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1
Introduction

The world energy demand is a present and future challenge for the human
economy and society. Increasing populations and growing economies, espe-
cially in developing countries[1], increase energy demand. New sources and
technology together with higher fuel prices make obtaining fossil fuels easier.
At the same time, fossil fuel production is also increasing, which decreases
the reserves per production ratio of the main producing countries [1]. Cli-
mate change, caused by fossil fuel emissions, is causing a shift in energy
economy (production, storage, transport, consumption). Faced with the po-
tential consequences of climate change, humanity is searching for strategies
to decrease fossil fuel consumption. One option is to improve current re-
newable technology. Another is to improve energy storage technology. Yet
another option is to decrease overall energy consumption.

However, another option is to develop new, clean methods to produce
thermal and electrical energy. One approach, the focus of this thesis, is
nuclear fusion.

1.1. Nuclear Fusion
Nuclear fusion is the physical process by which energy can be obtained
from changing the nuclei structure. The energy gain can be calculated by
Einstein’s famous equation for the mass-energy equivalence [2]:

𝐸 = 𝛥𝑚 ⋅ 𝑐2 (1.1)
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Chapter 1. Introduction

with E as the released or required energy, 𝛥𝑚 as the mass difference between
the educts (initial atoms) and products (atoms after the reaction) and c as
the vacuum velocity of light.
Nuclear fusion has been a topic of ongoing research for about a century. It
was hypothesized in 1920 as the primary energy source of the sun [3] and
other stars. Two of the appearing reactors in starts are the Proton-Proton
chain reaction or the CNO-Cycle [4].
Different nuclear reactions are foreseen to realize nuclear fusion on earth.
One of them is the deuterium-tritium (D-T) reaction:

2
1𝐷 +3

1 𝑇 →4
2 𝐻𝑒(3.5 𝑀𝑒𝑉 ) +1

0 𝑛(14.1 𝑀𝑒𝑉 ) (1.2)

which produces a neutron, a helium core, and an energy gain of 17.6MeV
as the kinetic energy of the products. A fusion reaction is realized if the two
positive atom nuclei get close enough to each other so that the short-range
strong nuclear force can overcome the Coulomb repulsion. At the same time,
the Coulomb force will push the positive cores away from each other. To
overcome the Coulomb barrier in a collision, high particle velocities, and
therefore high temperatures, are needed. Fortunately, additional tunneling
of the particles results in fusion of nuclei at a lower temperature than a
simple coulomb assumption predicts.
Nevertheless, temperatures and particle energies in the range of 0.6-15 keV
(7 to 175 million kelvin)[3, 5] are needed in nature (like what occurs in the
sun) or the future fusion reactors for a self-sustaining reaction.
In these high temperatures, the matter is mostly found in the plasma state,
where the main atoms are highly to fully ionized. The conditions of a self-
heated D-T fusion plasma for technical use can be described with the Lawson
criterion[5]. It is a result of the energy balance in a fusion reactor. The sum
of heating power 𝑃heat and fusion power produced by alpha particles 𝑃𝛼
needs to be greater or equal to the power losses by radiation 𝑃rad and heat
and particle transport. The latter can be replaced by the plasma energy 𝑊𝑃
(=3𝑛𝑘B𝑇) and energy confinement time 𝜏E:

𝑃𝛼 + 𝑃heat ≥ 𝑃rad +
3𝑛𝑘B𝑇

𝜏E
(1.3)

In a self burning plasma, the heating power is zero (𝑃heat = 0). This energy
balance can be rewritten in terms of plasma parameters leading to the
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1.2. Magnetic confinement

so-called “triple product” for the T-D fusion:

𝑛𝑇i𝜏E ≥
12𝑘B𝑇i

2

< 𝜎𝑣 > 𝐸𝛼 − 4𝑐1𝑍eff
√

𝑇
≈ 3 ⋅ 1021keV sm−3 (1.4)

with n𝑒 as the electron density, which is double the density of deuterium
or tritium (n𝑇 = n𝐷), the energy confinement time 𝜏E, the ion temper-
ature T𝑖, the energy gain per reaction 𝐸𝛼, the averaged reaction rate
< 𝜎𝑣 >, the Boltzmann constant k𝐵, 𝑍eff as the effective charge of the
plasma particles (impurities and D, T) and the experimental derived con-
stant c1 = 1.59 ⋅ 10−40𝑊𝑚3𝐾−0.5. The triple product depends on temper-
ature on both sides of the equation.A minimum of the triple product value
is reached at temperatures of 14 keV with roughly 3 ⋅ 1021keV sm−3.
There are three different concepts to reach the conditions for fusion and to
confine the fusion plasma:

• gravitational confinement (medium 𝑇i (1 keV to 2 keV), high densities
(1028𝑚−3), long confinement times 𝜏E (years), e.g., stars)

• inertial confinement (high 𝑇i(10 keV), high densities (1032𝑚−3), very
short confinement times 𝜏E (0.1-20 nanoseconds[6, 7]))

• magnetic confinement (high 𝑇i(10 keV to 15 keV ), low densities (1020𝑚−3),
medium confinement times 𝜏E (0.1-5 seconds ([8], 5 s has been calcu-
lated for HELIAS-5B[9] based on the international stellarator scaling
2004 (ISS04))))

The first one, the gravitational confinement, is primarily found in stars and
is not suitable for technical fusion on earth. The other two are in the focus
of current research. This work will concentrate on results from magnetically
confined plasmas in tokamak and stellarator machines.

1.2. Magnetic confinement
In the magnetic confinement concepts, magnetic fields are used to confine
the plasma. Electrons and ions, which constitute the plasma, are affected
by magnetic and electrical fields. The force onto the particles is described
by the general Lorentz force[10]:

𝐹�⃗� = 𝑞(�⃗� × �⃗� + ⃗𝐸) (1.5)

3



Chapter 1. Introduction

where q is the charge of the particle, ⃗𝑣 the velocity of the particle, �⃗� the
magnetic field, and ⃗𝐸 the electrical field. A moving charged particle in a
magnetic field performs a circular motion perpendicular to the field direction
with a guiding center motion along the magnetic field. One option is a so-
called magnetic bottle or magnetic mirror machines to confine the plasma.
These concepts have the disadvantages of open ends, which lead to loss
cones due to the particle velocity distribution in the plasma [10].

One further step to improve the confinement was to create closed fields
with coils in a circular arrangement. In these toroidal configurations, the
end losses are compensated, but other losses due to drifts are present. These
drifts can be generally described by the following equation:

⃗𝑣𝐷 =
⃗𝐹𝑥 × �⃗�

𝑞 ⋅ 𝐵2 (1.6)

with ⃗𝐹𝑥 as the acting force on the particle. The resulting drifts which appear
in a toroidal magnetic field are:

1. curvature drift, created by the centrifugal force on the particles, which
moves on curved field lines. The force is given by ⃗𝐹𝑥 = ⃗𝐹𝐶 =

𝑚𝑣∥ ⃗𝑅𝐶

𝑅2
𝐶

2. 𝐸 × 𝐵 drift, created by an electric field in the plasma (e.g., generated
by charge separation), with ⃗𝐹𝑥 = ⃗𝐹𝐸 = 𝑞 ⃗𝐸

3. gradient B drift (∇ B), created by magnetic field gradient between
inboard and outboard side, with ⃗𝐹𝑥 = 𝐹∇𝐵 = −𝜇∇𝐵 = −𝑚𝑣2

⟂

2𝐵
∇𝐵

4. gravitational drift, created by the gravitational force, with ⃗𝐹𝑥 = ⃗𝐹𝐺 =
𝑚 ⋅ 𝑔

with m the particle mass, 𝑣⟂, and 𝑣∥ are the particle velocities perpendicular
and parallel to the magnetic field, ⃗𝑅𝐶 the radial vector of the circular
movement of the guiding center in the toroidal direction. All these drifts
will lead to a loss of the particles in a toroidal magnetic field. These losses
can be minimized and partly compensated by twisting the magnetic field
lines. This twist can be done by adding a poloidal component to the toroidal
component of the magnetic field.

4



1.2. Magnetic confinement

In the resulting field, the particles are following the magnetic field lines.
They perform a poloidal movement during a toroidal movement (see green
lines in Figure 1.1 and yellow lines in Figure 1.2). In this way, the particles,
which drift outwards, move back to the inboard side and are still confined.
As far as they are not intersected by any borders or material, these field
lines are lying on (closed) magnetic flux surfaces.
The twist of the magnetic field is described by the rotational transform 𝜄:

𝜄 = 2𝜋
𝑑𝜃
𝑑𝜙

(1.7)

where 𝜃 is the poloidal magnetic flux and 𝜙 the toroidal magnetic flux. It
varies over the minor radius of the toroidal field. In fusion research, the
inverse of the rotational transform, called safety factor q, is also used to
describe the twist of the magnetic field. There are different concepts and
machine designs to create a twisted magnetic field for the confinement of the
plasma. The two mainly investigated concepts are tokamaks and stellarators.

1.2.1. Stellarator
The stellarator (stella = star, stellarator = star machine) concept uses
only magnetic coils to create the confining twisted magnetic field. In early
research, planar toroidal coils in a circular arrangement (see Figure 1.1)
have been used to create the toroidal magnetic field. Two additional helical
coils (see windings with the blue arrows in Figure 1.1) were placed at the
vacuum/plasma vessel to generate the poloidal component. The resulting
magnetic field depends on the directions of the currents (see red and blue
arrows in Figure 1.1) flowing in the coils. The plasma cross-section has a
shape of an ellipse. This magnetic flux surface shape of an ellipse is rotating
in poloidal direction over the machine’s toroidal circumference.
Nowadays, stellarators use a more advanced topology of magnetic fields to
compensate for the shortcomings of simple stellarators. More computational
power and a better understanding of the physics of magnetically confined
plasma lead to the optimized or advanced modular stellarators [11, 12].
Advanced modular stellarators are using specially formed coils (non-planar
coils) to create the twisted magnetic field. These coils are deformed in such
a way to produce the toroidal and poloidal component at the same time
(see W7-X in Chapter B.2). The change to non-planar coils increases the
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Chapter 1. Introduction

Figure 1.1.: Sketch of a classical stellarator. The toroidal coils (round
copper-colored coils) and there current direction (red arrows) and the
helical windings (copper-colored helical coil arrangements) with there
current direction (blue arrows) creating the magnetic cage. Green lines
indicate the magnetic field lines from the magnetic field, which confines
the plasma (purple). The green arrows are showing the field direction,
which is a result of the current directions. Source: Christian Brandt, IPP
2011

parameter space of tuning and optimizing the confining magnetic field [12,
13]. Examples of advanced stellarators are Helically Symmetric eXperi-
ment(HSX), Wendelstein 7-AS, andWendelstein 7-X. A stellarator is capable
of running continuously since the confining magnetic field is produced only
by magnetic coils, which is beneficial for a power plant.

Wendelstein 7-X

Wendelstein 7-X (W7-X) is one of the largest superconducting stellarators
worldwide. It is an optimized stellarator with a five-fold symmetry and based
on the Helical-axis advanced stellarator (HELIAS)[9] concept. The concept
uses modular coils, and it is optimized to have a low shift of the plasma with
increasing plasma pressure (Shafranov-Shift), reduced neoclassical transport,
low self-evolving plasma current (bootstrap current) and for W7-X also
optimized for better drift orbits to reduce the losses of trapped particles.
For the heat and particle exhaust, Wendelstein 7-X uses magnetic islands

6



1.2. Magnetic confinement

at the edge. In the case of the standard magnetic field configuration, these
islands are located at the edge at a magnetic flux surface with a rotational
transform of 1 (𝜄 = 1, standard configuration). The machine is structured
into five similar modules, following the five-fold symmetry. Each of these
modules is sub-structured into half-modules, which are mirror-symmetric
towards each other. The geometry of the plasma vessel of each half-module
is following the structure of the magnetic cage. Therefore, its cross-section
is morphing from a triangular shape into a bean shape and back (see Figure
B.3). W7-X has an averaged major radius of 5.5m, and an averaged minor
radius of 0.53m. The plasma vessel has a surface of roughly 200m2 and
a plasma volume of roughly 30m3. The plasma exhaust in Wendelstein
7-X was designed to be guided by large magnetic islands towards island
divertors. One island divertor is shown in Figure B.1 ((a) as gray surfaces
and (b) detailed view). W7-X is planned to be equipped with ten high
heat flux (HHF) water-cooled carbon fiber enhanced carbon (CFC) island
divertors [14], which can sustain a heat flux of 10MWm−2 steady-state [15]
(more details in B.1).

1.2.2. Tokamak

The other well-established concept for magnetically confining a high-temperature
plasma is a tokamak (full “toroidal’naya kamera v magnitnykh katushkakh”
= toroidal chamber in magnetic coils) concept. As the original Russian name
implies, it uses planar coils around a toroidal chamber (toroidal coils), as
shown in Figure 1.2 as well as poloidal coils. These toroidal coils create
the toroidal magnetic field. The poloidal component 𝐵𝑝 is created by a
plasma current induced by a central solenoid. Additional outer poloidal field
coils are used to control the vertical position of the plasma. Tokamaks, are
axis-symmetric, which allows very often to simplify plasma models.

The disadvantage of the current drive, required to create the confining
magnetic field, are MHD instabilities, e.g., disruptions[16] and pulsed oper-
ation of the experiment. The latter poses difficulties when running it as a
power plant.

7



Chapter 1. Introduction

Figure 1.2.: Sketch of a tokamak. In the center is the solenoid, which induces
a current(red) into the plasma. The planar toroidal coils surround the
vacuum vessel poloidally and create the toroidal magnetic field (green
arrows). The resulting twisted magnetic field is shown in yellow and the
plasma in purple. Source: Christian Brandt, IPP 2011

1.3. Scrape-off layer and heat exhaust
The plasma in a magnetic fusion device can be separated into two regions:
the core and the edge. While the fusion reactions and the energy production
are concentrated in the core region where the density and temperatures
are high, the edge region is used for the heat and particle exhaust. The
region in the plasma edge with open field lines is called the scrape-off layer
(SOL). Open field lines, and therefore the SOL region, are generated either
by protruding objects which intersect flux surfaces in the edge region or
by the magnetic structure itself. In fusion devices, these open field lines
often end on specially designed targets, which can withstand the high loads
from the arriving plasma. These targets are, therefore, called plasma-facing
components (PFCs).
The SOL is typically a very thin layer, whose main purpose is to dissipate
and to distribute the heat and particles coming from the core onto the PFCs
without overloading them (see Figure 1.3). Particle and heat transport along
the magnetic field and perpendicular to the field are defining the size of
this layer (see Section 1.3.1). For a power plant and bigger machine like
the International Thermonuclear Experimental Reactor (ITER) [17], the

8



1.3. Scrape-off layer and heat exhaust

amounts of energy entering the SOL will be on the order of several hundreds
of megawatts. These high amounts of energies have to be transported in the
SOL towards the targets within the limits of the targets (see Section 1.3.3).
At the same time, the maximum steady-state loads of modern targets range
from 5-20𝑀𝑊/𝑚2 [15, 18]).

