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1 Abstract

In this work an approach to parametrise the complex structure of the heat-flux distribu-
tion on the targets of the Wendelstein 7-X (W7-X) target load pattern is presented. A
tool is introduced that allows to fit and parametrise the heat-flux distribution onto the
divertor target. The analysis shows that the strike line exhibits multiple features along
the target that are sometimes overlapping. This is particularly pronounced in high den-
sity conditions. The developed tool allows for the separation and characterisation of these
features. The clear identification of the different features and their change with plasma
conditions and the comparison to connection length maps suggest the existence of several
separate heat transport channels. In addition, the methodology allows the localization
of regions that show material deposition, mis-alignment or target surface damage. All
these effects will invalidate the present heat-flux calculations. Fitting the main strike line
heat-flux footprint allows to extract key parameters, such as heat-flux channel width and
heat-flux maximum, for investigating the heat exhaust behavior. Previous analysis was
insufficient for the characterization of the heat load patterns as it was not able to account
for the rich structure that was observed. The influence of time dependent parameters like
toroidal plasma current and its influence on strike line position is also investigated.
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2 Introduction

Nuclear fusion, which has been researched since the early 1950’s, is and has been for
some time a promising path to unlimited clean energy. Among various experimental
approaches to achieve controlled nuclear fusion, the furthest developed types of fusion
devices use magnetic fields produced by superconducting coils to confine a plasma [1].
On this path to a nuclear fusion power plant, two different concepts, the Tokamak and
Stellarator, are being pursued [2]. The latter offers several advantages in the pursuit of
controlled nuclear fusion. Unlike Tokamaks, they have the inherent capability to sustain
a steady-state plasma. The Max-Plank Institute for Plasma physics (IPP) operates the
worlds largest stellarator fusion device Wendelstein 7-X in Greifswald, Germany.

Understanding and predicting the heat transport in the region outside the confined
plasma, called the scrape of layer (SOL), is of significant interest in order to design
a fusion power plant that can handle the heat loads on the first wall. In W7-X a so
called island divertor is deployed to efficiently extract heat and fusion products from the
reactor chamber. The target modules of the island divertor intersect the flux surfaces
of magnetic islands, which form outside the confined plasma. The targets in W7-X are
made from carbon, which limits the amount of heat-flux they can withstand to around
10 MW

m2 [3]. Using IR thermography, the heat-flux onto the targets is measured, providing
data for analyzing the spatial and temporal distribution of heat loads, essential for the
assessment and optimization of plasma performance and material integrity in the reactor.
A promising model to predict the target heat-flux is the Simple Model for Loads in Island
Divertor (SMoLID) by Amit Kharwandikar. It depends however on accurate target heat-
flux measurements to determine scaling factors.

This thesis delves into an approach introduced by Dr. David Bold in [4] for parametris-
ing the complex structure of the heat-flux distribution of the W7-X targets. A tool
computational is presented that allows the fitting and parametrisation of the heat flux
distribution on the divertor target. The observed strike line profile differs significantly
from its expected shape in some cases. Particularly in higher-density conditions, multiple
features along the target in the toroidal direction are pronounced, requiring investigation
to find their origin. A thorough study into deposits on the target surface as source of
these additional features is done. Transport mechanisms in the SOL, parallel and per-
pendicular transport as well as Drifts, are discussed. An attempt is made to connect the
strike line behavior with transport mechanisms, which has proven difficult, based on only
target heat-flux data. Finally, the findings are summarized and suggestions to further
improve the fitting routine are are given.
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3 Nuclear Fusion

3.1 Fusion Reactions

For fusion to occur, the nuclei must overcome the coulomb barrier to come within the
distances required. The two nuclei need to come close enough for long enough so that
the strong attractive nuclear force can take over and overcome the repulsive electrostatic
force. Quantum effects, such as tunneling through the Coulomb barrier, allow the fusion
reactions to occur at lower energy than one would expect from classical theory. The
reaction rate of fusion is R = n1n2⟨σν⟩, where σ is the reaction cross-section and ν is the
relative velocity. It determines in large part the viability of fusion fuels. As can be seen
in fig. 1, of the four shown reactions

D2 + T3 → He4 + n1 + 17.6MeV (1)

D2 +D2 → He3 + n1 + 3.27MeV

D2 +D2 → T3 +H1 + 4.03MeV

D2 +He3 → He4 +H1 + 18.3MeV

the reactivity ⟨σν⟩ of Deuterium (D) and Tritium (T) at 30 keV is about two orders of
magnitude larger than for the next best fusion fuel of pure deuterium (D-D). The energy
produced per reaction is also one of the highest of any fusion fuel. This is why D-T fusion
is preferred fuel for use in power plants. Deuterium is stable and present in sufficient
quantities in water. Tritium is radioactive with a half-life of about 12.6 years. It can
however be bred using a blanket surrounding the reactor which contains lithium. The
neutrons released in the fusion reaction (eq. 1) are slowed and absorbed by this blanked,
generating the tritium needed (eq. 2). In addition, 4/5 of the energy generated is carried
by the neutron, which is being absorbed volumetrically by the blanket, making power
exhaust much easier [1]. Neutron multipliers like Beryllium are required to get to a
breeding ratio above one to make up for neutrons not absorbed by Lithium.

Li6 + n1 → He4 + T3 + 4.80MeV

Li7 + n1 → He4 + T3 + n1 − 2.46MeV
(2)

Although initial heating has to be provided for the plasma to reach fusion conditions,
α-particles generated by the fusion process are envisioned to provide the main heating
in a burning plasma. For D-T, the He4 carries 20% of the fusion energy. If adequate
confinement conditions are achieved, the so called ignition point is reached, at which
the fusion reaction increases the plasma temperature without external heating (fig. 2).
The ignition condition defines the parameters a fusion power plant should reach. It is
characterized by the Lawson criterion and depends on the ion density ni, temperature Ti

and the energy confinement time τE [6]

neTeτE ≥ 5 · 1021 keV · s
m3

. (3)

3.2 Magnetic confinement

Magnetic confinement fusion is the most promising and furthest developed path to fusion.
To achieve fusion using this approach, a plasma with the thermal energy above 30 keV
must be held with a magnetic field [2]. To confine the plasma inside a reactor and
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Figure 1: Reactivity ⟨σν⟩ for D-T, D-D
and D-He3 fusion reactions in m3s−1 for dif-
ferent plasma temperatures [5].

