulations with drifts and without drifts
based on the discharge number indicated in the name of the file.
../aug_ddnu_34302_b2standalone/34302_to_archive.tar.gz

../aug_ddnu_34303_b2standalone/34303_to_archive.tar.gz

../aug_ddnu_34306_b2standalone/34306_to_archive.tar.gz

../aug_ddnu_34308_b2standalone/34308_to_archive.tar.gz

../aug_ddnu_34309_b2standalone/34309_to_archive.tar.gz

../aug_ddnu_34311_b2standalone/34311_to_archive.tar.gz

../aug_ddnu_34312_b2standalone/34312_to_archive.tar.gz

../aug_ddnu_34314_b2standalone/34314_to_archive.tar.gz

../aug_ddnu_36333_b2standalone/36333_to_archive.tar.gz

../aug_ddnu_36355_b2standalone/36355_to_archive.tar.gz

AUG DDNU SOLPS-ITER density, power and plasma current scan
with fluid neutrals:

Simulations with drifts:
../aug_ddnu_nepow/aug_ddnu_nepow_b2standalone_to_archive.tar.gz

Simulations without drifts:
../aug_ddnu_nepow_nodrifts/aug_ddnu_nepow_b2standalone_nodrifts.tar.gz

AUG 21303 LSN SOLPS-ITER simulations with fluid neutrals:
AUTOMATIC//toks/scratch/ipar/solps-iter/runs/aug_21303_fluid/

../aug_21303_fluid/aug_21303_fluid_to_archive.tar.gz
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