Therefore, it is essential to spread out the heat or to reduce the amount
of power streaming towards the target. Three different main topics can be
addressed to solve this challenge:

• Transport: understanding the perpendicular cross-field transport to
increase the spread of the heat towards the target, studies of SOL
width

• Geometry: changing magnetic field structure and target geometry
to enhance the spreading of heat over larger areas

• Dissipation: increase radiation in the SOL to dissipate more of the
energy by injecting impurities (seeding) and operating at higher dens-
ities near the target

1.3.1. Heat transport in SOL
There are two processes causing heat transport in the SOL: convection and
conduction. For convenience, it can be separated into a parallel component
along the magnetic field and a component perpendicular to the magnetic
field. The competition between parallel and perpendicular transport defines
power fall-off length 𝜆q and can be used as the SOL width 𝜆SOL (see Figure
1.3). Particles in the SOL move typically with the sound speed 𝑐s[19]:

𝑐s = √𝑘B(𝑇e + 𝑇i)
𝑚𝑖

(1.8)

, where kBis the Boltzmann-constant, 𝑚𝑖 the ion mass, 𝑇e the electron and
𝑇i the ion temperature. This gives a typical dwell time 𝜏SOL of the particles
on a field line with the connection length 𝐿c in the order of[19]:

𝜏SOL ≈
𝐿c

𝑐s
(1.9)

9



Chapter 1. Introduction

While moving along a field line, particles also perform a perpendicular
motion, which defines the SOL-width 𝜆SOL[19]:

𝜆SOL ≈ 𝑣⟂𝜏SOL (1.10)

with 𝑣⟂ the velocities of the particles across the SOL. Assuming diffusive
transport across the magnetic field lines, one can relate the perpendicular
velocity 𝑣⟂ to the diffusion coefficient and SOL width:

𝑣⟂ ≈
𝐷⟂

𝜆SOL
(1.11)

where 𝐷⟂ is the cross-field diffusion coefficient. This gives the following
expression for the SOL-width[19]:

𝜆SOL = √𝐷⟂
𝐿c

𝑐s
(1.12)

This diffusion can be either described by classical transport (collisions and
Bohm diffusion[19]) or neoclassical transport (classical transport/diffusion
with additional geometry effects) or turbulent and anomalous transport. The
SOL is characterized by heat transport, temperature, and plasma density
distribution and the SOL width 𝜆SOL is equal the radial density fall-off
length. All three parameters, heat flux, temperature, and density, exhibit an
exponential fall-off from the last closed flux surface (LCFS) radially outwards
in most experiments. Therefore the radial dependence of the plasma density
is often assumed to be exponential:

𝑛(𝑟) = 𝑛(𝑎) exp
−(𝑟 − 𝑎)

𝜆n
(1.13)

where a is the radius of the LCFS, r the radial position, and 𝜆n the radial
fall-off length for the density. Similar relation can be formulated for the
electron temperature decay in the SOL:

𝑇e(𝑟) = 𝑇e(𝑎) exp
−(𝑟 − 𝑎)

𝜆T
(1.14)

where 𝜆T is the electron temperature e-folding length related to 𝜆n, thermal
diffusivity 𝜒⟂ via the relation:

𝜆T ∝ 𝑇e
−5/4(𝑛𝑒𝜒⟂)(1/2) (1.15)

10



1.3. Scrape-off layer and heat exhaust

Depending on the model, all three radial fall-off lengths can be related to
each other in the following form [19]:

1
𝜆q

= 𝑐𝑛
1
𝜆n

+ 𝑐𝑇
1

𝜆T
(1.16)

𝑐𝑇 and 𝑐𝑛 are factors and change depending on the model. For no or very
small parallel temperature gradient in [19], 𝑐𝑛=1 and 𝑐𝑇=3/2 are used to
describe the behavior. In contrast, 𝑐𝑇=7/2 with 𝑐𝑛=0 is used in the case of
significant parallel temperature gradients along the field lines. Depending on
the SOL parameters, geometry, and target structure (see Section 1.3.2,1.3.2),
the heat transport will be either conductive, convective, or both. The parallel
and perpendicular component of the conductive heat flux in is given by [19]:

𝑞𝑐𝑜𝑛𝑑∥ = −𝜅0𝑇5/2 𝑑𝑇
𝑑𝑠∥

(1.17)

𝑞𝑐𝑜𝑛𝑑⟂ = −𝑛𝜒⟂
𝑑
𝑑𝑟

𝑘B𝑇 = −𝑛𝜒⟂
𝑘B𝑇
𝜆T

(1.18)

with 𝜅0 as the heat conduction coefficient and s the way along the magnetic
field line. The parallel component of the convective heat transport depends
on the particle flux and therefore given by:

𝑞𝑐𝑜𝑛𝑣∥ = (5𝑘B𝑇 + 1/2𝑚𝑖�⃗�2
∥)𝛤∥ = (5𝑘B𝑇 + 1/2𝑚𝑖�⃗�2

∥)𝑛�⃗�∥ (1.19)

while the perpendicular component depends on the radial density depend-
ency:

𝑞𝑐𝑜𝑛𝑣⟂ = −
5
2

𝑘B𝑇𝐷⟂
𝑑𝑛
𝑑𝑟

= −
5
2

𝐷⟂
𝑛𝑘B𝑇

𝜆n
(1.20)

with 𝑚𝑖 as the ion mass and the particle flux 𝛤∥ = 𝑛�⃗�∥. The formulas show
that the conductive heat transport requires a high-temperature gradient
and, therefore, a high upstream temperature and a low target temperature.
These conditions are present in a high recycling regime, where neutral cloud
(high density) and low temperatures are present in the divertor region. On
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Chapter 1. Introduction

Figure 1.3.: Simplified sketch of the interaction of the main plasma with a
target. The plasma core is heated up by external heating (𝑃𝑖𝑛𝑝𝑢𝑡) and in
a reactor also fusion processes. Heat (𝑃𝑜𝑢𝑡) and particles are leaving the
plasma core over the last closed flux surface by perpendicular transport,
which defines the SOL width 𝜆. The heat is distributed in the SOL by
fast parallel transport 𝑞∥ and comparable small perpendicular transport
𝑞⟂ towards the target. On the target, the heat is spread out over the
incidence angle of the magnetic field 𝛼𝐵, which reduces the power density
on the target 𝑞𝑑𝑒𝑝𝑜.

the other hand, convective transport is independent of the temperature
gradient and only needs a high temperature in the SOL. Which case is
present in the machine depends on the conditions in the plasma, and the
geometry of the exhaust concept. For short connection length in the SOL,
like in limiter configurations, the temperature gradient cannot build up to
significant values due to the short ways and traveling time in the SOL.

1.3.2. Main PFC in fusion devices
Limiter

The transport processes in the SOL will guide the particles and heat to the
outer wall, which therefore needs to sustain excessive heat loads. There are
several design options for the PFC material and geometry, which will affect
the performance and characteristics of the SOL.
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1.3. Scrape-off layer and heat exhaust

A very common approach to realize the plasma-wall interaction (PWI) is
the limiter concept. As the name implies, a limiter should limit the plasma
in size. During the plasma start-up, the plasma will expand until it reaches
a limiting object. Without a special component, the plasma expands to the
positions where the magnetic flux surfaces are touching the vessel wall. The
simple solution is to install a target or plates, which intersects the closed
magnetic surfaces and stop the plasma flow on the field lines before they
can reach the vessel wall. If installed directly on the wall, the thickness of
the limiter will define the plasma and available SOL size. It can, therefore,
reduce the wall loads by intersecting the parallel and perpendicular flows.
A limiter can either be placed in toroidal direction (toroidal limiter), in
poloidal direction (poloidal limiter), on the inboard or outboard side. It
can be a closed structure (e.g., toroidally closing) or discrete units (several
limiters). The discrete poloidal limiter is the most common limiter concept,
used in nearly all tokamaks for the plasma start-up. Figure 1.4a illustrates
the idea of a discrete poloidal limiter. In the center is the core plasma (red
area), which is limited in volume by the limiter. The limiter intersects the
magnetic flux surfaces (shown in black) and creates the LCFS (red). Since it
also acts as a heat sink, the heat flux (red arrows) will be directed towards
the limiter after leaving the core plasma.
The disadvantage of this concept is the distance of the limiter surface to
the core plasma. As a result, the heat and particles have a short traveling
path and time towards the target after leaving the central plasma. In this
way, the spread of the heat by perpendicular transport is limited and results
in high loads. Due to the high loads and particle fluxes, the limiter gets
sputtered. It releases neutrals from the surface, which can enter the core
plasma directly. These impurities will radiate energy and can lower the core
temperature and therefore be a problem for the fusion reaction.

Divertor

An alternative concept for the heat exhaust is to divert the heat and particles
flux to target plates, which are located away from the central plasma. Thus
such a concept was named divertor. Such a concept uses an additional
magnetic field to modify the existing magnetic equilibrium. The outer closed
magnetic surface is changed into a separatrix with an X-point, and magnetic
field lines from the X-point can be directed towards targets.

13
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(a) Polodial limiter and pro-
tection for the first wall

(b) Polodial divertor

(c) Island divertor

Figure 1.4.: Common design concepts for the PFC. (a) Poloidal limiter:
located on the wall on the inboard or outboard side and defines the plasma
size and the LCFS (red flux surface). Short traveling ways and time are
typical for this concept. Additionally, neutrals can easily penetrate the
plasma core. (b) Poloidal divertor: an additional magnetic field redirects
the plasma flow towards targets away from the plasma core. (c) Island
divertor with n=8 magnetic island structure. Resonances in the magnetic
field form islands which are intersected by divertor plates.
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1.3. Scrape-off layer and heat exhaust

Depending on the location, the toroidal or poloidal magnetic field can be
diverted towards the new plates. Most common are coils in the lower or
upper region of the vessel, which divert the poloidal field, resulting in a
poloidal divertor. Figure 1.4b illustrates the poloidal divertor concept for
a lower configuration, also called lower single null. This concept can also
be extended to divertors at an upper and lower position with two X-points,
so-called double null configurations.
The drawback of this concept is the extra space for the additional field
structure, which reduces the available space for the central plasma, and
thus the plasma volume for the fusion reaction. On the other hand, this
extra distance is beneficial for this exhaust concept due to the larger distance
towards the main plasma. Neutrals, created at the targets, need to cover
a long distance to the core plasma and are more likely to be ionized and
trapped in the plasma edge. These conditions keep the central plasma much
cleaner from impurities and neutrals. Another benefit is higher neutral
pressure in the divertor regime compared to the central plasma, which can
be used for a better exhaust of particles with pumps.

The concept was tested successfully at the axialsymmetrisches Divertor-
Experiment (ASDEX), with success since it allows the operation in a high
confinement regime[20].

Island divertor

As stellarators do not use plasma current to build-up the magnetic equi-
librium field, they need to rely on different concepts. An island divertor
uses magnetic perturbation of the main field to create so-called magnetic
islands. These magnetic islands appear on flux surfaces resonant to the per-
turbations, which can be either applied externally by special coils (resonant
magnetic perturbations(RMP)) or can originate from intrinsic properties
of the main coils. Latter are also called “natural islands” and appear in a
stellarator. Each magnetic island or island chain has a toroidal mode num-
ber (n) and a poloidal mode number (m). They are centered and resonate
at flux surfaces where the rotational transform 𝜄 is equal to the ratio of
the island mode numbers (𝜄 = 𝑛/𝑚). A radial field perturbation b𝑚𝑛 can
tear the nested flux surface with the rational number apart, by separating
a field-line from the surface [21], which forms islands. The size or width of
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the created islands scales in the following way[22]:

𝑟𝑖 ∝ √𝑅𝑏𝑚𝑛/𝑚𝜄′ (1.21)

with r𝑖 begin the radius of the island, R the major radius of the machine,
m the poloidal number and 𝜄′ = 𝑑𝜄

𝑑𝑟
the shear of the magnetic field (ra-

dial change of the rotational transform). Topologically magnetic islands are
formed at the so-called elliptical and hyperbolic fixed points, which lead
to the formation of stable O-points and unstable X-points. The magnetic
islands are separated from the rest of the magnetic flux surfaces by a sep-
aratrix.
By designing a magnetic field structure with low shear and a resonant sur-
face at the plasma boundary, large magnetic islands are created, which
can be used for the plasma exhaust. In the island divertor (ID) concept,
magnetic islands are intersected by the divertor plates. The design of the
divertor depends on the number N and size of the islands, which depends
on the mode number m,n of the field perturbation. Figure 1.4c illustrated
the principle of n=N=8 island divertor, which was used in the stellarator
experiment Wendelstein 7-AS (W7-AS)(AS = advanced stellarator)[23]. A
divertor concept with N=5 islands is used in the stellarator experiment
Wendelstein 7-X (W7-X)[24, 25] (see also Appendix III, B.3). The heat and
particles leaving the plasma core via perpendicular/cross-field transport.
They are guided towards the separatrix and are moving along the magnetic
fields lines towards the divertor targets.

The disadvantages and benefits of the island divertor are similar to the
poloidal divertor concept in tokamaks. One disadvantage is the extra space
of the SOL with magnetic islands in the available plasma vessel volume.
This reduces for a given vessel volume the available plasma core volume.
Another disadvantage is the sensitivity of the island position with respect to
the equilibrium. A change in the iota profile, e.g., caused by an increase of
plasma current, moves the islands and changes the plasma-wall interactions.
This can lead to an overload of different divertor regions and neighboring
components [26, 27]. On the other hand, the magnetic islands can keep the
plasma core clean by blocking impurities (impurity screening or impurity
retention [22, 28–30]) and by helium ash removal[31–33]. An additional
feature of the island divertor concept is the longer traveling path for particles
and heat, which will enter the SOL and need to cross the islands. The path
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length in the island depends on the connection length, which depends on
the local rotational transformation. Inside an island, the total rotational
transform is the combination of the outer rotational transform and the
additional rotational transform of the island:

𝜄 = 𝑚/𝑛 + 𝑟𝑖𝜄′ = 𝑚/𝑛 + 𝜄𝑖 (1.22)

with 𝜄𝑖 as the island internal rotational transform. The connection length
in the island is given in [29] by:

𝐿𝐶 =
2𝜋𝑅
𝑁𝜄𝑖

(1.23)

This additional twist in the island leads to a longer connection length.
The longer connection length increases the traveling path for particles and
heat and changes, therefore the transport in the SOL. This also increases
the particle dwell time and also affects the temperature gradient on the field
line between the target and the upstream position. All these effects change
the heat transport and can, therefore, increase the SOL width. A larger SOL
width enlarges the spread of the heat towards the divertor, which reduces
the load per area.

1.3.3. Heat-flux spreading in the SOL
Which exhaust concept will be used in a future reactor depends on the
machine structure and on its capability to spread out the heat flux onto large
areas to reduce the heat flux density below the critical material limits. For
W7-X, the high heat flux divertor is designed to handle 10MWm−2 (steady-
state)[15]. The spreading depends on the heat transport in the machine
and the geometry of the magnetic field and target. If the critical heat flux
density is exceeded, dissipation methods like impurity seeding (puffing of
gases to increase radiation) are needed for safe operation in future devices.
Taking a look at the upcoming and planned machines as ITER[17], the
Tokamak Demonstration Fusion Power Plant (DEMO)[34–36] and Helical-
axis advanced stellarator reactor with a field period of 5 (HELIAS 5B) [9, 37,
38] reveals the dimension of the heat exhaust challenge. Table 1.1 presents
the main technical and calculated edge parameters for ITER, four different
DEMO concepts (differ in size, aspect ratio, and fusion power) and the
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Table 1.1.: Main parameters of the upcoming machines ITER, DEMO,
and HELIAS 5B. The parameters are the aspect ratio A, the major
radius R, the minor radius a, the fusion power 𝑃fus, the power at the
separatrix 𝑃sep, the external heating power 𝑃aux, the plasma current 𝐼p,
toroidal magnetic field 𝐵T, poloidal magnetic field at separatrix 𝐵polsep

,
the inner and outer divertor radius 𝑅div and the radiated fraction in
the core 𝑓radCore

, in the SOL 𝑓radSOL
and total 𝑓tot. For the spreading,

the parameters are the divertor broadening S, the power fall-off length
𝜆q, the peak heat flux on the divertor 𝑞peak and the wetted area 𝐴w.
For DEMO, four different design options are presented with the first
three as pulsed machines and the last as a steady-state machine. The
middle section shows the designed operation space for ITER, the DEMO
concepts and HELIAS 5B concept, while the lower section shows the
edge parameters for a lower radiated fraction in the SOL. Values marked
with a * are assumptions made by the thesis author.