Figure 2: The α-heating rate Ṫ plotted
against a hypothetical fusion reactor. After
ignition the temperature increases without
external heating until a stable equilibrium
is reached, reproduced from [5].

provide a sufficiently large τE (see 3) with τE = Wplasma/Pheat, magnetic fields produced
by superconducting coils are used. In a uniform magnetic field the charged particles follow
a cyclotron gyration around the magnetic field lines. To achieve confinement, the field
lines are bend into a toroidal shape (fig. 4). Since the field lines are closer together towards
the center of the toroid, the ions and electrons experience a change in the magnetic field B.
This induces a drift where the direction depends on the charge of the particle q, leading
to a charge separation:

v∇B =
W⊥ ×∇B

q ·B3
, (4)

where B is the magnetic field and W ⊥ is the perpendicular kinetic energy of the particle.
The charge separation establishes an electric field E. This induces a drift independent of
the charge horizontally outwards [2, 6]

vE×B =
E×B

B2
. (5)

Figure 3: Magnetic coils and Plasma of
W7-X. A single magnetic field line is shown
in green [7].

To combat this, a rotational transform
of the toroidal magnetic field is introduced.
This allows the electrons to move freely
along magnetic field lines to cancel out the
vertical potential differences via parallel re-
turn currents. As found by [8, 9] and laid
out by [10], there are three ways to achieve
the required helical field component.

In tokamaks, an electric current is in-
duced in the plasma via a central Trans-
former coil. In stellarators like W7-X, the
magnetic axis is made non-planar so that
the torsion of B is non zero. Additionally,
the flux surfaces are elongated in such a
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toroidal field coils

helical field coilsPlasma

vertical field coils

transformer coil

Figure 4: Example configuration of tokamak (left) and stellarator coils (right) [11].

way that they rotate poloidally. As can be seen in fig. 4, an additional set of coils heli-
cally wound around the torus is added. Because of Ampère’s circuital law

∑
Bpol = µ0I

the sum of the poloidal magnetic field Bpol must be zero in a stellarator, since there is no
induced toroidal current in the plasma. This is why the helical field coils carry opposing
currents, generating opposing poloidal magnetic fields. In W7-X, the helical field coils
have been integrated into the toroidal field coils as can be seen in fig. 3 [12].

Collisions between trapped particles and passing particles generate a bootstrap current
in the presence of a pressure gradient:

jb ∼ −ε1/2
1

Bpol

dp

dr
(6)

where ε is the inverse aspect ratio. This toroidal current induces a poloidal magnetic field.
The bootstrap current in W7-X is much smaller than in similar sized tokamaks, due to
the optimisation.

3.3 Divertor Concept

Even though 80% of the fusion energy is leaving the reactor volume via neutrons, 20%
will have to be extracted from the plasma. Therefore, any reactor needs to be able
to avoid excessive heat loads interacting with the inner reactor wall. W-7X uses a so
called island divertor. As its name suggests, it exploits the existence of large magnetic
islands outside the main confined plasma. These islands originate from small radial field
perturbations bmn = Br

mn/Btor. A side band Fourier harmonic Br
mn of the radial Br

spectrum tears the flux surfaces apart so that magnetic islands form. Br
mn is resonant to

the rotational transform ι/2π = ῑ = M · m
n
, which is the number of poloidal transits m

per toroidal transit n of a field line on a toroidal flux surface. M is the number of
toroidal field periods, which is M = 5 for W7-X. Where ῑ is a real number, a magnetic
island can form [14, 15]. By adjusting the rotational transform, the position of the
magnetic islands and by extend the strike line can be influenced [16]. In W7-X, multiple

6



R

Geometrical axis

LCFS

Magnetic surface

Figure 5: Poincaré cross section of the standard (5/5)- and low iota (5/6) magnetic
configurations with colored magnetic islands in W7-X [13]. The major radius averaged
over one toroidal turn is R = 5.5m for W7-X which is roughly 5 times that of the average
minor radius r.

island divertor configurations are possible, depending on the chosen rotational transform
ι, see fig. 5. Three main configurations are possible, the low, standard and high iota
configurations with respective resonances of ῑ = 5/6, 5/5 and 5/4 [17]. W7-X is made
up of 5 identical segments, called modules. Each module is stellarator symmetric and
the device can be effectively described by a single half-module. Each module has an
upper and a lower divertor for a total of 10 divertors. The divertor targets are labeled
as 1-5u (upper) and 1-5l (lower), see fig. 6. Each of the 10 divertors consists of two
poloidally separated parts, a horizontal and a vertical target. Between them is a gap
for trapping the neutral particles for pumping. The horizontal divertor consists of two
toroidally separated targets with a middle baffle plate in between, that does not see high
heat loads. The two horizontal targets are called low- and high-iota target plates. The
high-iota target is primarily designed for the high iota configuration ῑ = 5/4, whereas the
low-iota target accommodates the heat and particle fluxes in the standard and low-iota
cases. The toroidal bootstrap current produces a poloidal magnetic field, which changes
the island size and can therefore influence the position where the island edge intersects
the target.

3.4 Scrape-off Layer

In order to confine heat and particles the toroidal flux surfaces discussed above are nested.
Adjacent to this confined region is the so-called Scrape-Off Layer (SOL) region. The
last-closed flux surface (LCFS) or separatrix separates the two regions. The transport
in the SOL is very different from the confined plasma due to these open field lines, as
particles and heat that move along these open field lines will intersect material surfaces
at the targets. The parallel transport along field lines is very fast compared to transport
across them. This makes the power and particle flux channels narrow features with the
potential for very high flux densities at the target - potentially exceeding the material
limits of around 10 MW

m2 [3]. Understanding the plasma transport in the SOL is therefore
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Figure 6: (a) Edge island (pink) and the last closed flux surface (LCFS) in W7-X for the
low-iota magnetic configuration. The ten divertor targets are shown in black and labeled
as 1-5u (upper) and 1-5l (lower)[18]. (b) Poincaré cross-sections at different toroidal angles
ϕ, corresponding to the planes in (a).