Machine ITER DEMO HELIAS
Parameter (A=3) (A=4) V1 V2 5B

[34] [34] [35] [35]
R[m] 6.2 9 9 9.1 7.5 22
a[m] 2 3 2.25 2.93 2.88 1.8

𝑃fus[GW] 0.5 1.794 1.807 1.8* 3* 3
𝑃sep[MW] 120 150 151 155 150 150*
𝑃aux[MW] 50 50 50 50 50* (600)

𝐼p[MA] 15 20.3 15.2 20 22 0
𝐵T[T] 5.3 5.24 7.36 5.7 5.6 5.9

𝐵polsep
[T] 1 0.98 1.14 1 1.11 -

𝑅divin
[m] 4.3 6.6 6.8 6.6* 6.6* 22

𝑅divout
[m] 5.5 8.5 8.8 8.5* 8.5* 22

𝑓radCore
[%] 20 63 63 62 77 50

𝑓radSOL
[%] 80 85 87 85 87 80

𝑓tot [%] 84 94 95 94 98 90
S[39][mm] 2.3 2.5 2.4 2.5 2.1 -
𝜆𝑞[40][mm] 0.9 0.9 0.7 0.9 0.9 -
𝜆𝑞[41][mm] 1.1 1.2 0.9 1.2 1.3 -

𝑞peak[MWm−2] 8 5 4.6 5 4.4 5
𝐴𝑤[m2] 1.9 3.1 3.1 3.1 2.9 12

𝑓radCore
[%] 20 63 63 62 77 50

𝑓radSOL
[%] 50 50 50 50 50 50

𝑓tot [%] 60 82 82 81 88 75
S[39][mm] 1.0 1.0 1.0 1.0 0.9 -
𝜆𝑞[40][mm] 0.9 0.9 0.7 0.9 0.9 -
𝜆𝑞[41][mm] 1.1 1.2 0.9 1.2 1.3 -

𝑞peak[MWm−2] 37 31 34 31 39 15
𝐴w[m2] 1.1 1.8 1.7 1.8 1.7 9.5

18



1.3. Scrape-off layer and heat exhaust

HELIAS 5B reactor. The latter is a self-burning stellarator reactor based
on Wendelstein 7-X. The top section shows the relevant data for ITER,
DEMO, and HELIAS 5B to calculate the peak power to the target 𝑞𝑝𝑒𝑎𝑘,
the power fall-off length 𝜆𝑞 and the wetted area 𝐴𝑤. For ITER, the data is
taken from [17, 42, 43], for DEMO, the data is given in [35] and [34] and for
HELIAS 5B the data is given in [9, 37, 38, 44]. The needed triangularity 𝜅 for
the tokamaks is calculated from the cross-sections images of the machines
given in the paper of [42] and [34]. For the DEMO designs in [35], the
same values are assumed as for the DEMO design with the aspect ratio of
3 (A=3). In the case of the last two DEMO designs, the fusion power has
been calculated using the net electrical power of the design and assuming
that 30% of the fusion power can be converted into electrical power. For
HELIAS 5B, the separatrix power is assumed to be equal to the separatrix
power of the burning tokamak DEMO.
Two cases are evaluated for all machines, a high radiation case as designed,
and a case with reduced edge radiation, which can happen if the seeding
does not work as expected. For the evaluation of the flux expansion factor
S in the tokamaks, the scaling law given in [39] is used with an assumed
edge density of 1 × 1019 m−3 and an edge temperature of 40 eV for the high
radiation case and 80 eV for the reduced radiation case. The peak heat flux
for the tokamak is calculated by:

𝑞𝑝𝑒𝑎𝑘 =
𝑃𝑑𝑖𝑣

2𝜋𝜆𝑖𝑛𝑡𝑓𝑥𝑓𝑡𝑜𝑟
(1.24)

with 𝜆𝑖𝑛𝑡 = 𝜆𝑞 +1.64*S and the wetted area in a tokamak is calculated
by [45, 46]

𝐴𝑤 =
𝑃𝑑𝑖𝑣

𝑞𝑚𝑎𝑥
𝑑𝑖𝑣

= 2𝜋𝑅𝑑𝑖𝑣𝑓𝑡𝑜𝑟
∫ 𝑞𝑑𝑖𝑣(𝑟)𝑑𝑟

𝑞𝑚𝑎𝑥
𝑑𝑖𝑣

= 2𝜋𝑅𝑑𝑖𝑣𝑓𝑡𝑜𝑟𝜆𝑖𝑛𝑡𝑓𝑥 (1.25)

The values for 𝜆𝑞 are calculated ones with the Eich-Scaling [40] and with
the Heuristic Drift (HD) Model from Goldston [41]. For the calculations, a
toroidal coverage of 𝑓𝑡𝑜𝑟 = 0.8 and a flux expansion factor of 𝑓𝑥 = 10 are
used.
The formulas above are based on the tokamak geometry and can not be used
to calculate the values for a stellarator. In the case of HELIAS 5B, a heuristic
model [47–49] is used to calculate the peak heat flux and wetted area. Both
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values are calculated with the following formula (adapted from [47]):

𝑞𝑝𝑒𝑎𝑘 =
𝑃𝑑𝑖𝑣

𝐴𝑤
=

𝑃𝑆𝑂𝐿(1 − 𝑓𝑟𝑎𝑑𝑆𝑂𝐿
)

𝐿𝑇𝜆𝑖𝑛𝑡
=

𝑛𝑃𝑆𝑂𝐿(1 − 𝑓𝑟𝑎𝑑𝑆𝑂𝐿
)√𝑐𝑠𝛼𝑙𝑖𝑚

𝐹𝑋4𝜋𝑅𝑚𝑛𝜃√𝜒⟂𝐿𝐶
(1.26)

where m=5, n=5 are the poloidal and toroidal mode number, 𝐿𝑇 the total
length length of the divertors, 𝐹𝑋 the channel broadening, 𝑐𝑠 the ion sound
speed, 𝛼𝑙𝑖𝑚 = 2∘ the incidence angle of the field onto the divertor target[44],
𝜒⟂ = 3 𝑚2/𝑠 the heat diffusion coefficient, 𝜃=0.001 the field pitch[48], and
𝐿𝐶=1200m the connection length [50].
In the presented first case, a total radiation fraction 𝑓𝑡𝑜𝑡 of 84% (ITER) to
97% (DEMO) is assumed to bring the peak loads on the divertor down to
an acceptable level of below 5MWm−2(DEMO[51] and HELIAS 5B[38]) or
10MWm−2 (ITER[18]). The reachable wetted areas for this case are 1.9m2

for ITER, about 3m2 for DEMO, and about 12m2 for HELIAS 5B. In the
second case, a reduction of the edge radiation from the estimated high edge
radiation (80-90%) to 50% is assumed. Here the total radiated power frac-
tion drops to 60% for ITER, below 90% for DEMO, and to 75% for HELIAS
5B. As a result, the edge temperature would increase, which reduced the
divertor broadening S, increases the ion sound speed 𝑐𝑠 and the profile width
𝜆𝑖𝑛𝑡 on the target. This effect reduces the wetted area to about 1m2 for
ITER, about 1.8m2 for DEMO, and about 9.5m2 for HELIAS 5B. The peak
heat flux is increased to values between 15MWm−2 and 40MWm−2, which
is a factor 3 to 8 above the design limit of the divertor. Another reduction
of the radiated fraction in the core would further increase the energy in the
SOL and, therefore, the peak loads even further.

This rough estimation shows how important the handling of exhaust power
is for future machines. A loss of the edge radiation control for the designed
machines will lead to a divertor overload. The heat transport and geometry
designs in tokamaks are insufficient to handle this high amount of energies
without puffing a high amount of impurities to increase the radiated fraction
in core and edge. Especially the tokamak DEMO concepts need a high radi-
ation fraction of more than 2/3 in the core and over 85% SOL to run safely.
But as discusses earlier, these impurities can cause core temperature losses,
which are not desirable. The HELIAS 5B concept has a similar risk, but the
effect is less pronounced due to much larger spreading onto a larger wetted
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area. It can operate at a lower total radiation fraction than the tokamak
DEMO concepts.

1.4. Thermography

1.4.1. Introduction
Heat transport can appear in three different forms: heat conduction, heat
convection, and radiation. The first two are linked to a medium while the
latter can also be transported in a vacuum. Heat conduction depends on
a temperature gradient in a material, and heat convection depends on a
material or particle transport. Thermal radiation, on the other hand, de-
pends only on the temperature of the radiating object. Only electromagnetic
photons are emitted as the carrier for the energy. The transport of heat is not
coupled to a material or a flow of mass particles. As the radiation emitted
by a surface is a function of object temperature, it can be used to measure
the temperatures of objects inside a fusion experiment in a non-perturbing,
contact-free way.

1.4.2. Plancks radiation
The thermal radiation emitted by a hot object has a broad spectrum with
the maximum intensity in the infrared spectrum of 750 nm(end of visible
light, for very high object temperatures) to 1mm(start of microwaves, only
for very low object temperatures). For typical solid object temperatures, the
intensity maximum is located in the region of 0.75 µm to 15 µm.

The intensity and the wavelength of the maximum emission changes with
the surface temperature of the emitting object and are described by Planck’s
law[52]. In the form of the spectral radiance gives:

𝑀0
𝜆(𝜆, 𝑇 )𝑑𝐴 𝑑𝜆 =

2𝜋ℎ𝑐2

𝜆5
1

exp ℎ𝑐
𝜆𝑘B𝑇

− 1
𝑑𝐴 𝑑𝜆 (1.27)

𝑀0
𝜆 is the specific spectral radiance in Wm−2 m−1, 𝜆 the wavelength of

the emitted photons, c the speed of light, h the Planck constant, 𝑘B the
Boltzmann constant, A the surface area and T the surface temperature of the
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Figure 1.5.: Spectral radiance of ideal black body for different temperatures
in the wavelength range from 0µm to 14 µm. The gray areas indicating
the typical spectral range of two different infrared camera types for the
mid-wavelength Infra-Red (MWIR) and LWIR range, used for this work
(see Chapter C.1.1, C.1.2, C.2.1, and C.2.2).

emitting object. Figure 1.5 shows the change of the spectral radiance over the
wavelength of the infrared emission for different temperatures. An increasing
surface temperature shifts the intensity maximum to shorter wavelengths
and higher fluxes. The strong increase of the intensity maximum with higher
temperatures can be used to measure the temperature of an object with a
wavelength sensitive sensor. The infrared spectrum is further structured into
the Near Infra-Red (NIR)(0.75 µm to 1.4 µm), short-wavelength Infra-Red
(SWIR)(1.4 µm to 3 µm), MWIR(3 µm to 8 µm), long-wavelength Infra-Red
(LWIR)(8 µm to 15 µm) and far Infra-Red (FIR)(15 µm to 1000 µm) region.
These sub-ranges are also used to describe the sensitivity range of infrared
cameras.
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1.4.3. Infrared thermography
The characteristic emission of a warm body in the IR spectrum can be used
to measure its temperature in a contact-free way by using a sensitive diode or
an infra-red sensitive camera. This so-called pyrometer uses an infrared diode
to measure the temperature of a point. By using a camera that is sensitive
to IR radiation, a temperature distribution of an object or several objects
can be measured simultaneously. The technique of creating a temperature
image of one or several objects with cameras is called thermography. There
are different types of sensors for an IR camera:

1. IR photosensitive semi-conductor arrays: similar to normal electronic
cameras but with different materials for the sensor (see, for example,
Chapter C.1.2). An arriving photon can interact with the sensor and
create a free electron which can be measured (photo-effect). The meas-
ured signal on a pixel depends on the number of arriving photons and,
therefore, on the temperature of the emitting object.

2. Microbolometer arrays: contain an IR-absorbing foil or small material
plate and a small circuit to measure the foil’s/plate resistance in
each pixel (see, for example, Chapter C.1.1 and C.2.1). The foil gets
heated up by absorbed photons and changes the resistance, which
is then measured by the electrical circuit. At the same time, the
foil is cooling down by radiating photons and by heat conduction
to the holding structure. In this way, the resistance is connected to
the temperature of the observed object. How fast a sensor can be
used dependence on the reading electronic, the incoming photon flux,
and the thermal response time of the sensor. Latter depends on the
conductivity G of the sensor and the thermal capacity C of the sensor
(t=C/G)[53]. The conductivity of the sensor is given by the sensor
material, and the capacity is given by the material and the size of
the sensor. Typical thermal response times for such sensors are in the
range of milliseconds[53].

3. Pyroelectric sensors: based on the piezoelectric effect and creates an
electrical signal if a temperature difference appears. The used pyro-
electrical crystals in the sensors have a permanent electrical dipole.
With the temperature change on one side, the distance in the crystal
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structure changes, which creates a charge difference between the two
opposite sides. This charge difference can be measured. The charge
separation will be compensated by free electrons from the surrounding
material. As a result, only temperature changes can be detected.

The first two types are active cameras and can be used in a fusion experiment
for observing the first wall and the divertor region. Depending on the sensor
material (see photo-effect) of the first type, the camera is sensitive in the
NIR, SWIR, MWIR, or LWIR., while the micro-bolometer cameras used in
this thesis are mainly operational in the LWIR range. In plasma experiments,
NIR, MWIR, and LWIR cameras are used. The latter two regions are shown
in Figure 1.5 as gray shaded areas. They can be used in the complete range of
room temperature up to the operational limit temperatures of the most PFC
components. The NIR cameras are mostly used to measure temperatures
above a certain temperature (several 100 °C), due to the low IR emission in
this wavelength region. Proper thermal calibration is necessary to use IR
cameras to measure the effects of the plasma and heat sources (e.g., lasers
in a laser flash analysis). In the case of heat flux analysis or other thermal
analysis (calorimetry, heat conduction measurements), a spatial calibration
is necessary since it is essential to correctly identify the thermal properties
and distances of the various observed heated areas.

1.4.4. Thermal calibration
Each IR camera system requires a calibration to relate the measured signal
intensity 𝐼𝑆 on the sensor to the number of arriving photons 𝑁𝐼𝑅 per
second (photon flux) from the observed object. It depends further on the
integration time of the signal, also called exposure time of the sensor. The
photon flux is directly related to the surface temperature T of the measured
object. It can be calculated from the spectral radiance (Equation 1.27) by
dividing it by the photon energy (𝐸𝑝ℎ = ℎ 𝑓 = ℎ𝑐/𝜆) and integrating it
over the detected wavelength interval and the area of the absorbing pixel.
This thermal calibration takes into account the sensor response and type
of sensor, the transmission 𝜏 characteristics of the optical path including
lenses, windows, and medium between target and camera and the time the
sensor is exposed to the photons 𝑡𝑒𝑥𝑝(exposure time).

Another effect, which needs to be included is the emission characteristic
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of an object, which depends on the material and the surface properties (e.g.,
roughness). This emissivity 𝜖 of a material is represented as a value relative
to the black body emission. For the black body source, the emissivity is one
(𝜖=1). For graphite, it depends on the grain size, composite, and surface
roughness and varies between 0.6 and 1[54, 55]. In the case of the fine-grain
graphite, used in W7-X, values from 0.82 (initial emissivity) to 1 have been
measured after exposed to hydrogen and helium plasmas [55]. Figure 1.6
shows the thermal calibration curves of two different cameras, for different
exposure times and emissivities.