of utmost importance for designing a future fusion device. The targets and particle
exhaust system must be designed such that impurity transport into the core plasma and
heat load onto the target modules is reduced. By increasing strike line width and toroidal
spread the wetted area is increased and heat-flux density onto the targets is reduced.
Due to stellarator geometry, the W7-X SOL is inherently three dimensional. Because of
this, the transport mechanisms differ from those observed in tokamaks [18]. The field line
connection length Lc is the distance along the field line from one target to the other target
through that point. The SOL connection lengths in W7-X are in the order of hundreds of
meters and are much longer than those seen in similar sized tokamaks, which are tens of
meters. There are four main topological regions in the SOL, which can be distinguished
by differences in Lc: the SOL, confined O-point region, target shadowed region (TSR)
and the private flux region (PFR), which outside the island. Each of these regions are
magnetically separated from each other, so transport can only cross between them via
perpendicular transport. The later discussion is done for the low-iota configuration, so
this case is discussed here. A map of connection lengths in the different regions inside
the island at the toroidal angle ϕ = 36 deg, obtained by field line tracing, is shown in
fig. 7. From this, different regions in the island can be identified, see fig. 8. The island
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SOL has direct and broad contact with the main confined plasma and has the longest
connection length with Lc = 450− 1700m, which corresponds to multiple toroidal turns.
The connection length is largest at the separatrix, where the parallel heat exhaust channel
is formed due to the flux-surface perpendicular heat-flux that enters the island SOL from
the confined region. The PFR is outside the island and only contacts the main plasma
at the X-points. The target shadowed region (TSR) is the part of the SOL with short
connection length, where field lines end on the target on both sides. It is subdivided
further, into the lower-target shadowed region (LTS) and upper-target shadowed region
(UTS), depending on which target cuts the island. In the outer shadowed region (OS)
both upper and lower targets intersect the island. The island O-Point is a region of
confined plasma inside the island.[19]

Figure 7: Poincaré cross-section of the edge
island in the W7-X low-iota configuration. At
ϕ = 36◦, the island is not intersected by targets.
The connection lengths inside the island are also
shown and the main topological regions are la-
beled [18]
.

Figure 8: The different topolog-
ical regions in the same setup as
fig. 7. Additionally shown is a
subdivision of the shadowed region
into the lower-target shadowed re-
gion (LTS), upper-target shadowed
region (UTS), inner shadowed re-
gion (IS) and outer shadowed region
(OS) [18]
.

3.5 Heat Transport

This section discusses the major transport mechanisms for the heat in the SOL. Both
conduction and convection, as well as drifts arising from electric fields in the plasma,
facilitate heat transport to varying degrees. Two directions, parallel and perpendicular
to the magnetic field B are discussed separately.

3.5.1 Parallel Transport

The flows parallel to B in the SOL are a connecting mechanism between sources and
sinks, where the sinks are the divertor target plates. The dominant heat source comes
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from cross-field diffusion from inside the LCFS due to heat deposition within the confined
region. Power transport takes place primarily parallel to the magnetic field lines. This
can be described as a 1D fluid conservation equation. It is here assumed that E and B are
parallel, so no drifts occur. Drifts are discussed in section 3.5.2. Parallel power transport
q∥ [W

m2 ] in the SOL consists of conduction q∥cond which is governed by coulomb collisions
and convection q∥conv:

q∥ = q∥cond + q∥conv

q∥cond ≈ −κe ·
dT

ds∥

q∥conv = (
1

2
mv2∥ + 5kbT )nv∥.

(7)

for Spitzer-Härm conductivity and convection [8, 20], where κ is the electron heat con-

ductivity given by κe ≈ eneveλe ≈ 2 · 103 · T 5/2
e and s∥ the path along the magnetic

field line. The thermal velocity of the electrons is ve = (kTe/me)
1/2 with the electron

collisional mean free path λte = vte/νte where νte is the collision frequency of thermalised
electrons. As a result of q∥cond ∼ T 5/2 scaling, conduction dominates at higher tempera-
tures. Additionally, this means that the upstream temperature is very robust, depending
only weakly on q∥ or any other parameters. Even large changes in q∥ are accommodated
by a small change in temperature. Due to the mass difference of ions and electrons the
main contribution to the heat conductivity comes from the electrons:

κe

κi

=
√
me/Mi ≈ 45. (8)

The fast electrons in the tail of the thermal distribution with velocities of vhce ≥ 3.7vth,e
provide most of the conduction. This is because the collision frequency νe ∝ v−3

e , which
means λe ∝ v4e , so hotter electrons are much less collisional than colder ones. The mean
free path of a test particle of these heat conducting electrons λhce compared to the mean
free path of Maxwellian target particles λe with the mean energy mv2hce/2 = 3/2kBT is
given by [21]

λhce = (v/vhce)
4λe = (v/(

√
3vth,e))

4λe. (9)

This gives
λhce = 21λe. (10)

This only holds at high collisionallities, where λhce is smaller than other system scales
like the electron temperature gradient length and the length to the nearest solid surface.
For this reason it is convenient to assume the conduction-limited regime, which can be
done for higher density W7-X scenarios. The conduction is limiting and there are steep
temperature gradients along the flux tube. Additionally, because of high collisionality
between ions and electrons Te = Ti = T can be assumed. Because the influence of con-
vection is small, ionisation of recycled particles only occurs close to the target surface,
so flow effects including convection are only important in a thin layer close to the target,
called the sheath. Across this region the ion velocity vi transitions from 0 to the plasma
sound speed. miv

2
i increases from 0 to 2kBT at the target. Since p = nkBT , the upstream

pressure drops by half to the target ptarget =
1
2
pupstream. The formation of parallel temper-

ature gradients is largely influenced by the ratio of heat-flux to particle flux density. In
the conduction limited regime all of the power PSOL enters the SOL at the upper end and
is conducted along s∥ for length L to the target, where it is removed via the sheath. In
this case we have a constant temperature and thus a constant parallel heat conductivity,
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given by κe = κ0 · T 5/2
e . We thus get

q∥cond = (PSOL/Aq∥) = −κ0T
5/2dT

ds
, (11)

where Aq∥ is the total cross-sectional area of the power carrying channel and is therefore
perpendicular to B. Integrating equation 11 from s∥ = 0 to L gives

T (s∥) =

[
T 7/2
u − 7

2

(PSOL/Aq∥)s∥
κ0

]2/7
(12)

for the temperature with the upstream temperature Tu and the target temperature:

T (s∥) =

[
T 7/2
u +

7

2

(PSOL/Aq∥)(L− s∥)

κ0

]2/7
. (13)

Assuming a significant temperature drop Tu ≫ Tt, Tt can be neglected because of the
large exponent involved. We can then solve these two equations for Tu, resulting in

Tu ≃
[
7

2

(PSOL/Aq∥)L

κ0

]2/7
. (14)

Calculating Tu for a different case where the heat-flux is entering the transport channel
not at the top, but uniformly along L, gives

Tu ≃
[
7

4

(PSOL/Aq∥)L

κ0

]2/7
, (15)

which is different from eq. (14) by a factor of (1/2)7/2 ≈ 0.82. This shows how insensitive
Tu is to parameter changes, thanks to the high parallel heat conduction via fast electrons
[2, 6, 20].