The relation between intensity on the sensor and photon flux 𝛷 of a hot
body can be written as:

𝐼𝑆(𝑇 ) ∝ 𝜏window 𝑡exp 𝜖 𝛷IR(𝑇 ) (1.28)

with 𝛷𝐼𝑅(𝑇 ) as the observed photon flux by the sensor. For the calibration,
a black body source is used, which uses a heated cavity to create IR emission
with an emissivity value of 1. The optical systems are calibrated by placing
the camera with all optics in the observing distance (if known) to the black
body and measured the signal with the camera for different settings (expos-
ure time, filters, black body temperature, sensor temperature) to relate the
known temperature to the sensor response of the camera with the losses
of the optical components. During the calibration, it has to be taken into
account that the camera measures not only the photons of the black body
but also the photons from the surrounding, from the camera housing and
the sensor noise (e.g., dark currents). The latter effect is stronger in cameras
with uncooled sensors, which results in a pixel-dependent drift of the signal
with changing sensor temperature, especially in micro-bolometer cameras,
as used in W7-X.

Each pixel of the camera has furthermore a slightly different response
(gain) to the arriving photons and, therefore, a different sensitivity. This
non-uniformity of the sensor is corrected by a so-called “non-uniformity
correction”(NUC). During the calibration, the camera observes a uniform
temperature object (e.g., a shutter or other object) to measure the individual
response. In a one-point NUC, this measurement is enough to measure the
offset O of each pixel in the measured signal and the relative difference to
each other. Reference pixel(s) is/are used to create a relative gain G and
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(a) Calibration curves, from port
AEF20

(b) Calibration curves, from port
AEF50, Filter 0

Figure 1.6.: Calibration curves for (a) a micro-bolometer camera (IR-
CAM Caleo 768k L) and for (b) a MWIR camera (INFRATEC IMageIR
9312907). The calibrations curves are shown for two different exposure
times for emissivity of one and for an emissivity of 0.8, which is used for
graphite.

the offset for each pixel. In a two-point NUC, the measurement is done
with a cold uniform object (cold image) and with an uniform object with
a higher temperature (hot image). The measured Intensity I by a pixel i of
the camera can be written with the above-given effects in the following way:

𝐼(𝑇 , 𝑖) = 𝑡𝑒𝑥𝑝𝐺(𝑖)(𝜏window 𝜖 𝛷IR(𝑇 )object+𝐼𝑑+𝛷IR(𝑇 )(background, camera, optic))
(1.29)

with 𝐼𝑑 as a dark current based signal of the sensor. The latter term is
summarized into an Offset contribution to the signal. The transmission of
the window and the lens is furthermore included into the measure photon
flux 𝛷′

𝐼𝑅(𝑇 )object:

𝐼(𝑇 , 𝑖) = 𝐺(𝑖) 𝜖 𝑡𝑒𝑥𝑝 𝛷′
IR(𝑇 )object + 𝑂(𝑖, 𝑡𝑒𝑥𝑝) (1.30)

In the two points NUC the gain is calculated as a relative gain by:

𝐺(𝑖) =
𝐻(𝑟) − 𝐶(𝑟)
𝐻(𝑖) − 𝐶(𝑖)

(1.31)
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where H is the hot image and C the cold image and H(r)) the value of the
hot image at a reference pixel/at reference pixels. With the gain image also,
the offset image can be calculated by:

𝑂(𝑖, 𝑡𝑒𝑥𝑝) =
𝐻(𝑟) − 𝐻(𝑖) ⋅ 𝐺(𝑖) + 𝐶(𝑟) − 𝐶(𝑖)

2
(1.32)

With the gain and offset from the hot and cold image, an intensity can be
calculated with is related to the temperature of the observed object. See
also the calibration chapters 2.1.2, 2.1.3, 2.1.4 in the Ph.D. Thesis of A.
Ali[56].

1.4.5. Spatial calibration
Additional spatial calibration is needed for each camera system to relate the
measured temperature to real space coordinates. Both information are used
to measure temperature distribution on a surface of the observed object, e.g.,
divertor in W7-X. Proper spatial calibration is essential to calculate heat flux
from plasma onto PFCs. The images acquired during plasma operation are
projected onto computer-aided design (CAD) models of W7-X. Information
about the lens position in the 3D space, the optical axis of the camera,
the rotation of the camera, and the field of view, given by the camera
lens, are used in the projection process. Additional lens effects can also add
distortions to the image, especially for wide-angle lenses, which were used
for the divertor observation. These distortions are measured and taken into
account by creating a perturbation matrix for the camera and use it to
disturb the CAD-model to bring it into an agreement with the recorded
images [57]. Reference points, e.g., corner points of divertor elements or wall
structures, are identified in the camera image and the CAD-model. They are
used to bring the camera image and distorted CAD-model into an agreement
and to adjust the projection[57].

For visible cameras, the distortions are measured by recording several
images of a black and white checkerboard (a board similar to a chess-board
but with an unequal number of rows and columns). The checkerboard is
placed at different positions in the field of view (FOV) of the camera and
also under different angles. Corner and Crossing points are detected in each
image and are used to calculate the radial distortions in all directions over
the FOV. The same method is also used for infrared cameras with wide-angle
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(a) IR image of first checker-
board

(b) IR image of second checkerboard

Figure 1.7.: Two measurements of the distortions with two different types
of checkerboards. (a) Measurement with the DIAS camera system and
the first type of checkerboard with heated magnets, hold by the author
of this thesis. (b) Measurement with the IRCAM camera system and the
second type of checkerboard with a metal grid on a heated back-plate,
hold by a crane(picture is upside down).

lenses in W7-X. A black and white printed checkerboard is insufficient. The
black and white corners have different emissivity but the same temperature,
resulting in a small difference in the IR image and a bad contrast. For this
thesis, a new IR checkerboard, based on square magnets on a whiteboard
(see Figure 1.7a), was constructed. The magnets were heated up to about
45 °C and placed in a checkerboard grid on the whiteboard to create the
needed images for the calibration during the limiter campaign. Later on,
it was improved to a new, larger, two-layer system, with a black painted
chess-board like metal grid as the first layer and a heated back-layer (see
Figure 1.7b).

1.4.6. THEODOR
The heat flux to the target q [𝑀𝑊/𝑚2] is a very useful quantity to describe
and analysis of power exhaust through the SOL, which can be derived from
the temporal evolution of surface temperature on the PFC. This can be
done by solving the heat diffusion equation for the bulk material of the
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PFC:

𝜌𝑐𝑝
𝜕𝑇
𝜕𝑡

= ∇(𝜅∇𝑇 ) (1.33)

with 𝜌 as the density of the target material, 𝑐𝑝 as the specific heat capacity
of the material, T the temperature, t the time and 𝜅 as the heat conductivity
of the material. To solve this problem, the thermal energy onto divertor
(THEODOR)[58–60] code is used in this work. The code uses the following
substitution:

𝑈(𝑇 ) = ∫
𝑇

0
𝜅(𝑇 ′)𝑑𝑇 ′ (1.34)

with U as the heat potential, which simplifies equation (1.33) to a linear
diffusion equation [60]:

𝜕𝑈
𝜕𝑡

=
𝜅

𝜌𝑐𝑝
𝛥𝑈 = 𝐷𝑞𝛥𝑈 (1.35)

To solve this equation about the heat conductivity 𝜅 and heat diffusivity 𝐷𝑞
are required. Instead of feeding the code with long tables for the thermal
behavior of these quantities, it uses the following analytical function f(T)
to describe the behavior of these two quantities[60]:

𝑓(𝑇 ) = 𝑎 +
𝑏

(1 + 𝑇
𝑇0

)2
(1.36)

with a,b and 𝑇0 as fitting parameters, which are resolved by the input of
𝜅 and 𝐷𝑞 for 0 °C, 500 °C, and 1000 °C. The heat-flux onto the target is
derived by Fourier’s law from the solved heat potential[60]:

𝑞 = −𝜅∇𝑇 = −∇𝑈 (1.37)

The whole calculation of the code is performed on a rectangular grid in two
dimensions. One dimension is the depth of the material, and the second
dimension is a 1D profile along the material surface. Figure 1.8 shows the
grid and the calculated heat potential for the lower vertical divertor target
in module 2 of Wendelstein 7-X for the program 20180911.008. The resulting
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Figure 1.8.: Heat potential calculated by the THEODOR code for the ver-
tical target of the lower divertor in module 2 of W7-X for the experiment
20180911.008. The profile length is given with 361mm and the depth
of the material with 28mm. The calculated heat-flux profile from this
heat potential is shown as a black line at 3s with the peak maximum of
3MWm−2

heat-flux is shown as the black line on the grid for 3 s.

The temperature measurement and, therefore, also the heat-flux calculation
can be influenced by the so-called surface layers. These layers result from
erosion and redeposition of carbon due to contact of PFC with plasma [61].
As the surface layers have poor thermal coupling to the underlying bulk
material, they heat up to much higher temperatures than the unaffected
material surface when exposed to the same heat flux coming from plasma.
Therefore, calculating the heat-flux with the given model for such layers
results in unreasonable high values. In the THEODOR code, these layers
can be taken into account with an additional heat transfer edge condition
at the top defined over a heat transmission coefficient 𝛼𝑡𝑜𝑝

𝑞 = 𝛼𝑡𝑜𝑝𝛥𝑇 = 𝛼𝑡𝑜𝑝(𝑇𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒) (1.38)
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with

𝛼𝑡𝑜𝑝 =
𝜅𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑙𝑎𝑦𝑒𝑟

𝑑𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑙𝑎𝑦𝑒𝑟
(1.39)

with 𝑑𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑙𝑎𝑦𝑒𝑟 as the thickness of the surface layer.

Though the layer thickness is unknown, its limited heat transfer coeffi-
cient 𝛼 can be calculated iteratively, if necessary. This allows to minimize
the impact of the surface layers on the calculation of the incoming heat
flux. The method for the heat transfer coefficient adjustment is described
in Appendix D.1.

31





2
Heat transport studies in W7-X

limiter operation

Wendelstein 7-X started its first operation phase (so-called OP1.1) with a
reduced number of PFCs. Ten divertor units were not yet installed as well
as many of the protective graphite tiles for the in-vessel elements. To allow
safe operation and to protect the uncovered CuCrZr cooling structures of
the heat shield, five uncooled poloidal limiters were installed in the machine.
They served as the main PFC during OP1.1.These limiters were placed
equidistantly (with a toroidal distance of 72 degrees) on the inboard side of
the plasma vessel. Each of the limiters consisted of 9 fine-grain graphite tiles
(thermal properties are presented in Appendix D.2), stacked poloidally, 4.5
tiles above midplane, and 4.5 below (see Figure 2.2a). The position has been
chosen in such a way that each limiter intersected the plasma in the so-called
bean-shaped cross-section (see Figure 1(a) in Paper-I([62],Online-article)).
At this location, the plasma cross-section is up-down symmetric.

The magnetic configuration has been chosen such that no magnetic islands
would exist at the interface with the five limiters. This has resulted in
relatively simple SOL consisting of flux tubes with three different connection
lengths (see Paper-I). Therefore, it was expected that the properties will
be similar to the tokamak limiter plasmas. The properties of the limiter
configuration are discussed in Section B.3.

A local peak heat flux limit of 10MWm−2 for a heating power of 5MW
of ECRH heating has been used to design and properly shape the lim-
iter surface[63]. The measured peak heat fluxes did not exceed this design

33

https://doi.org/10.1088/1741-4326/ab472c
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(a) Connection length as
magnetic footprint on
limiter[62]

(b) Field-lines from different
flux tubes with color-coded
connection length

Figure 2.1.: Pattern and length of the different flux tubes. (a) The distribu-
tion of the connection length from different flux tubes on the limiter. (b)
Color-coded are the three different kinds of flux tubes in poloidal-toroidal
plane representation. The colors refer to the same colors as in figure (a)

limit[64].
One constrain in the initial operational phase was an energy limit for the

plasma pulse. In the beginning, it was 2MJ, which was extended to 4MJ
in the course of the campaign. These allowed to execute plasma pulses with
𝑃ECRH = 4MW with a duration of 1 s or with 𝑃ECRH = 0.6MW with a
duration of 6 s. However, a typical discharge lasted for less than a second.
A typical time trace of the campaign is shown in Figure 2.2b. The start-up
of the plasma is made with electron cyclotron resonance heating (ECRH)
pulse before the ECRH is ramped up to the requested heating power. At the
same time, the plasma increases in size and touches the limiter after roughly
100ms. After the full expansion of the plasma, the current also starts to
ramp up until the plasma is terminated by turning off the heating power.

The limiter campaign, with its relatively simple edge geometry, allowed
to study the heat transport in the limiter SOL and compare it to other
machines. This SOL in OP1.1 consisted of three different flux tubes with
a connection length of 36m, 42m, and 79m (see figures: 2.1a,2.1b 3(a) in
Paper-I, B.5c, and B.5b). Each of the flux tubes should have properties
very similar to those of tokamak poloidal limiters with respect to heat
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and particles streaming towards the limiter surface. In tokamaks limiter
plasmas [65–70] have been studied for many years now. Limiter SOL in a
tokamak has a connection length of a few tenths of meters, but the radial
width (𝜆SOL = 𝜆n) due to a large ratio of 𝑣∥/𝑣⟂ is of the order of 1 cm[19],
resulting in a power fall-off length 𝜆q of few millimeters (Equation 1.16). As
W7-X in OP1.1 would operate with flux tubes of different connection length;
it would be very interesting to measure if the connect length influences the
radial power fall-off length in the SOL.

The transport processes in limiter SOL are typically described by splitting
heat and particle fluxes into parallel and perpendicular components with
𝑞∥, 𝑞⟂ for heat and 𝛤∥, 𝛤⟂ for particle flux (see also Section 1.3.1). Assuming a
simple exponential fall-off in the radial direction with a diffusion coefficient of
𝐷⟂=1m2 s−1, a connection length of 𝐿𝐶=50m and a sound speed 𝑐s of about
5 ⋅ 105ms−1, results in a SOL-width or density fall-off width on the order
of 1 cm(see Equation 1.12). Assuming furthermore, a small temperature
gradient, due to the short paths in a limiter SOL, gives a power fall-off
length on the order of 4mm for a temperature fall-off length 𝜆T similar to
the density fall-off length (see relation 1.16). From Equation 1.12, an increase
in the SOL width, and therefore also of the power fall-off length, with
connection length is expected and has been confirmed at W7-X, as shown in
Paper-I([62], Online-article). However, as also shown in Paper-I([62], Online-
article), the processes covering the heat and particle transport in the SOL are
more complex. At W7-X, we found two different fall-off regimes in the heat
flux distribution on the limiter. The outer region, the far SOL, reveals a fall-
off length in the range of a centimeter. In contrast, the narrow region close to
the LCFS, the near-SOL, show much steeper decay with increasing distance
from separatrix with a fall-off length of millimeters. It shows as expected
from the simple diffusion model dependency on the connection length, but
the experimental results show much weaker dependence as compared to
the simple model. Additionally, we found dependency on the heating power.
For the near-SOL, we found dependency on the electron temperature close
to the LCFS. Interestingly, a similar phenomenon was reported on many
tokamaks for the plasmas limited by an onboard limiter. The scaling of the
SOL width with plasma parameters is different compared with tokamaks,
which suggests that different physics mechanisms dominate.
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(a) Limiter in module 5

(b) overview of experiment 20160224.030

Figure 2.2.: (a) left side of Limiter in Module 5 after the OP1.1 campaign.
Each of the five limiters consists of 9 graphite tiles. Limiter 5 was addi-
tionally equipped with two sets of Langmuir probes embedded in tile 3
and 7 (little holes in the image). The two white stripes running down
the limiter represent half of the total region, where the strike-lines were
located. Image-Source: Christoph Biedermann, 2016 (b) overview for the
experiment 20160224.030, from top to bottom: input power by ECRH,
electron temperature by Thomson scattering (TS), electron density by
TS (central and edge) and single-channel interferometer, plasma current
measured by the diamagnetic loop, the line integrated ion temperature
by X-ray imaging crystal spectroscopy (XICS), heat flux towards limiter
5 measured by IR camera and the limiter load, calculated from the IR
measurements
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3
Heat exhaust during the island

divertor operation in W7-X

W7-X was designed to operate with ten cooled, high heat flux (HHF), steady-
state island divertors. These HHF divertors are made from carbon fibre
reinforced carbon (CFC) and are designed to withstand a steady-state load
of 10MWm−2[15]. Ten uncooled fine grain graphite island divertor (see
III) have been installed for the second and third measurement campaign
to gain experience with the island divertor. Large magnetic islands form
an edge structure with several X-points, opposite to the poloidal divertor
in tokamaks with normally only one X-point. The scrape-off layer with an
island divertor is formed by these islands, which results in slightly more
complex topology and longer connection length (see ChapterB.3).