3.5.2 Drifts

Gradients of electric potential arising from different mechanisms cause drifts. Relevant
drifts are the E×B drift

vE×B =
E×B

B2
(16)

and the diamagnetic drift

vdia = −∇p×B

(qnB2)
. (17)

The E×B drift can be split into a radial and a poloidal component.
The poloidal E×B drift is driven by the radial electric field: vpol = Er/B. Near the

conductive target plates, electrons, which are lighter than the ions, will leave the plasma
more quickly. This charge imbalance forms a potential at the plasma wall called Debye
sheath. The potential drop at the target is Φ ∼ 3Te(r)/e, leading to the radial electric

field Er = ∂Φ
∂r

≈ 3Te

eλTe
, where λTe =

(
1
Te

∂Te

∂r

)−1

. The electron temperature Te decreases

in the island radially between the core plasma and the O-point, so Er points radially
outward. In the PFR, Te decreases moving radially away from the separatrix towards the
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target [22]. Thus, inside the island Er points away from the separatrix and towards the
O-point [19].

From the derivative of the planar sheath equation the Bohm sheath criterion is ob-
tained. It states that for the ion velocity us ≥

√
kBTe/mi applies, where kB is the

Boltzmann constant and mi the ion mass. If the ions are entering the Debye-sheath
too slowly, the potential will start to extend into the plasma and accelerate them. This
will develop the so called pre-sheath with a potential drop of ∼ kBTe/2e. The radial
E × B drift is generated by a combination of this pre-sheath electric field E∥ and the
toroidicity ε = a/R, which is the ratio of the minor radius a and the major radius R.
The potential gradient along a field line results in a poloidal potential difference between
neighboring passes of the field line. This creates a poloidal electric field Epol = Θ−1E∥.
The island field line pitch Θ = Bpol/Btor of the island represents the ratio of distance
moved poloidally around the O-point and the distance moved toroidally by the field line.
Its value is around 0.001 in W7-X. From this electric field E∥ a drift vE,r = Θ−1E∥/B is
generated. The influence of Ohm’s law [20] on E∥ must also be considered:

E∥ =
j∥
σ∥

− 0.71

e

∂Te

∂s∥
− 1

en

∂pe
∂s∥

, (18)

where j∥ is the parallel current density, σ∥ is the parallel electrical conductivity, s∥ is the
parallel distance, and ∂Te

∂s∥
represents the partial derivative of electron temperature with

respect to parallel distance. At high temperature the conductivity, which scales with
∼ T 7/2, is high and hence E∥ is small for expected current density. Since p ∼ T , ∂Te

∂s∥

and ∂pe
∂s∥

are dependent on the temperature gradient, which extends between the LCFS

and the target. At higher densities, the gradient ∂Te

∂s∥
becomes larger, increasing radial

transport vE,r.
There are three sources of diamagnetic drift. The magnetization flux is divergence-free

and therefore has no influence on plasma distribution. The curvature drift, which was
also mentioned in section 3.2, and ∇B are not divergence free. They are however largely
vertical and are therefore averaged out by the helical twist of the island chain [23], at least
for mean field particle transport. They can however provide convective heat transport,
which will be discussed in section 3.5.3. All drifts depend on the direction of the magnetic
field. This can be used to discern drifts in the SOL by comparing upper and lower targets,
as they break stellarator symmetry. B is in the same direction at the top and bottom
divertors, so B is reversed with respect to the symmetry of the target.

3.5.3 Perpendicular Anomalous Transport

Turbulent transport is considered to be the main driver for cross-field transport in the
SOL, and has convective and diffusive components. Convective turbulent transport can
occur as individual filaments, which generally average out in the mean field approach over
sufficiently long time scales, so their impact is overall diffusive. Even though neither the
diffusion nor convection are able to uniformly describe the experimental measurements
on their own [13, 24] describing perpendicular transport as diffusive gives reasonable
agreement and is computationally advantageous. The total cross-field particle flux density
Γr is therefore often described with Fick’s law of diffusive motion with an anomalous
diffusion coefficient D⊥ [m

2

s
]:

Γr = D⊥
∂n

∂r
, (19)

where (∂n
∂r
) is the radial density gradient. The flux Γr generated by an initial concentration

gradient will in turn change this gradient over time, thus n(r, t). This process is governed
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by Fick’s second law
∂n(r, t)

∂t
= D

∂2n(r, t)

∂r2
. (20)

which can be solved with the initial condition of a particle density n0 at r = 0:

n(r, t) =
1√
4πDt

exp

(
− r2

4Dt

)
(21)

so n is proportional to a Gaussian distribution. In [13], a roughly linear relation of
Γ ∼ ∇p and therefore Γ ∼ ∇Te was found for most W7-X cases. Perpendicular heat
diffusion via conduction is discussed similar to parallel heat conductivity, which has the
same mathematical form as eq. 19:

q⊥cond = −neχ⊥
dT

dr
(22)

switching D⊥ with the perpendicular heat diffusivity χ⊥ times the electron density ne.
Turbulent convective particle transport perpendicular to B arises due to small-scale

fluctuations, which can not be accounted for entirely by classical collisional effects [6].
Electrostatic fluctuations of plasma density ñ, electron temperature T̃e and electric po-
tential Ṽ are the main drivers, whereas magnetic fluctuations play a minor role for SOL
transport [25]. Te fluctuations are also being neglected here, since experiments at W7-X
have shown that they are usually small and approximately in phase with the potential
fluctuations [26].

Here considered is perpendicular particle transport in the case of a plasma in a mag-
netic field B and a density gradient ∇n̄ perpendicular to B. Given a background density
< n > with a perturbation ñ perpendicular to B and ∇n̄, this plasma density perturba-
tion ñ will be in equilibrium with a perturbed electrostatic potential field Ṽ , according
to the linearized Boltzmann relation:

ñ

n
= eṼ /kBTe. (23)

This results in a perturbed Ẽ-field, which then results in a cross-field Ẽ × B drift in
the direction of the density perturbations ∇n̄ (see section 3.5.2), changing the density
perturbations ñ.The perturbations become a drift wave, moving perpendicular to B. This
is in the same direction as the electron diamagnetic drift. Electric currents are also
generated perpendicular to the magnetic field due to polarisation and diamagnetic drifts.