With the installed divertors, W7-X was capable of showing its flexibility
in terms of choosing a magnetic configuration for a plasma discharge. Several
of the designed nine vacuum magnetic field configurations (see Chapter B.3)
have been investigated during the two divertor campaigns.

The most run time has been spent on the following configurations: stand-
ard configuration (5 magnetic islands, intrinsic magnetic field configuration,
given by the coil geometry), high iota configuration (1 island chain (m=4,
n=5) with four intersections in a poloidal plane, increased rotational trans-
form), low iota configuration (1 island chain (m=6, n=5) with six intersec-
tions in a poloidal plane, decreased rotational transform) and high mirror
configuration (5 magnetic islands, higher mirror ratio). A more detailed
description of these configurations can be found in Chapter B.3.
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Figure 3.1.: Overview of some plasma parameters from the program with
ID 20171109.021. The top row shows the input power (ECRH) in blue and
the radiated power in green. The second row shows the evolution of the
line integrated density, followed by the evolution of the plasma current.
The last three rows are showing results from the infrared observation of
the divertors. Figure from [71]

Such a variation gave the possibility to study the influence of different
island chains on the power exhaust. For example, the connection length of
field lines in the SOL varied strongly between different configurations (see
Chapter B.3). With the protected wall, the larger thermal mass and a rather
robust divertor in the machine allowed longer pulses of several seconds and
higher energies in the machine. Pulses with a total energy of 200MJ and a
duration time of up to 100 s were achieved with moderate divertor loads. A
typical pulse is shown in Figure 3.1.

A detailed study of the divertor performance and behavior in these cam-
paigns has been foreseen to safely operate the upcoming HFF divertor
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without risking an overload and damage of the long pulse system. Therefore
an understanding of the divertor load is necessary.

For the characterization of the load on the divertor, the same tools as in
the limiter campaign are used. An important task of the magnetic islands
is to spread out the heat onto the divertor plates to reduce the maximum
heat flux. How effective this task is done can be characterized by different
quantities: the maximum heat flux, the strike-line width, the wetted area
on the divertor, and the peaking of the heat flux.

The peaking 𝑓𝑝 of the strike-line is defined in the following way:

𝑓𝑝 =
𝑞𝑖𝑚𝑎𝑥

< 𝑞𝑖 >
(3.1)

with i being the index of a line profile in poloidal direction on the diver-
tor, 𝑞𝑚𝑎𝑥 the maximum heat flux and < 𝑞𝑖 > the average flux of the
profile i. Paper-II([24],online-article) summarizes the first results of the
divertor campaign, including the peaking factor for different experiments.
In Paper-III([71],online-article), a definition of the wetted area for a non-
toroidal symmetry is made. Similar to the tokamak definition, the wetted
area is structured into a poloidal component and a toroidal component. The
poloidal component definition is the same in tokamaks and W7-X. It is
defined as the integral of a poloidal heat-flux profile divided by the max-
imum heat-flux (a mean strike-line width). The toroidal component differs
between a tokamak with the full symmetry assumption and W7-X with
discreet divertor units. The spreading of the wetted area is further discussed
with respect to the wetted area and its behavior compared to other ma-
chines. In W7-X, values of up to 1.5m2 are reached, which are similar to
the reached wetted areas of the larger tokamak JET.

The results show that a higher line integrated density reduces the peaking
factor. At the same time, a higher line integrated density does not show
a clear increase in the wetted area. This shows that the maximum heat
flux and the integral of the radial profile are reduced in the same amount
with a higher line-integrated density without an increase of strike-line width.
Therefore only the dissipation by radiation is increased. On the other hand
a positive scaling with the power in the SOL (𝑃 0.44

𝑆𝑂𝐿) is observed, which is
beneficial for high-performance discharges. This scaling with the SOL power
is stronger than the reported scaling from tokamaks.
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These results indicate that the strike-line width and maximum heat flux
are increasing with the power in the SOL, resulting only in a small change
in the peaking factor but a bigger change in the wetted area. As pointed out
in the wetted area publication, this could imply a change of the transport
with changing SOL power, but needs further investigation.
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4
Summary and conclusion

In this work, studies with respect to the exhaust problem were performed
in the stellarator experiment Wendelstein 7-X with different target concepts
and different magnetic field geometries. Different infrared cameras were used
to study the heat flux from the plasma onto the PFC. In the first publication,
the limiter set-up was used with a simpler magnetic topology in the plasma
edge. The radial fall-off of the parallel heat flux for inboard limiters in
W7-X shows, similar to inboard limiters in tokamaks, two different radial
fall-off lengths, a short (narrow) one, characterizing the near-SOL, and a
long (broad) characterizing the far-SOL. For the far-SOL, the heating power
and connection length have been identified as the main scaling parameters,
while for the near-SOL, the electron temperature close to the LCFS has
been identified as the main scaling parameter. The two fall-off lengths differ
by a factor 10, and the found scalings for both regimes differ from known
models and experimental scalings in tokamaks. A turbulent-driven feature
was discussed in the publication as a possible explanation for the behavior
of the fall-off length in W7-X.

The gained information and data have been further used to support many
other publications, covering the symmetry of the heat loads[72, 73], the
energy balance of the machine[74], and seeding experiments[75].
The heat exhaust in W7-X with an island divertor was studied in the second
and third publication. Definitions of parameters such as peaking factor and
wetted area were applied for the heterogeneous heat flux pattern on the
W7-X divertor. It was shown that the island divertor concept is capable
of spreading out the heat efficiently, resulting in large wetted areas of up
to 1.5m2. The reached values for the wetted area are comparable to the
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ones of the larger tokamak JET but with a much smaller ratio of wetted
area to the area of the last closed flux surface. Furthermore, a positive
scaling of the wetted area with the power in the SOL was observed. This
scaling is beneficial for future reactors but needs further investigation of the
involved transport processes. The peaking factor (discussed in the second
publication) describes how concentrated the heat load is within the region
of the strike line. It was shown that this factor is decreasing for increasing
densities without affecting the wetted area. The present work paves the way
for further analysis of the transport processes of the heat flux towards the
island divertor of Wendelstein 7-X.
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1. Introduction

In order to ensure safe operation of present and future fusion 
devices, proper handling of the power exhaust needs to be 
addressed. In tokamaks, a poloidal divertor is widely used 
because it separates the plasma material interaction zone 
from the central plasma. Although this concept is well estab-
lished, different design concepts for the plasma-facing com-
ponents as well as magnetic field geometry are studied in 
tokamaks and stellarators to find alternative ways for the 
heat exhaust. A narrow region at the plasma edge, where the 
power leaves the confined plasma region through the last 

closed flux surface and is deposited along open magn etic 
flux tubes to the plasma-facing components, is called scrape-
off layer (SOL). The radial fall-off of the power flux in SOL 
results from competition between parallel and perpendicular 
heat transport. Due to the significant difference between par-
allel and perpendicular heat transport is the typical fall-off 
length in tokamaks very narrow. This is of particular interest 
for next step devices, e.g. ITER where a significant amount 
of power (PSOL = 80–130 MW for divertor operation in 
D-T [1], PSOL = 3–5 MW [2] for limiter operation) needs to 
leave the plasma. Therefore many studies of power fall-off 
length have been performed on different devices.

Nuclear Fusion

Features of near and far scrape-off layer 
heat fluxes on the Wendelstein 7-X inboard 
limiters

H. Niemann1,2 , M.W. Jakubowski1,3 , F. Effenberg4,5 , S.A. Bozhenkov1 , 
B. Cannas6, D. Carralero7 , A. Langenberg1 , F. Pisano4 , K. Rahbarnia1, 
L. Rudischhauser1, T. Stange1, F. Warmer1 , G. A. Wurden8  and the W7-X 
Team1
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Abstract
The power fall-off length is used as a characteristic dimension to describe the power exhaust 
in the scrape-off layer (SOL) in magnetic confinement fusion devices. Measurements from the 
limiter campaign of the stellarator Wendelstein 7-X with inboard limiters are presented with 
the first-time characterization of the limiter heat loads. Two fall-off regimes are found with a 
narrow near SOL with power fall-off length in millimeters and a wider far SOL with fall-off 
lengths of several centimeters. An attempt is made to describe both regimes with a scaling 
law for plasma with different heating powers and densities. The results confirm the major 
geometry effects of the connection length on the heat transport predicted by 3D modeling.

Keywords: W7-X, stellarator, fall-off length, scrape-off layer, limiter, heat loads, strike line
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It is widely acknowledged that turbulence can play a role 
in the perpendicular transport. Nevertheless, the shape of the 
radial profile of the parallel power flux is usually described 
with the help of an exponential decay function

q|| = q0 exp

(
− (r − rLCFS)

λq

)
 (1)

with q0 the parallel heat flux at the last closed flux surface 
(LCFS) and rLCFS the radius of the LCFS, a functional 
form resulting from a diffusive ansatz for the perpendicular 
transport.

However, many tokamaks reported that in a case of plasmas 
limited by an inboard limiter, a second, narrow fall-off length 
has been found very near to LCFS [3–6]. In the far SOL, the 
power fall-off length is reported to be of the order of 1–2 cen-
timeters, while in the near SOL it is only a few millimeters. 
The equation (1) needs to incorporate both SOLs and takes the 
following form

q|| = qn exp

(
− (r − rLCFS)

λqn

)
+ qf exp

(
− (r − rLCFS)

λqf

)

 (2)
with λqn the narrow fall-off length in the near SOL, λqf  the 
fall-off length of the far SOL and qn, qf  the contributions of 
both regions to the parallel flux at the LCFS.

The near SOL was measured first at JET [3] with IR ther-
mography and Langmuir probes. As a result, multi-machine 
studies were triggered to measure the near and far SOL on the 
inner and outer limiters.

The physics mechanisms leading to the formation of the 
near SOL is not yet fully understood. At JET a hypothesis was 
formed that the enhanced inner wall loads may result from 
funneling effect (i.e. additional power deposition due to cross-
field transport) or possibly as a result of the diffusive attraction 
of the heat flux at the limiter ridge. However, the assumptions 
in both models are unlikely to fulfill the experimental con-
ditions in JET [3]. Results from TCV [4, 5] and COMPASS 
[6, 7] showed that non-ambipolar currents correlate with the 
power entering the near SOL, but their presence alone is not 
sufficient to explain the enhancement in the heat deposition 
close to the limiter. The non-ambipolar current model is only 
capable of explaining 2% (ion side) to 45% (electron side) of 
the increase of the heat-flux in the near SOL in COMPASS 
[7]. Another explanation for the formation of the near SOL is 
drift effects. It has been shown, that the heuristic drift (HD) 
model [8], which meant to describe the power fall-off length 
in tokamak divertor H-mode, fit well to the observations of 
the near SOL in inboard limited plasmas [6, 7]. The measure-
ments in TCV show that the near SOL feature is suppressed 
for low plasma currents or high densities and the scaling in 
TCV can be described by the HD model if it is multiplying 
with the normalized Spitzer resistivity [5]. Furthermore, it 
was shown in TCV, that the near SOL feature also appears on 
the outboard limited plasmas, but with a much wider power 
fall-off length [9]. Consistency between the measurements, 
non-linear turbulence simulations, and an analytical model 
taking sheared E × B flow as an explanation for the near SOL 
feature have been reported by TCV [9].

The scaling of the far SOL power fall-off length has been 
investigated for a long time on many machines. Typically 
empirical scaling laws in the form of power laws, have been 
applied to a database, which contains measurements of 11 dif-
ferent tokamaks [10]. A theoretical description of the forma-
tion of the far SOL fall-off length, including turbulence with 
a quasi-linear model has been derived and shown to reach a 
similar regression value as the empirical models [11].

For ITER, a good estimation of the scrape-off layer 
behavior and width is needed to find a proper design to handle 
the large amount of energy leaving the plasma. The plasma 
start is favored to be attached mainly to the inner limiters for 
several reasons [2]. A single exponential fall-off length was 
assumed in the initial design of the ITER first wall [12, 13]. 
This assumption was driven by measurements with Langmuir 
probes in JET, Tore Supra, and DIII-D [2]. The additional 
narrow channel near the LCFS would raise the heat flux onto 
the limiter at the apex by a factor of four above the expected 
values. Therefore a design of the ITER first wall [2] and for 
the EU DEMO [14] has been changed in order to accommo-
date increased heat flux due to near SOL.

In this paper, the results of the thermographic observa-
tion of inner limiter and the deduced power fall-off length in 
the first operation phase of Wendelstein 7-X (W7-X) are pre-
sented. Up to now, there were no studies of SOL param eters 
in stellarators apart of LHD [15, 16] and W7-AS [17]. As 
W7-X in the initial phase operated with five inboard limiters  
[18, 19], it gave us the possibility to look into the issue of near 
and far SOL in a large stellarator. The paper is structured in 
the following way; section 2 introduces W7-X and section 3 
describes the evaluation of the data from the infrared system 
in more details. Afterward, in section  4, measurements, and 
the method to calculate the power fall-off length is described. 
Section 5 shows the main results and the scaling of the fall-off 
length with different plasma parameters. In section 6 the results 
from section 5 are discussed and finally concluded in section 7.

2. Experimental setup

Wendelstein 7-X (W7-X), an advanced stellarator with five-
fold symmetry, started its first plasma operation phase (OP 
1.1) in December 2015. The five-fold symmetry is represented 
in the vessel structure with five similar modules (later named 
module 1–5). The inner wall of the plasma vessel had large 
surface areas of exposed tiles. Each module was equipped 
with an uncooled poloidal limiter [19] to protect these areas 
from plasma contact. The five limiters were located on the 
inboard, high field side of the plasma vessel [18] (figure 1(b)). 
Each limiter consisting of nine fine graphite tiles, is specially 
shaped to be parallel to the magnetic field in the bean-shape 
plane and designed to handle heat fluxes up to 10 MW m−2 
[20]. The magnetic field configuration for the limiter phase 
has been chosen to avoid stochastic regions and large mag-
netic islands in the scrape-off layer (SOL) (see figure 1(a)). 
The large islands, which are used in the divertor configura-
tions are pushed inward, into the confined region, to avoid 
shortcuts in the heat and particle transport towards the wall. 
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This magnetic field assures that the limiters efficiently inter-
cept  >99% of the convective plasma heat load at the plasma 
edge. In order to protect parts of the plasma vessel, the total 
injected power per discharge was administratively limited to  
4 MJ for machine safety. In OP1.1 electron cyclotron reso-
nance heating (ECRH) was used with power between 4 MW 
(for up to 1 s) and 0.6 MW (for up to 6 s). For almost all dis-
charges in OP1.1, the toroidal current was very low ( Itor � 2 
kA, see also table 1) and the Shafranov shift was negligible. 
In such a case, a so-called vacuum approach with no plasma 
response included delivers a valid model for the description 
of magnetic edge topology. Such an approach will be used 
throughout the rest of the paper.