13



3.6 Transport inside the SOL

stagnation point

TSR

Figure 9: Schematic depiction of parallel-
(light green), binormal- (dark green) and ra-
dial perpendicular (blue) transport in the is-
land at the target. The island area under
the dotted line is the TSR. Heat-flux from
the core is shown in orange. Adapted from
an illustration by Dr. Valeria Perseo.

For practical purposes, three different
transport mechanisms are being differen-
tiated (fig. 9). Heat and particles enter
the island across the LCFS. Local particle
sources from ionization inside the SOL are
ignored here. Parallel transport is primar-
ily convective (at higher densities) as dis-
cussed in section 3.5.1. The heat-flux fol-
lows the magnetic field lines, moving along
the island flux surface with each toroidal
turn. Binormal transport is perpendicular
to both the parallel direction and the ra-
dial direction. It includes poloidal drifts
and diffusion. It leads to heat-flux skip-
ping toroidal turns, so that the LCFS is
topologically closer to the target. The par-
ticle and heat-flux is directed either to the
left in fig. 9, where it hits the target as the
strike line, or to the right into the TSR, from where it is transported onto an upper target
with very short connection lengths. Depending on the poloidal E×B drift the stagnation
point is moved left or right, changing the amount of heat-flux into the TSR [19]. Inside
the island the flux surfaces are also more or less isothermal, creating a temperature and
therefore pressure gradient perpendicular to the island flux surfaces. Particles and heat
are also transported radially towards the O-point, out of the power carrying layer, form-
ing a shortcut onto the target. Behind the X-point perpendicular diffusion occurs from
the island edge into the island, but also into the PFR outside the island. In the PFR
the connection lengths are much shorter than inside the island, so a significant thermal
gradient is created here.

3.7 Heat-flux Profile

For modeling the upstream heat-flux profile an exponentially decaying power profile at
the boundary between island and the confined plasma is assumed:

qexp(s) = q0 · exp
(
− x

λq

)
, (24)

where q0 is the upstream peak heat-flux, x the radial distance from the LCFS, and λq the
power fall-off length. It comes from the interplay of the strong parallel drainage towards
the target and the perpendicular diffusion in flux-surface perpendicular direction towards
the o-point. On top of this, perpendicular diffusive heat transport is assumed, as the heat
transports along the field line towards the target. Equation 24 is therefore convoluted
with a Gaussian:

q∥(s) =
q0
2
exp

((
S

2λq

)2

− s− s0
λq · fx

)
erfc

(
S

2λq

− s− s0
S · fx

)
, (25)

where fx is the poloidal flux expansion caused by geometric effects, which is the ratio
of the width of a flux surface downstream to upstream. s is the position on the target
and s0 the position of the island separatrix on the target. Before the X-point q∥ decays
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exponentially with parameter λq. After the X-point, perpendicular transport via diffusion
carries heat-flux into the PFR in one direction and broadens the strike line in the other.
The broadening can be described by a broadening parameter S defined by the ratio of
perpendicular to parallel transport:

S ∼ L

√
χ⊥

χ∥
, (26)

where L is the connection length between the X-point and the divertor target, χ⊥ the
heat diffusivity perpendicular and χ∥ parallel to the magnetic field lines. Note here that
this simple tokamak model does not consider the complex stellarator geometry or any
dissipative processes. [1]

3.8 SMoLID

The Simple Model for Loads in Island Divertor (SMoLID) is a new not yet published
tool by Amit Kharwandikar, that is able to predict heat load onto the target. It uses the
idea introduced in the previous section of a power carrying layer (PCL) with fast parallel
transport and in addition exponential decay:

qtargeti,j = q∥max exp

(
−∆i,j

S⊥

)
· sinαi,j (27)

where ∆ is the minimum perpendicular distance of an target area element (i, j) from
the PCL. The perpendicular transport is parameterized as the length scale S⊥ signifying
power spreading, similar to eq. 26. α is the inclination angle of the magnetic field at area
element (i, j). The assumption is made that the PCL carries the constant heat-flux q∥max.
Radial perpendicular transport and binormal transport both transport heat away from
the power caying layer. Binormal transport introduces a poloidal leakage of heat-flux into
adjacent topological regions. Radial perpendicular transport leads to broadening of the
power channel towards the o-point. They are treated independently with S⊥r and S⊥b.
The scaling factor q∥max needs to be determined by fitting the IR-data, for which the
fitting routine developed in this work might be used for in the future.
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4 Methods

4.1 Experimental Scenarios

To study SOL transport, it is necessary to use W7-X experiments with low radiation
fraction, so that the transport is prominent and easier to study. For this analysis two
sets of three W7-X experiments have been chosen. The experiments in the standard
configuration #20180920.009, #20180920.013 and #20180920.017, which have also been
used by [4], are part of a density scan with an input power of 4.7MW ECRH and line
integrated densities

∫
ne of 4, 6 and 8 · 1019m−3. The total heat-flux on the divertor

measured by the IR-diagnostic was 3-4MW, shown in fig. 10b. The toroidal current
increased to around Itor ≈ 5 kA at 6 seconds. For time averaged analysis the time interval
from 2-4 seconds has been used in all six experiments. A density scan in the low iota
configuration has also been analysed with experiments #20180829.009, #20180829.017
and #20180829.026. For transport analysis the low iota configuration has a number of
advantages, including its relative insensitivity to resonant error fields that would otherwise
deform the edge islands and convolute the drift contributions to the asymmetric charge
patterns. Low iota also has the longest connection lengths and smallest internal field line
pitch of any of the main W7-X configurations, thereby maximizing the impact of drifts on
SOL transport. In general, power onto the target decreases with increasing density, which
is to be expected, as with increasing density the radiation fraction increases, reducing
target heat load. The strike line moves over time with increasing plasma current, as seen
in fig. 10. Since the relationship between current and strike line movement is linear in first
order, a simple linear regression over two seconds was used to determine the movement
speed of each feature at each finger.

4.2 IR-Mesurements

To analyse the divertor power deposition, a thermographic diagnostic system is used. Nine
immersion tubes with infrared cameras are installed, recording nine of the ten divertor
units with a frame rate of 100Hz in a wavelength range of 8-10µm. The camera data
is mapped onto a 2D plane for better analysis. With the help of the THEODOR code
a 2D heat diffusion equation is solved numerically for the target fingers [27]. With this,
the heat-flux onto the target can be re-constructed from the IR-emissivity of the target
surface, resulting in a high resolution map of the heat-flux onto the target. The method
for the processing of the camera data can be found in detail in [3].