In the first campaign, a basic IR observations system with 
nine near IR (NIR), one mid-wavelength IR (MWIR) and one 
long-wavelength IR (LWIR) camera were used to measure the 
surface temperature of the inboard limiters [21]. Figure 1(b) 
shows a top-down view onto a simplified CAD model of the 
W7-X inner vessel. The position of the LWIR camera and 
its view cone is shown in red. The limiters are highlighted in 
green. The LWIR system contains a modified micro-bolom-
eter camera (8–14 µm, 50 Hz, 640 × 480 pixel) which can 
operate inside a high magnetic field [22, 23]. The camera was 
located inside an immersion tube, which was inserted into 
W7-X between the coils. The camera was observing the left 
side of all nine tiles of the limiter in module 5 [24] (figure 
1(c)). The other half of the limiter showed similar load pattern 
following the W7-X symmetry.

Since the data of the NIR cameras suffered from the plasma 
emission [21] it is excluded from the further analysis. The 
other MWIR system is also excluded from the analysis due to 

having only a partial view of the limiter. Because of this, the 
rest of the paper will concentrate on the measurement of the 
LWIR camera.

3. Infrared measurements

3.1. Lens distortions and spatial calibration

The immersion tube set-up [25] was planned to observe the 
limiters in the first operation phase and the inertially cooled 
divertors in the upcoming operation phase [21, 23]. Therefore, 
the LWIR IR camera was equipped with a special wide-angle 
lens which allows a field of view of 116° × 82° [22]. Together 
with the large field of view, the wide-angle lens also adds 
strong radial optical distortions into the image. Multiple views 
of a checkerboard have been used to estimate the intrinsic lens 
parameter matrix and to correct the strong radial lens distortion 

(a) Poincare (b) Top-down view (c) IR view

Figure 1. (a) Poincare plot for vacuum field and ideal coils of the limiter configuration at the bean-shape plane. The LCFS is shown in 
red, and the nine limiters tiles are visible at the inner side of the machine. (b) Top-down view on the CAD model of the plasma vessel of 
Wendelstein 7-X. The machine is structured into five similar modules corresponding to the five-fold symmetry. The sightlines of the radial 
viewing FLIR and the toroidal viewing DIAS IR camera system are shown in red. The limiters are shown in green. (c) IR image from the 
DIAS camera system. The inboard side of W7-X in module 5 with temperature pattern on limiter 5 is visible. Additionally, a reflection on 
the divertor mounting structure can be seen at the left side.

Table 1. Range of the plasma parameters of the used experiments 
in the database.

Parameter Unit Values Diagnostic

PECRH MW 0.6–4.2 ECRH bolometer [40]
needge 1018 m−3 1.7–10 TS [41]

Teedge keV 0.02–0.22 TS [41]
Tiline keV 0.96–1.76 XICS [42, 43]
I kA 0.16–1.97 Rogowski coil [44]
Wdia kJ 5.6–234.6 Diamagnetic loops [44]
Plim MW 0.18–1.6 IR camera [22, 24]
floss % 47–79 Equation (8)
Lc m 36, 42, 79 FLT [32]
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for the LWIR camera system. [26]. These parameters are used 
to map the infrared images onto a simplified CAD model of  
the plasma-facing components observed by the camera (e.g. 
limiter, wall panels, vacuum vessel) [26]. From the spatial cal-
ibration, a map file, connecting each pixel to a 3D-coordinate 
inside the machine, is created. This information is then used to 
determine the real space distance between two pixels.

3.2. Emissivity corrections

In order to properly interpret photon flux measured by an IR 
camera as surface temperature, it is important to know pre-
cisely the emissivity of this surface. Throughout the campaign, 
a slow evolution of the physical properties of the limiter sur-
face has been detected. The post-campaign analyses show that 
the surface changes can be structured into four regions: an 
outer deposition zone with thin layers of 200 nm–1 µm , a net 
erosion zone at the strike-line, a prompt re-deposition zone 
in the strike-line near the center and a smoothed watershed 
[27]. These changes of the physical properties of the material 
resulted in local modification of the limiter surface emissivity. 
The areas of modified emissivity form strike line like patterns 
which are running poloidally along the limiter. A method 
for an emissivity correction for all analyzed discharges was 
developed, based on the emissivity measurements in [28]. An 
example is shown in figure 2. The left and right graph respec-
tively show thermal images of the limiter without and with 
emissivity correction, taken shortly before the discharge.

The emissivity correction is applied separately to each 
analyzed discharge, to take all surface changes from experi-
ment to experiment into account. The assumption is made that 
each tile of the limiter is in thermal equilibrium shortly before 

the discharge. As a result, the surface temperature within 
each tile should be similar. This assumption implies that the 
surface temperature variation in the left image of figure 2 is 
caused by emissivity variations of the surface. Each pixel of 
a tile is compared to an area within the same tile with known 
emissivity. The emissivity of each pixel is adjusted until the 
apparent temperature reaches a similar value or until the emis-
sivity reaches the value of one. The reference area is taken 
from the middle part of the limiter, where the emissivity was 
unchanged during the campaign and was equal to 0.82.

3.3. Heat flux calculation

After the corrections are applied, each limiter is divided into 
450 1D line profiles to cover the surface of all nine tiles. The 
heat fluxes on the target surfaces are calculated by applying a 
standard numerical solution of the two-dimensional heat dif-
fusion equations  to the evolution of the surface temperature 
on the investigated area with the THEODOR code [29, 30]. 
The code numerically solves the equations taking into account 
temperature-dependent material parameters. The two dimen-
sions used here are the depth of the limiter (ignoring its cur-
vature) and the coordinate along the temperature profiles. The 
gaps between the profiles and the missing pixels are interpo-
lated afterwards to get a full heat flux pattern of the limiter. An 
example of a heat flux pattern mapped back into the 2D image 
is shown in figure 3(a).

4. Limiter power loads

As presented in figure  3 the power loads on the limiter 
have a shape of two heat stripes, which are running along 

Figure 2. The left graph shows an uncorrected infrared image measured shortly before the discharge, the right one shows an emissivity 
corrected image. In the left image, four different regions can be seen: a deposition zone at the edge of tiles 4,5,6 with a higher emissivity, 
adjacent the erosion area with constant emissivity, near the center the re-deposition zone with higher emissivity. In the very center of the 
limiter the smoothed region with unchanged emissivity [27, 28].
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the length of the limiter separated by the watershed area. 
Fieldline tracing (figure 3(b)) and EMC3-EIRENE simu-
lations (figure 3(c)) [31]) indicate that the W7-X SOL in 
OP1.1 consisted of three different helical magnetic flux 
bundles (indicated as the blue, green and red shape in 
(figure 3(b))) with limiter-to-limiter connection lengths of 
36 m, 43 m and 79 m. These three flux bundles yield het-
erogeneous power deposition patterns within each of two 
heat stripes. The maximum of the heat load is located in 
the region of the flux tube with a connection length of 79 m 
[31]. The heat transport channel along the flux tubes of dif-
ferent connection lengths can be identified in the power 
load distributions measured by both cameras [24, 28].  
Figure  3(a) shows one example of a power load calcu-
lated from the thermographic observation with the LWIR 
camera. In this graph, the left side of limiter 5 and the left 
strike-line running down the limiter are shown. A contour 
plot of the magnetic footprint is overlaid on this figure to 
indicate the positions of the three flux bundles. Comparing 
the measured heat flux density with EMC3-EIRENE simu-
lation results shows relatively good agreement, i.e. both 
measurements and modeling resolve three different heat 
flux channels in the scrape-off layer of limiter plasmas at 
W7-X.

From the calculated heat flux density qdepo the parallel heat 
flux density q|| is calculated using the following relation:

qdepo = q|| sin(α). (3)

The parameter α is the incident angle of the magnetic field 
to the limiter surface. For the presented measurements, the 
incident angle is calculated between the field vectors of the 
magnetic field lines intersecting the limiters and the normal 
vector of this surface. The field line tracer (FLT) from the 
W7-X web-service system [32] is used to calculate the magn-
etic field. It solves the Biot–Savart equation for a given coil 
and current set.

It has to be mentioned here that the plasma radiation, pre-
dominantly inside the LCFS [33], acts mostly as an energy 
sink. The contribution of radiated power, deposited on the 
limiter and vessel wall, is in the order of 5–20 kW m−2. This 
contrib ution is an order of magnitude lower than the typical 
error assumed for the deposited heat flux onto the limiter. A 
radiation layer is also formed in front of the limiter by eroded 
particles. Assuming the worst case that the radiation in the 
SOL is concentrated in this layer results in a maximum radia-
tion contribution of up to 100 kW m−2, which is still lower 
than the assumed error. However, given the actual distribution, 
a lower contribution is expected.

After the calculation of the parallel heat flux, the FLT is 
used to project the heat flux data from the limiter surface onto 
a plane in order to remove from the analysis effects of the  
limiter’s curvature. Each of the heat flux data points is assigned 
to a radial coordinate, which is defined as a distance from the 
last closed flux surface (reff,LCFS). In such a way 3D heat flux 
data is simplified to 1D radial profiles of the parallel heat flux 
q||(reff − reff,LCFS). The effective radius is used to overcome 
the non-trivial 3D formed plasma shape of W7-X, which goes 
from a bean-shape plane into a triangular plane and back to a 
bean-shape plane. It is defined by field lines or by the flux on 
a magnetic surface:

reff =

∫ V

0

dV ′

S(V ′)
, (4)

with V  as the volume of the flux tube and S(V) the surface of 
the magnetic surface. For the definition by field lines, used 
by the FLT, the effective radius is traced out by following the 
field lines. For each field line, the geometric mean of the dis-
tance between points on the field line and the magnetic axis 
is calculated.

The results obtained for three flux tubes with different  
connection length are presented in figure  4. Both exper-
imental data (right) and EMC3-EIRENE simulations (left) 

(a) (b) (c)

Figure 3. (a) View of the DIAS camera system onto the left side of limiter 5. All nine graphite tiles are visible. The calculated heat flux for 
a 4 MW discharge is color-coded. The three different flux tube regions are indicated with red arrows and a contour plot for the 79 m long 
flux tube. The dark red spots on tile 3 and 7 are artificial heat flux, caused by the embedded Langmuir probes. (b) Pattern of the connection 
length on the limiter surface from FLT simulation. (c) Limiter load from an EMC3-EIRENE simulation with P  =  3.2 MW, ne = 8 × 1018 m3, 
D  =  1.5 m2 s−1, 25% energy loss by carbon radiation.
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show increasing fall-off length for flux tubes with longer con-
nection length (see figure 4(a)). The exact dependence will be 
discussed in section5.

In order to estimate the error of the parallel heat flux 
obtained with equation (3) an uncertainty of 0.2 MW m−2 for 
q||depo is assumed based on measurements after the end of the 
plasma discharge. The remaining fluctuations around zero of 
the heat flux at the end of a program with no plasma contact 
are taken as a proxy for the error. An error for the calculated 
value of the incidence angle is obtained by calculating the 
magnetic field equilibrium with toroidal current between 0 kA 
and 2 kA. The plasma current is simulated by another coil 
along the magnetic axis in the FLT. A one-pixel tolerance is 
used to calculate the spatial uncertainty for the presented data.

An exponential decay fit is applied to the radial profiles of 
the parallel heat flux:

q||(reff) = q||,0 exp

(
− (reff − rLCFS)

λq

)
. (5)

Here rLCFS represents the effective radius of the last  
closed flux surface, q||,0 the heat flux density at the LCFS 
and λq the power fall-off length for the parallel heat flux 
density. In figure 5 such a fit is represented as a dashed line. 
An exponential fit represents quite well the data only for 
reff − reff,LCFS � 0.5 cm. A double exponential fit function is 
required to accurately fit the parallel heat flux profile over the 
whole data range.

q||(reff) = q||,n exp

(
− (reff − rLCFS)

λqn

)

+ q||,f exp

(
− (reff − rLCFS)

λqf

)
.

 

(6)

The sum of the q||,n and q||,f  represents the parallel heat 
flux at the LCFS and the parameter λqf  and λqn represent 
the fall-off length for the far and the near SOL. As discussed 
already in section 1 the existence of a near and far SOL when 
plasma is limited on the inboard limiter has been observed 
on many tokamaks [2–6]. The example shown in figure  5 
is representative of every discharge in OP1.1, i.e. a double 
exponential decay of power flux was an inherent feature of 

limiter discharges at W7-X. It should be noted that due to the 
presence of qnear  a significant increase of limiter heat flux is 
observed for reff − reff,LCFS close to zero.

Interestingly, the double exponential decay is always meas-
ured by an infrared camera and only sometimes by the limiter 
Langmuir probes [34] (see figure 5). The parallel heat flux to 
the Langmuir probes is calculated using:

q||,Probe = γtkTeΓ||

= γtkTe(1 +
1
Z
)necs

= γtkTe(1 +
1
Z
)ne

√
k(ZTe + γiTi)

mi

ne =
Isat

ecsAproj.

q||,Probe = γtkTe
Isat

eAproj.
(1 +

1
Z
)

 (7)

with Ti, Te, the electron and ion temperature, Z = 1.5 ± 0.5, the 
average charge of the plasma in front of the probes, γt  the heat 
sheath transmission coefficient, γi  the ratio of specific heats for 
ions, mi the ion mass (here hydrogen), Isat  the ion saturation 
current, Aproj. the projected collective surface of the probe and 
ne the electron density. To avoid assumption on the ion tem-
perature and ratio of specific heat for the ions, the last expres-
sion in equation (7) is used. The heat sheath transmission was 
set to fit Langmuir probe data to the IR measurements. Since 
the IR camera results are an integrated result over 20 ms, an 
average of the probe data over the same time window is used to 
calculate the heat sheath transmission factor. γt  varies in the far 
SOL between 1.6 and 9 with a mean value of 3.43 and median 
of 3.05. To bring the most probes in the far SOL into agree-
ment with the IR profiles, a sheath transmission coefficient of 
3.43 is used for the experiment shown in figure 5. From theory, 
a higher value in the range of 7 would be expected for the γt  
[35], but on other machines, similar heat sheath transmission 
factors in the range of 2–20 are needed to bring IR results and 
Langmuir probe signals into agreement [35]. Since the factor 
is fitted by forcing the limiter Langmuir probes result to agree 
with infrared an underestimation of the parallel heat flux by 

(a) EMC3-EIRENE (b) IR

Figure 4. Profiles from the three different flux tubes for (a) EMC3-EIRENE calculations with P  =  3.2 MW, ne = 8 × 1018 m−3, D  =  1.5 m2 s−1, 
25% energy loss by carbon radiation (b) calculated from the IR measurements for the Program 20160224.025 with similar plasma parameters.
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the IR system would lead to a too low γt . One way to validate 
the IR results is to calculate the integrated load onto the limiter 
and to use it in the energy balance. This reveals an agreement 
within 10% at low heating powers and a miss-match of up to 
40% at high heating power [36]. If this uncertainty is related to 
the IR observation an increase of γt  of 40% would be possible, 
resulting in values of 3–5 for the shown experiment.

The IR cameras have only a measurement frequency of 50 Hz,  
while the limiter Langmuir probes in W7-X are sampled with 
250 or 500 kHz and the signal got swept with 500 Hz for most 
of the campaign. A higher sample frequency allows to inves-
tigate the presence of intermittent and turbulent transport [37, 
38], as soon their frequency is below the sampling frequency. 
Figure 6 shows the unprocessed current signal and power spec-
trum of probe 9 on limiter tile 3, which is at the location where 

the near SOL feature starts in the IR observation. The power 
spectrum shows one broad peak at the sweeping frequency of 
500 Hz. Other frequency in the resolvable frequency range 
does not appear with a high enough amplitude to be distin-
guished from noise. The rest of the paper will focus on the IR 
results since no further information is shown by the Langmuir 
probes and because the limiter Langmuir probes do not show 
the near SOL feature.

There are some possible reasons why W7-X limiter 
Langmuir probes do not measure q||,near.

 •  The probes close to the LCFS were recessed a little bit 
[34] too much to protect them; therefore they had a low 
signal and have mainly seen the perpendicular transport.

 •  The probes near reff = 0.4 cm were strongly eroded and 
therefore have unknown collection areas for the flux [34].

 •  The probes get hot and start to emit electrons, which 
changes the probe characteristic, especially for the probes 
in the near SOL that had molten steel screens [34].

Lack of near SOL in W7-X Langmuir probe measurements is 
in contradiction to COMPASS results with an inner wall lim-
iter [6]. However, at W7-X also EMC3-EIRENE simulations 
cannot reproduce the near SOL near the limiter surface. The 
mechanism, which leads to the formation of near SOL, is not 
included in the models applied in EMC3-EIRENE.

5. Dependence of radial fall-off length on plasma 
parameters

To better understand the behavior of the two different fall-
off regimes measured by the IR cameras in W7-X, a database 
of discharges from the limiter operation phase was created. 
The database contains 13 discharges with a total of 32 data 
points. Each data point has been selected under the following 
conditions:

 (i)  all discharges were conducted with the same magnetic 
field configuration;

 (ii)  the discharges were conducted in the last month of the 
campaign with improved wall conditions [39];

 (iii)  no active impurity seeding;
 (iv)  no ECRH current drive;
 (v)  plasma parameters are almost constant (changes are 

smaller than 10%) for a time window of 50 ms or more.

Good wall conditions are necessary to limit the outgassing of 
the limiters and the wall, decreasing the radiated fraction and 
therefore increase the coupling of the limiter with the plasma. 
The analyzed plasma parameters are: the ECRH power PECRH 
as input power, the connection length LC of the different flux 
tubes, the density ne and electron temperature Te measured 
by the Thomson scattering (TS) 1.3 cm inside the LCFS, the 
toroidal current I, the ion temperature measured by the x-ray 
imaging spectrometer (XICS), the load on the limiters Plim 
and the loss fraction floss, which covers the energy losses like 
radiation, fast particle and charge exchange losses. The loss 
fraction is defined as:

(a) parallel heat ux profile (semi-log)

(b) parallel heat ux profile (log-log)

Figure 5. The radial profile of the parallel heat flux measured for 
the flux tube with Lc  =  79 m from experiment 20160224.025 at 
290 ms. The green triangles show parallel heat flux measured by 
the limiter Langmuir probes localized within the same flux tube. 
To indicate the quality of the fit the profile is shown (a) in semi-log 
representation with a zoom of the near SOL region and (b) log–log 
representation.
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floss =
PECRH − PLim

PECRH
. (8)

The load on the limiters are calculated by integrating all taken 
heat flux profiles along the profiles and in poloidal direction. 
Since only the left half of one limiter is observed, the inte-
gration is scaled up to the full machine using the stellarator 

symmetry for the other half of the limiter and thermo couple 
information to know the load ratio between the five limiters. 
The thermo couples measured the temperature at the back side 
of each limiter and the temperature increase over a experiment 
represents the integrated load to this limiter. The load asym-
metry can be calculated from the differences in the temper-
ature rise. This leads to an asymmetry or up-scaling factor of 

(a) raw signal (b) power spectrum

Figure 6. (a) Raw signal and (b) power spectrum of the raw signal for probe 9 of limiter tile 3 (reff = 0.43 cm) for experiment 
20160224.025.

Figure 7. Dependencies of the fall-off length for near and far SOL on different measured plasma parameters in the limiter campaign of 
Wendelstein 7-X. The plots against connection length are filtered for input powers between 1.5 and 2.5 MW to limit the scattering. In the 
remaining plots only the power fall-off length values for the flux tube with a connection length of 79 m are shown.
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4.88 for the load from limiter 5 to all limiters, because limiter 
5 received a little more than the mean load [28].

The range of the different parameters is summarized in 
table  1, and some example scaling behaviors are shown in 
figure 7.

In order to investigate the influence of the connection 
length LC on the fall-off length λq, the influences of other 
plasma parameters are removed by choosing very similar dis-
charges with small variations of heating power (1.5–2.5 MW) 
(left plots in figure 7.

For the other six plots, only the fall-off length values for 
the most extended flux tube are shown.

The far fall-off length increases with the connection length 
and decreases with the input power and density. In case of 
the near SOL fall-off length, the scaling is rather weak. The 
dependency on connection length, input power, and density 
is not explicit, but it decreases with the electron temperature.

To investigate more parameters and to find correlated 
parameters, a correlation analysis is performed onto the data-
base. A similar method of correlation analysis has also been 
performed to find an empirical scaling law for the fall-off 
lengths in tokamaks [10]. The correlation between measured 
parameters are calculated in the following form:

rXY =

∑N
i=1(Xi − X)(Yi − Y)

(N − 1)sxsy
, (9)

with N being the number of measurements, X, Y two different 
parameters from the database, X , Y  the mean of the param-
eters and sX, sy  the corrected standard deviations of param-
eters. The results are shown in table 2. Each combination of 
parameters in this table represents the correlation between the 
two parameters. Everything above 50% or below  −50% can 
be seen as not independent and is therefore written in bold 
numbers. One thing to point out here is the strong correlation 
between input power and density, meaning that if the input 
power is increased, the density is also increased and vice 
versa. The nearly linear behavior between density and input 
power is caused by density restrictions to avoid radiative col-
lapses, meaning that the input power was doubled, if the target 
density was doubled. Since the connection length is set by 
the external coil setting; it is constant between the analyzed 
discharges to zeroth order. Therefore it does not correlate with 

the other plasma parameters (correlation of 0 in table 2). This 
table is also used to identify parameters which show a scaling 
with the measured power fall-off lengths and heat flux density 
at the LCFS for the near and far SOL. For the fall-off length 
in the far SOL, the parameters with the highest correlation 
are the input power P, the diamagnetic energy, the load on 
the limiter, the connection length, and the time. The latter is 
a proxy for different parameters as plasma current, impurity 
concentration, radiative losses, and other unresolved param-
eters which are changing in time. For the near SOL power 
fall-off length, the highest correlation has been found for the 
electron temperature near the LCFS, followed by the load on 
limiters. All other parameters in the table show a rather weak 
dependency. The parameters with the highest correlation for 
the fractions of heat flux densities at the LCFS (qn and qf ) 
are the input power, power to the limiters, density, and ion 
temper ature and electron temperature.

To find a scaling a fit function in the form of a power law is 
used in the following form:

λq = c
n∏

i=1

Aei
i , (10)

with c being a factor for unresolved parameters, Ai the plasma 
parameter, ei the fitting parameter, the exponent for the plasma 
parameter and n the number of included plasma parameters. 
The fitting of the scaling law to the data in the database is 
performed in the logarithmic polynomial form to linearise the 
fitting equation:

log λq = log c +
n∑

i=1

ei logAi. (11)

In this way the multiple regression model can be applied to 
determine the quality of the fit. A scan for each plasma param-
eter has been performed, including a combination of param-
eters up to a number of four parameters. For both regions in the 
SOL, the regression model is applied separately with different 
combinations of input parameters, with the restriction to avoid 
cross-correlated parameters. The coefficient of determination 
(R2) and the reduced chi-square (χ2/dof, dof  =  degree of 
freedom) are calculated to test and compare the quality of the 
different fits. Latter includes the number of freedom and the 
assumptions for the error. The values to fit for the measured 

Table 2. Correlation between the different measured plasma parameters and magnetic field constants. Correlations over 50% are written in 
bold numbers.

Correlation % nedge Teedge Ti I Wdia Plim floss LC Time λqn λqf qn qf 

PECRH 77 21 −44 −47 79 88 37 0 −36 −43 −55 82 93

nedge −8 −8 −41 78 65 46 0 −32 −14 −37 48 60

Teedge −34 −29 22 36 −21 0 −22 − 56 −25 35 35

Ti 3 0 −34 −18 0 15 27 29 − 50 −47
I − 52 −37 −45 0 76 12 36 −33 −38
Wdia 71 35 0 −41 −36 −48 57 72

Plim −5 0 −24 −45 −48 78 93

floss 0 − 55 0 −34 11 12

LC 0 3 65 18 7
Time 15 45 −23 −28

Nucl. Fusion 60 (2020) 016014



H. Niemann et al

10

fall-off length in the far SOL reaches from 1.82 cm for the 
shortest connection length flux tube up to 2.9 cm for the long 
connection length flux tube. Table 3 shows the four best fit-
ting functions for the power fall-off length in the far SOL, 
which has been found during the analysis. The error for each 

parameter is shown in the brackets, where the digits in the 
brackets represent the error of the last digits. The connection 
length can be combined with any of the other parameters, 
because it is unrelated to the rest of the plasma parameters 
(see table  2). The input power cannot be combined with 

Table 3. Results of the fitting for the power fall-off length in the far SOL λqf  in cm.

Reg. Const. PECRH n Teedge LC Plim floss χ2/dof R2

1 1.04(2) −0.114(5) — — 0.22(1) — 4.19 0.81
2 0.92(2) — — — 0.22(1) −0.09(1) — 6.73 0.71
3 0.98(3) −0.10(1) — — 0.22(1) — −0.12(2) 3.85 0.83
4 0.80(2) — — — 0.22(1) −0.10(1) −0.33(2) 3.80 0.83
5 0.74(2) — −0.07(1) −0.05(1) 0.21(1) — −0.21(2) 6.02 0.73

(a) regression result for the near SOL (b) regression result for the far SOL

Figure 8. The two found regression models plotted against the measured values for the heat flux densities close to the LCFS.

(a) regression result for the near SOL (b) regression result for the far SOL

Figure 9. The two found regression models plotted against the measured values for the power fall-off length.
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density, the diamagnetic energy or the load on the limiter due 
to it high correlation (77%, 79% and 88%). The loss fraction 
is also not independent on the input power, but is nearly inde-
pendent from the limiter loads. This is also the reason for the 
strong variation of the exponent for the loss fraction in regres-
sions 3 and 4. The combination of limiter power, connection 
length, and loss fraction into the fit gives the best representa-
tion of the fall-off length for the given data-set, which reaches 
a coefficient of determination of 83%. A density dependence 
has not been found, due to its strong correlation with the input 
power. The resulting found scaling law for the fall-off length 
in the far SOL is therefore given by:

λqf (cm) = (0.79 ± 0.02)L0.22±0.01
C (m)

P−0.10±0.01
lim (MW) f−0.34±0.02

loss
 

(12)

and is visualized in figure 8(b). The analysis is repeated for 
the data of the near SOL in a similar way. For the near SOL 
the measured power fall-off length ranges from 0.6 mm up to 
3.6 mm. The respectively larger error bars have to be taken 
into account in the fit. The error is larger, due to resolution 
limitations of the DIAS view, in this small region. The main 
findings are summarized in table 4. Since the electron temper-
ature showed the highest correlation value for the near SOL 
power fall-off length it is used in all presented regressions. 
The line integrated ion temperature is one of the few param-
eters, which have a positive scaling with the fall-off length and 
the effects of input power or load on the limiters are also much 

weaker than in the far SOL scaling. The best found power law 
for the near SOL is given by electron, ion temperature and 
heating power:

λqn(mm) = 0.36 ± 0.03P−0.23±0.03
ECRH T0.25±0.08

i T−0.49±0.03
e .

 (13)
This fit reaches a good reduced chi square value of 4.83 but 
only a coefficient of determination of 60%. This result implies 
that not all parameters have been found, which has an effect on 
the fall-off length. Figure 8(a) visualizes this result including 
the error bars. The majority of the measured values of λqn are 
a group of values with less than 1.5 mm. This values are at 
the limit of the camera resolution after the projection into the 
plane. A similar analysis can be repeated for the parallel heat 
flux densities at the LCFS. The values for the fraction from 
near SOL reaching from 1.8 MW m−2 to 391.8 MW m−2 and 

Table 4. Results of the fitting for the power fall-off length in the near SOL λqn in mm.

Reg. Const. PECRH n Teedge LC Plim Ti χ2/dof R2

1 0.41(3) −0.21(2) — −0.46(3) — — — 5.15 0.54
2 0.35(2) — — −0.43(3) — −0.21(3) — 5.35 0.52
3 0.24(2) — — −0.58(3) — — 0.49(8) 5.41 0.52
4 0.30(2) — — −0.45(3) — −0.21(3) 0.35(8) 5.16 0.58
5 0.36(3) −0.23(3) — −0.49(3) — — 0.25(8) 4.83 0.60

(a) additional near PSOL energy (b) relative fraction of the near SOL energy

Figure 10. Power added by the near SOL in absolute and relative to the total power in the SOL.

Figure 11. Power fall-off length from EMC3-EIRENE for different 
up-stream densities. P  =  3.2 MW, D  =  1.5 m2 s−1.
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the values for the fraction of the far SOL reaching from 1.3 
MW m−2 to 22 MW m−2. From table 2 the parameters with 
the highest influence are input power, density, ion temper-
ature, diamagnetic energy and the limiter load. The majority 
of these parameters are strongly correlated with the input 
power, which has the highest influence. The found scaling for 
the heat flux densities are:

qn(MW m−2) = (215.55 ± 13.43)P1.55±0.02
ECRH T0.98±0.02

e (R2 = 85%)
 (14)

qf (MW m−2) = (8.65 ± 0.07)P0.975±0.003
ECRH T0.281±0.004

e (R2 = 93%).
 (15)
These results are shown in figure 9. The results show that the 
found near SOL channel contains a high fraction of the SOL 
energy (PSOL) in a small volume around the LCFS.

To investigate the part of the near SOL, the SOL energy 
PSOL has to be computed for the W7-X geometry. Since the 
symmetry approximations from tokamaks do not apply here, 
the SOL energy is computed by the parallel heat flux profiles 
and the area which is covered by the flux tubes:

PSOL =

#Limiter∑
i=1

#flux tube types∑
j=1

Lpolj
Bθ

Bφ

∫ rwall

0
2qij(r′eff) dr′eff

≈ SL
Bθ

Bφ

3∑
j=1

θjreffwall(qnjλqnj + qfjλqfj).

 

(16)

The sum over the limiters covers the complete area of 
the SOL. The factor two counts for the left and right side of 
the limiter. The second sum covers the presence of the dif-
ferent flux tubes with different connection length. Lpolj are the 
poloidal length of a flux tube and the factor Bθ/Bφ tilts the pro-
jected plane into the field direction. The sum over all limiters 
is approximated with the symmetry factor SL to work with the 
measurement of one limiter. It will be five if all limiters get 
the same load. As described before, the limiter load was not 
fully symmetric. Therefore the asymmetry factor of 4.88 is used 
here again. θj is the poloidal angle range of the flux tube j  and 
rreffwall is the effective radius of the outermost flux surface (see 
the outermost, by limiter intersected flux surface in figure 1(a)). 
Similarly, the additional near SOL energy is calculated:

∆PSOL =

#Limiter∑
i=1

#flux tube types∑
j=1

Lpolj
Bθ

Bφ

∫ rwall

0
2(qij(r′eff)− qijf (r

′
eff)) dr′eff

≈ SL
Bθ

Bφ

3∑
j=1

θjreffwall(qnjλqnj).

 

(17)

The results for the power in the near SOL are summarized 
in figure 10. It reaches from 17 kW to 554 kW, meaning that 
this near SOL carries between 17% and 38% of the total SOL 
power. With increasing input power, the power in the near 
SOL increases more than linear, resulting in a higher fraction 
of energy in the near SOL with increasing heating power.