4.3 Target Geometry Parametrisation

The divertor targets are positioned on each side of the pumping gap as shown in fig. 12.
Each divertor is build from a series of consecutive thermally isolated target elements called
divertor fingers. The target geometry is mapped from its 3D-shape (fig. 12) to a flat 2D
array (fig. 13). The divertor finger modules are named based on their location upper
(u) or lower (l), vertical (v) or horizontal (h) and the reactor module number. Finger
module number 4 at reactor module number 2 on the lower horizontal target is therefore
called 2lh 4. The coordinate map x is roughly aligned with the magnetic field, while
map y is roughly orthogonal to the magnetic field. Each finger consists of a solid block
of carbon, except some of the fingers which are made of tungsten for the study of Plasma
wall interactions (PWI). The heat-flux calculation is not applicable for these fingers due
to the complex surface layers which have been prepared on the marker tiles for material
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(a) The low iota configuration experi-
ments #20180829.009, #20180829.017 and
#20180829.026.

(b) The standard configuration experi-
ments #20180920.009, #20180920.013 and
#20180920.017.

Figure 10: Overview of the time evolution of the radiated power Prad, the ECRH heating
power, the power on the target measured by the infrared diagnostic IR, the line integrated
density

∫
ne, the toroidal plasma current Itor and the strike line position for each target

on finger 24.

studies. Therefore these tiles must be excluded from the analysis [3]. Also not included
are the 5u and 5l divertor modules.

4.4 Method of Heat-flux Parametrisation

For this analysis each divertor target finger is split into several 1D slices, representing the
strike line profile. The heat-flux data is then mapped such that the axis are approximately
perpendicular to the magnetic field lines as shown in fig. 13. The data is averaged over ten
frames so each time step is 100ms). Each profile is then fitted with a function consisting
of multiple Gaussian curves, as done in [4]. As described in 3.7, the model assumes
diffusive heat transport perpendicular to the flux surfaces. Except for regions with short
connection lengths, the diffusive perpendicular heat transport is strong enough that the
strike line can be assumed to be shaped like a Gaussian. Contrary to [4], the number of
Gaussians is not fixed, but is determined beforehand via a peak detection. This is done
in three steps, shown in fig. 11, to most accurately capture all the features present in
the strike line profile. First, initial values for a narrow and broad Gaussian are chosen,
and the fitting routine is run. The height and position of the narrow Gaussian is that of
the global maximum in the fitting data. The width is determined by the peak detection
algorithm. The height of the broad Gaussian is set at 1/4 of the narrow Gaussian and
its width is set at 1/3 the range of the x-axis. A custom loss function is used, where the
residual for a point above the fit is increased tenfold. This ensures that the initial fits are
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(a) First, initial values for
a narrow and broad Gaussian
are chosen (red), and the fit-
ting routine is run (green). A
custom loss function is used,
where the residual for a point
above the fit is increased ten-
fold. This ensures that the
initial fits are below the data,
so any perturbations from the
Gaussians are above the fit.

(b) The fit from a) is sub-
tracted from the measured
data and the peak detection is
run. Each additional pertur-
bation gets its own Gaussian.
The initial height is obtained
from the original data.

(c) With the initial values
from b) the original data is fit,
this time with a euclidean loss
function.

Figure 11: The three fitting steps for an example heat-flux profile. Shown is the sum (or-
ange) of all Gaussians (green) together with the fitting data (blue). The 0-point on the
x-axis is the mid-point of the target finger.

below the data, so any perturbations from the Gaussians are above the fit. Thereafter the
fit from fig. 11a is subtracted from the data and the peak detection is run. Each additional
perturbation gets its own Gaussian. The initial width and height are obtained from the
original data (fig. 11b). With the initial values the original data is fit, this time with an
euclidean loss function, so that the fit best approximates the data. The routine is run for
all time steps and slices. Especially for more complicated profiles multiple ways to fit the
data are possible, resulting in sometimes very different structures between neighboring
time steps or slices. This is why the resulting Gaussians are then clustered relating to
their height, width and position using the Hierarchical Density-Based Spatial Clustering
(HDBSCAN) algorithm of the scikit-learn library [28] to determine the most prominent
fit structure. The Gaussians from two time steps in front and behind the current time
step and all slices from one finger are clustered together, improving consistency greatly.
The two slices next to the finger edge are not used, the reason is discussed at a later point.
The resulting cluster centers are then used as initial fitting values for the whole finger
in a second fitting iteration. Each fit is then evaluated using residuals. Only fits with
sufficiently low residuals are kept. The Gaussians are clustered again, different features
on each finger or slice can then be tracked over time via distance clustering.
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Figure 12: The distorted CAD model of the
vessel overlaid by the surface temperature,
reproduced from [3].

horizontal Target

vertical Target

Figure 13: The view of the target, but
mapped such that map x is roughly aligned
with magnetic field, while map y is roughly
orthogonal to the magnetic field. Each Fin-
ger consists of about 15 slices in map x di-
rection, where each slice is one map x wide.

5 Results

5.1 Strike Line Parameters

The fitting results of the six discharges from the two density scans are are shown in
figs. 18-23. For the low iota cases only the low iota target and part of the middle divertor
are plotted, since no heat-flux is deposited elsewhere. For the standard configuration
the whole divertor is shown, with the vertical target on the right side. The position on
the target is expressed in terms of map y, which has the advantage that features stay
roughly at a constant map y toroidally. The width is not the width of the wetted area,
but the width of the Gaussian at half height. The connection length at the respective
features position is produced from field line tracing. Features that have been identified
as artifacts or deposits with low amplitude are shown in grey. The main strike is blue,
with some noteworthy features colored differently. The data is averaged over the four
upper and lower targets respectively. By toroidally plotting the connection length along
the strike line, three topological regions can be differentiated. The border between target
shadowed region and scrape off layer is at ϕ ≈ −16◦. In low iota configuration, the
width of the SOL footprint becomes very narrow with increasing map x (fig. 26), making
it difficult to determine a toroidal border. Even small deviations in map y lead to big
toroidal changes, which are to be expected because of the toroidal current and drift effects.
However, around ϕ ≈ −6.2◦ the heat flux starts to decrease exponentially, indicating the
border to be there. The increased heat-flux from ϕ = −8◦ to −6◦ might be due to the
toroidal change in incidence angle, which influences target heat-flux (eq. 27). In fig. 14 an
example result for the fitting routine described in section 3.5.1 is shown. The Gaussian’s
are clustered based on their distance in the 3D parameter space of position, width and
amplitude. Sometimes Gaussians of the same time step are clustered together (fig. 14a).
This is corrected in (fig. 14b). Notable features in the strike line profile in (fig. 14c) are the
discontinuity at position −0.2m, the main strike line at −0.15m and the small amount of
heat-flux next to the strike line, which are all discussed in section 6.1. The heat-flux profile
in fig. 17 for the low density case in fig. 18 is from Φ ≈ −16◦. Heat-flux profiles from
inside the target shadow region are not Gaussian shaped and unsymmetrical, which is why
they are fitted with multiple Gaussians by the routine. The strike line amplitude does
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(a) Sometimes two Gaussian
at the same time step are clus-
tered together if they are sim-
ilar enough.

(b) Each feature is checked for
multiple Gaussian at the same
time step and the one closest in
amplitude, width and position
to the surrounding Gaussian is
kept.

(c) The strike line profile at
time step 40 (red line in (b)).
The fitting profile is shown in
yellow, the individual Gaus-
sian in green.

Figure 14: (a, b) The Gaussian parameters height, width (grey) and position on the
y-axis over time for finger module 1lh 18. This is after the initial clustering of the Gaus-
sian’s. (c) The strike profile at the time step 40 with the fitted Gaussian’s. Shown is
discharge #20180920.013.

Figure 15: The strike line
of discharge #20180920.017
at target finger 1uh 12 at
time step 3 s. The heat-flux
left and right from the strike
line is the result of deposits
on the target.

Figure 16: Discharge
#20180920.017 at target
finger 1lh 16. The strike
line movement over time is
in contrast to the surface
features, which remain sta-
tionary.

Figure 17: Low density
discharge #20180829.009 at
target finger 1lh 4 at 2.9 s.
The strike line is not sym-
metric. The small amount of
heat-flux on the right is the
result of surface deposits on
the target.

therefore not represent the actual maximum heat-flux. Additional charts with connection
length maps are in the Appendix figs. 32 and 31. For the low iota cases, the strike line
seems to be closer to the pumping gap than in the low density case fig. 26.

6 Discussion

6.1 Surface Features and Limitations

Before discussing plasma-related phenomena, it is important to consider the limitations
arising from the recording and processing of the infrared data. For this discussion, low
to medium density experiments have been chosen. At low densities the plasma strike line
is narrow, whereas at higher densities the strike line widens. This can lead to overlap,
making it difficult to identify features that are not directly related to the strike line. In
fig. 24, the heat flux is shown for experiment #20180920.009 with the standard magnetic
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Figure 18: The Gaussians height, width and position. The main strike line is blue, an
underlying broad feature is shown in orange.
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Figure 19: Contrary to fig. 18, the lower deposit (orange) and strike line (blue) are
fitted independently. The wider strike line causes higher heat flux on the lower deposits
at map y ≈ 200, which exceeds the main strike line at some regions.
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Figure 20: This discharge shows a similar behaviour to fig. 19, except for an additional
narrow green feature.
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Figure 21: In the standard configuration each part of the divertor is loaded with heat-
flux. Deposits and strike line have been fitted mostly independent of each other. The
strike line on the middle divertor target seems to be stationary.
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Figure 22: The heat-flux on the middle divertor target shows multiple features. On the
vertical target the reflections are shown in orange.
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Figure 23: In this discharge a significant amount of heat-flux hits the upper deposit
(green). The high variation in the movement speed compared to the lower density cases
(figs. 21, 22) shows the inconsistency in determining the strike line position at higher
densities.

23



configuration and #20180829.009 with the low iota configuration. Both are low density
discharges, leading to a narrow strike line. Material that has been eroded inside the
vakuum vessel is deposited onto the target, forming a thin layer of material which has poor
heat conductivity to the underlying carbon block. This layer has a tiny thermal capacity,
which is why the surface heats up almost instantly when hit with even small amounts
of heat flux. This increased surface temperature leads to incorrect heat flux calculation
in these deposition regions. Net deposition zones are mainly next to the strike line. In
fig. 28, the darker deposition zones are clearly visible next to the lighter region, where
the strike line has eroded the surface. Marked is the strike line position for the standard
configuration. The low iota configuration has not been run often enough in OP 1.2 to
leave clearly visible erosion on the target. Due to the lower thermal conductivity of the
sputtered material, the deposits are also visible in the thermal imaging system in between
experiments. Since they insulate the target surface, less thermal radiation is emitted as by
surrounding regions. During plasma loading in the low iota configuration the deposition
zones can be seen next to the net erosion zone around the standard configuration strike
line. Due to reduced thermal contact deposition layers show higher surface temperatures
and emissivity than would be expected on clean carbon fingers, which is seen in the heat
flux data in fig. 24. Another source of additional IR-radiation flux that the analysis will
interpret as increased temperature and heat flux, is reflection from other parts of the
target. In W7-X, the influence of reflections can not be neglected, despite carbon targets
having lower reflectivity than metal surfaces. Ray tracing simulations (figs. 30, 29) have
shown that in the standard configuration a significant amount of radiation originating
from the strike line on the horizontal target is being reflected onto the vertical target
(fig. 25). In the low iota configuration no significant amount of radiation is expected.
The high iota target is furthest from the camera which results in a lower resolution than
other parts of the target. This bad visibility leads to blocking and inaccurate heat flux
calculation. The camera view is blocked at the lower edge of the low iota target by the
baffle tiles which surround the targets. This leads to a ridge in the IR-data that is fitted
by the routine. This can be seen in the IR-data in fig. 25) and also as the bottom most
feature in figs. 18, 19 and 20.

This discussion can be used to classify the different features on the target. Comparing
the location of features on the target with the connection lengths in fig. 26, the position
of deposits, artefacts (grey) can be separated from the strike line (blue) in figs 18-23.
The broad feature (orange) in fig. 18 is interpreted to likely be the lower of the two
surface deposits and part of the main strike line, which are sometimes fitted individually
and sometimes together as a broad feature by the fitting routine. At higher densities,
the strike line is much broader at around 10 cm shown in fig. 19 for a line integrated
density of

∫
ndl = 4 · 1019m−2 and fig. 20 with

∫
ndl = 6 · 1019m−2. Here the deposit at

map y ≈ 200, shown in orange, is being loaded with plasma from the broader strike line,
which increases their IR-emissions as discussed in 6.1. In fig. 20 with higher density the
lower deposit receives enough heat-flux that its IR-radiance is at some points higher than
the main strike line. This is of great concern, since the strike line position and amplitude
are generally determined by the heat-flux maximum. The power, which is the area under
the heat-flux profile, is also overestimated in the affected cases.
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Figure 24: In the low iota configuration (left) the deposits left and right outlining where
the strike line (red) hits in the standard configuration (right) leading to increased IR
surface emission. The data was kindly provided by Dr. Marcin Jakubowski.

Reflections

Blocked by baffle

Artifact

Blocking

Figure 25: Shown here is discharge #20180829.009 in the standard configuration with
low density and therefore narrow strike line. Marked are features of interest, kindly
provided by Dr. Yu Gao. IR radiation from the low iota target is reflected by the vertical
target. The baffle plates surrounding the target are blocking the camera view at the
bottom. The high iota target is furthest from the camera, leading to blocking as a result
of low resolution.
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Figure 26: The features on the low iota target from discharge #20180829.009 in the low
iota configuration are overlaid on top of a map of the connection lengths. The connection
lengths where calculated without taking error fields or toroidal current into account. From
the toroidal current, one would expect the map to be shifted slightly up for the lower
targets and down for the upper targets. The feature at the bottom is an artifact resulting
from the baffle plates next to the target plates, which are blocking the view of the camera.
From the connection lengths, the different topological regions can be differentiated. The
island SOL (purple/pink) in the center with long connection lengths is bordered by the
TSR(orange) (UTS for upper, LTS for lower targets) on the left and right. Below is the
private flux region PF (red).

6.2 Strike Line Movement

The movement of the strike lines is expected to be toroidally homogeneous [3]. This is
not really the case here. The accuracy of the movement speed depends on how accurate
the position of the Gaussian can be determined. For wider Gaussian’s, the accuracy to
which the Gaussian’s position can be determined is reduced. Increasing density leads to
a wider strike line, so for higher densities the variation of the movement speed increases.
In general, a trend in the expected direction can be seen for the main strike line. In the
standard configuration the island size is decreased by the poloidal magnetic field generated
by the tororoidal current [29]. In low iota configuration the island size increases. The
fitting accuracy of any other features was however not sufficient for analysis. For a single
finger with good fit quality like in fig. 14b, the movement of the strike line over time
compared to stationary features can be seen, an even better example at higher density is
provided in fig. 16. Here the moving strike line between the upper and lower deposits is
clearly visible.
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6.3 Scrape-off Layer Transport

In this section an attempt is made to make a connection between some of the trans-
port mechanisms introduced in section 3.5 and the strike line parameters observed in sec-
tion 3.6.

Figure 27: Illustration of
poloidal drift flow (νΘ) pat-
terns in the island SOL (red)
and PFR (purple) for the low
iota configuration. Reproduced
from [18]. The LTS (green) and
UTS (yellow) receive different
amounts of heat-flux from is-
land SOL und PFR.

The poloidal E×B drift, contributing to perpendicular
transport, increases the transport along the LCFS into
the direction of the lower target shadow region LTS, il-
lustrated in fig. 27. At the same time heat-flux from
inside the PFR enters the UTS. This means that on
upper and lower targets heat-flux arrives from different
sources into the TSR. This effect can be seen in the low-
iota low density case fig. 18. The strike line in the TSR
from Φ ≈ −18◦ to − 15.5◦ has a considerably greater
width on the lower targets, which receive heat-flux from
the LTS, than on the upper targets, which receive their
heat-flux from the UTS. Because of the short connection
lengths, not much perpendicular transport takes place in
the PFR, leading to a narrow strike line. As expected
from the density dependency of perpendicular heat-flux
q⊥ ∝ n, the strike line width increases with the density.
In all discharges, excluding the phenomenon in the TSR
discussed above, the strike line width slightly decreases
toroidally in the SOL region for both low density cases
shown in fig. 18, 21. It stays constant for the higher
density discharges. This toroidal distribution can also
be seen in the toroidal distribution of the power [4].

7 Conclusion

A tool to parameterise the target heat-flux data has been
developed and used to analyse the heat-flux of several ex-
periments. The challenges with target surface deposits
and their influence are discussed. Surface deposits ex-
plain why multiple features are predominantly present at higher densities. Two density
scans in low-iota and standard magnetic configuration have been analysed and the influ-
ence of transport on strike line parameters is discussed. A number of improvements to
the routine can be made. In [4] it was assumed that the strike line consists of a broad
and a narrow feature. The here presented analysis suggests that this broad feature is
in fact the main strike line with the overestimated heat-flux of the deposits next to it.
This should be taken into account, for example by fitting these features individually and
not as a broad underlying Gaussian. Further improvements to the fitting routine can be
made by determining the position of deposits from the analysis done here and removing
those data points, since the heat-flux profile produced by the deposits can not always be
approximated by Gaussians. Because of short connection lengths, the strike line in the
TSR does not have a Gaussian shape but an exponentially decaying profile. An addition
to the code should be made to fit these regions with equation 24 or 25.
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8 Appendix

QRT-AEF11-20180920.009

0

100

200

300

400

500

600

700

C

deposition layers

strike line PWI fingers

Figure 28: bottom: The Surface temperature of experiment #20180920.009 before
plasma loading, as seen by the infrared camera. The deposits left and right to the region
where the strike line hits are being insulated by the deposits. They emit less thermal
radiation than the rest of the target when not loaded with plasma, which has been heated
up from previous experiments. Marked is the strike line for the standard configuration.
Also shown are the PWI fingers, which have different thermal properties and have to be
excluded from the analysis. top: Shown is a photo taken of a target after OP 1.2. The
white regions where the tiles have been eroded by the plasma and the darker deposits are
clearly visible. The images have kindly been provided by Dr. Marcin Jakubowski.
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Figure 29: Ray-tracing analysis of radiance for the standard configuration. A significant
amount of radiation from the main strike line is reflected by the vertical target.

Figure 30: Ray-tracing analysis of radiance for the low-iota configuration. No signifi-
cant amount of radiation is reflected onto the targets, only the baffle plates reflect some
radiation.
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Figure 31: Standard configuration discharges #20180920.017 and #20180829.026 over-
laid on top of a map of the connection lengths of the field lines intercepted by the target.
The deposits next to the strike line are at the same positions as in the low iota configura-
tion figs. 26, 32. On the vertical target the reflections are at map x ≈ 25 above the strike
line.
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Figure 32: Low iota discharges #20180829.017 and #20180829.026 overlaid on top of a
map of the connection lengths of the field lines intercepted by the target. See fig. 26 for
more detail. The deposits at map x ≈ 150 and map x ≈ 200 are more pronounced here.
The strike line seems to shift closer to the pumping gap compared to the low density case
fig. 26.
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