6. Discussion

The calculated scaling laws for the power fall-off length of 
the near and far SOL show no dependency on the density. 
Other studies on tokamaks show, on the other hand, a clear 
dependence of the near and far SOL power fall-off length 
on the density [5]. This effect has not been seen in the data-
set of W7-X, although EMC3-EIRENE calculations show a 
clear dependency of the far SOL fall-off length on the density 
(figure 11). The reason for this is probably the strong coupling 
of the density with the input power, which suppresses the 
effect of the density. The found positive scaling of the main 
SOL with connection length is qualitatively in agreement with 
the EMC3-EIRENE scaling, which is given by

λq ∼
√

DLC ∼ D0.5L0.5
C (18)

with D being the diffusion coefficient. However, the measure-
ments show a factor two lower scaling factor. The factor can 
differ due to a change of the anomalous diffusion. The effect 
of the anomalous diffusion was not investigated due to missing 
measurements of this quantity. Another reason could be the 
fact that the scaling is based on only three values. Also, the 
strong relation with the plasma current in tokamaks has not 
been seen in W7-X, since the plasma current is two orders of 
magnitude smaller in a stellarator. In tokamaks, the scaling for 
the fall-off length depends strongly on the plasma current Ip  

Table 5. Different scalings from experimental and theoretical models for the power fall-off length in the far SOL (top) and the near SOL 
(bottom).

Far SOL model CL CT Cn CP

Empirical [10] 0.40 −0.51 −0.1 0
Theoretical [11], equation (10) 0.84(3) 0.06(6) 0.07(1) 0
Model fit [11], equation (11) 0.76(6) 0.10(6) 0.02(2) 0

Experimental W7-X 0.22(1) 0 0 −0.10(1)

Near SOL model CL CT Cn CP

HD model [8], equation (1) 1 0.5 0 0
HD model [8], equation (5) 1.125 0 0 0.125
Model HD [5] 1.125 0.66 −0.33 0.125
Theoretical [9], equation (8) 0.25 −0.125 0 0
Experimental W7-X 0 −0.49(3) 0 −0.21(3)
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(a) overview plot, 20160303.012

(b) PDF of the H-alpha signal

Figure 12. (a) Traces for different plasma diagnostics for the experiment 20160303.012. From top to bottom: (1) input power, (2) edge 
electron temperature, measured by Thomson scattering, (3) line integrated density and edge density, (4) H-alpha signal from filter scope 
system [48], (5) effective collisionality, (6) far SOL power fall-off length, (7) near SOL power fall-off length. A power step down is 
performed, resulting in a higher collisionality and an increase of the near SOL fall-off length. (b) Probability distribution function (PDF) of 
the H-alpha signal, before and after the power step.
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and therefore on the poloidal field Bp  [10]. The current effect 
in a tokamak can be separated into a heating component Pin 
and a poloidal field component Bp  for the scaling. The latter is 
related to the connection length Lc. The connection length Lc 
decreases with increasing poloidal field Bp  because the field 
lines twist get stronger in cylindrical limiter plasma. This lead 
to the following relation:

λq ∼ 1
Ip

a ∼ 1
Pin

bBp
c ∼ LC

d

Pin
b . (19)

With a, b, c and d as the scaling factors. Based on relations, 
it is expected that a  =  c  =  d, with values near unity. Using 
the relation between poloidal field, plasma current, and the 
connection length, the tokamak scaling laws can be trans-
formed into a form which can be compared to the results 
presented in section  5. In a similar way, the safety factor 
q will be related to the poloidal field, plasma current and 
therefore to the connection length. For the comparison of 
the far SOL scaling, the empirical scaling shown in [10] 
and the theoretical, turbulence driven model from [11] are 
used. In case of the near SOL, the HD model [8], the modi-
fied HD model used in [5] and the model presented in [9] 
are used for comparison. All models are reduced to mea-
surable plasma parameters in W7-X, and the limiter load 
will be set equal with the power in the SOL. This restriction 
includes ignoring any machine size or field strength depen-
dent parameters. Therefore the models are expressed in the 
following form:

λq ∼ LCL
C TCT

e nCn
e PCP

SOL (20)

with CX as scaling factors. The models for the far and near SOL 
and summarized in table  5. The relations in the table  show 
the agreement between the presented results and the tokamak 
research for the far fall-off length. All models for the far SOL 
show a positive scaling with connection length, but with dif-
ferent scaling parameters. The dependency on electron den-
sity and electron temperature differ between the models and 
is within the errors bars close to zero in the theoretical model. 
A similar behaviour is also found in the W7-X results. The 
main difference is the scaling with the power entering the 
SOL, which show no scaling in the tokamak models but show 
a clear dependency in W7-X.

For the near SOL scalings, all compared tokamaks models 
show a positive scaling on the connection length, while the 
results found in W7-X show no clear scaling with LC. The HD 
model and the modified model from TCV suggest an opposite 
scaling of the near SOL with power and electron temperature 
compared to the results presented here for W7-X. Only the 
theoretical model, which includes assumptions on turbulence, 
show a similar trend for the electron temperature dependence, 
but with a smaller scaling factor.

This similarity of the scalings suggests that turbulent effects 
can play a role in the near SOL behavior. One observed turbulent 
feature, which can probably affect the near SOL from the first 
operation campaign are filament structures close to the LCFS 
[45]. These filament structures rotating around the plasma and 
have a lifetime in the range of 200 µs [45], which fit well to 

the residence time of a particle with the sound speed velocity 
on an open field line. Filament structures are also known from 
tokamaks, and their formation and separation can be related to 
the effective collisionality of the plasma [46, 47]. If the effec-
tive collisionality gets close to unity, the filaments can leave the 
plasma and propagate outward. In tokamaks, these filaments 
stay on the outboard side and do not propagate to the inboard 
side, which is different for W7-X. Figure 12(a) show the main 
plasma parameters for an experiment, where the biggest change 
of the near SOL fall-off length has been seen. In this program, a 
power step has been performed, resulting in a decreasing elec-
tron temperature at a constant density. This effect increases the 
collisionality, and near SOL fall-off length increases also. The 
collisionality is approaching unity near the end of the plasma. 
To investigate the behavior of the filament, the H-alpha signal is 
analyzed before and after the power step (see figure 12(b)). The 
PDF of the H-alpha signal shows a positive skewness, which 
can be caused by the presence of filaments. The PDF does not 
change much before and after the power step, suggesting no sig-
nificant change or decoupling of the filaments from the plasma. 
Assuming that the filaments play a role in the near SOL feature, 
suggest that the enlargement of the fall-off length is caused by 
the radial movement or size change of the filament. Since the 
temperature decreases, the parallel velocity of the filaments 
also decreases, resulting in a longer lifetime. A longer lifetime 
means more radial displacement and a larger near SOL fall-off 
length. The filament explanation is just one possible option for 
the enhancement, which has to be further described by a turbu-
lent theory, but this is out of the scope of this paper.

7. Conclusion

In this paper, the first measurements of the power fall-
off length in the limiter phase of the advanced stellarator 
Wendelstein 7-X have been presented. It was shown that two 
different fall-off regimes were measured for the inner wall 
limiter configuration: a near SOL and a far SOL, similar to 
the measurements on tokamaks for inboard limiters. The 
measured power fall-off length in the near SOL reaches from 
0.6(5) mm up to 3.6(5) mm and is in the far SOL a magnitude 
larger with values from 18.2(5) mm–29.0(5) mm. The effect 
of the wall to wall connection length together with loads to 
the limiter as a proxy for the power in the SOL have been 
shown as main parameters, which are affecting the far fall-off 
length. A qualitative agreement with EMC3-EIRENE mod-
eling and with tokamak models for the main SOL scaling with 
connection length was shown. For the near SOL, it was shown 
that the electron temperature near the last closed flux surface 
plays a dominant role in the behavior of this narrow regime. 
This dominant-negative scaling with electron temperature is 
a contrast to the HD model in tokamaks, which has a good 
agreement with tokamak results. As a consequence, a different 
origin of the near SOL in W7-X is expected, which can be 
turbulent driven. It has also been shown that this near SOL 
regime contains up to 38% of the power in the SOL. It is not 
covered by 3D modelling, due to a missing physics model for 
the formation of this near SOL feature.
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Abstract
The Wendelstein 7-X (W7-X) optimized stellarator fusion experiment, which went into 
operation in 2015, has been operating since 2017 with an un-cooled modular graphite divertor. 
This allowed first divertor physics studies to be performed at pulse energies up to 80 MJ, 
as opposed to 4 MJ in the first operation phase, where five inboard limiters were installed 
instead of a divertor. This, and a number of other upgrades to the device capabilities, allowed 
extension into regimes of higher plasma density, heating power, and performance overall, e.g. 
setting a new stellarator world record triple product. The paper focuses on the first physics 
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studies of how the island divertor works. The plasma heat loads arrive to a very high degree on 
the divertor plates, with only minor heat loads seen on other components, in particular baffle 
structures built in to aid neutral compression. The strike line shapes and locations change 
significantly from one magnetic configuration to another, in very much the same way that 
codes had predicted they would. Strike-line widths are as large as 10 cm, and the wetted areas 
also large, up to about 1.5 m2, which bodes well for future operation phases. Peak local heat 
loads onto the divertor were in general benign and project below the 10 MW m−2 limit of the 
future water-cooled divertor when operated with 10 MW of heating power, with the exception 
of low-density attached operation in the high-iota configuration. The most notable result was 
the complete (in all 10 divertor units) heat-flux detachment obtained at high-density operation 
in hydrogen.

Keywords: stellarator, magnetic confinement fusion, Wendelstein 7-X, fusion plasma, island 
divertor

(Some figures may appear in colour only in the online journal)

1. Introduction

Wendelstein 7-X (W7-X) went successfully into operation in 
2015 [1–4]. With a 30 cubic meter volume, a superconducting 
coil system operating at 2.5 T, and steady-state heating capa-
bility of up to 10 MW, it was built to demonstrate the benefits 
of optimized stellarators at parameters approaching those of 
a fusion power plant. Operation phase 1.2a (OP1.2a), which 
was performed in the second half of 2017, was the first opera-
tion phase with a full complement of plasma-facing comp-
onents, including the full complement of 10 passively cooled 
fine-grain graphite divertor units, referred to collectively as 
the Test Divertor Unit (TDU). OP1.2a also featured an elec-
tron cyclotron resonance heating (ECRH) system with 10 
gyrotrons, more than 30 diagnostic systems, and a pellet 
fueling system. The TDU has the same geometry as the water-
cooled steady-state carbon-fiber-composite divertor that will 
be in operation in the early 2020s in Operation Phase 2 (OP2). 
The upgrades enabled significant performance extensions and 
a comprehensive physics program [5], specifically the start of 
a divertor research program, results from which are reported 
here. The TDU implements the so-called island divertor con-
cept, where large intrinsic island chains at the plasma edge 
provide multiple x-points and the possibility to intersect the 
outflowing plasma in locations somewhat removed from the 
closed flux surfaces. This concept was used successfully on 
the predecessor experiment W7-AS [6].

The Poincaré plot for the so-called ‘standard’ configura-
tion is shown in figure 1. It presents a poloidal cut through 
the magnetic flux surfaces of W7-X with 2 (and a half) out of 
5 islands visible. These two islands intersect divertor target 
plates for a certain range of toroidal angles, thus forming 
heat and particle exhaust channels. Because the stellarator, 
and in particular the edge island boundary, is inherently 3D, 
sophisticated diagnostics and codes are required to understand 
the plasma boundary. One advantage is the long connection 
lengths, which arises due to the low magnetic shear in the 
‘Wendelstein 7’-line of stellarators. The pitch of field lines in 
the divertor area is much smaller in the case of W7-X than in 

conventional diverted tokamaks. As will be shown below, this 
allows for very efficient heat flux spreading on the divertor 
over a wide range of plasma parameters.

2. Attached divertor operation at lower densities

2.1. Divertor heat load patterns

At low to medium densities (ne up to about 4 * 1019 m−3), 
the plasmas were attached. More than 95% of the heat loads 
exiting the scrape-off layer (SOL) landed on the 10 divertor 
plates. The power load distribution on the divertor surface is 
determined by the intersection of the island chain forming the 
island divertor with the divertor target plates, and therefore 
the 3D strike-line geometry strongly depends on the chosen 
magnetic configuration. Application of error field correction 
brings the measured strike line geometry into good agreement 
with numerical predictions [7, 8]. An example for the standard 
configuration is shown in figure 2. It shows the heat flux distri-
bution measured on the surface of the lower divertor in module 
2. On W7-X, the divertor surface temperatures are measured 
by 10 IR cameras (one for each divertor unit) detecting in 
the IR wavelength ranges of either 8–10 μm or 3–5 μm. The 
heat flux is then determined with the THEODOR code [9] by 
solving a 2D heat diffusion equation for the bulk of the tile 
with the surface temperature time evolution as the input.

The position of a strike line is primarily defined by the 
intersection of target plates with large edge magnetic islands. 
The distribution of the heat flux within the strike line and 
its shape depends on several factors, e.g. field line connec-
tion length, plasma density and power entering the scrape-
off layer. An example of the effects of plasma density on the 
strike line shape is shown in figure 3, where the peaking factor 
of the strike line is plotted against the plasma line integrated 
density measured by interferometry. The peaking factor is 
defined as follows: A local peaking factor is determined 
by going along a line perpendicular to the strike line itself, 
taking the ratio of the largest measured heat flux along the 
line, to the average heat flux in the wetted region. The wetted 
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region is defined as that with heat loads above approximately 
0.15–0.2 MW m−2, roughly the detection limit of the infrared 
observation system. These local peaking factors are then 
averaged over the full strike line to yield the overall peaking 
factor shown in the figure. Additionally, the input power for 
each discharge is shown in the plot as the color of each dot. 

Increasing the density leads to smaller peaking factor, indi-
cating that the power reaching the divertor is spread more uni-
formly on its surface. As W7-X aims to operate at very high 
densities (ne  >  1020 m−3), this is a beneficial trend in terms 
of the safety of the plasma facing components. Interestingly, 
increasing the input power (and by that increasing the power 
entering into the SOL, PSOL) also appears to result in a lower 
peaking factor. This suggests that increasing PSOL leads to 
more efficient spreading of the power loads. More information 
about the upstream SOL parameters and their dependence on 
heating power and density can be found in [10].

An important parameter in connection with power load 
spreading is the exponential power fall-off length in the radial 
direction at the outboard midplane, λq. As reported elsewhere 
[10] λq values have been measured at the outboard mid-
plane with reciprocating Langmuir probes, and are typically 
9–14 mm for attached divertor operation. This means that λq 
in the island divertor does not directly fit the Eich-type scaling 
of tokamaks, which is usually based on divertor heat load 
measurements mapped back along the magnetic field to the 
outboard midplane [11]:

lq,Eich (mm) = 0.63 ∗ B−1.19
pa . (1)

Here Bpa is the poloidal magnetic field in Tesla at the outboard 
midplane. In W7-X, Bpa is about 0.22 T, yielding a predicted 
λq,Eich  =  3.8 mm, about three times smaller than the actual 
measured values. The much wider SOL is an encouraging 
observation but should not be taken as the final result on this 
issue. In particular, equation (1) is for tokamak H-modes, and 
a clear tokamak-like H-mode has not yet been identified in 
W7-X.

It is also not clear yet to what degree our results are con-
sistent with the fundamental assumptions of the heuristic 
model of Goldston [12] which imply that λq is proportional 
to the scrape-off layer connection length Lc. In the stellarator 

Figure 1. Poincaré plot presenting the geometry of the island 
divertor configuration of W7-X (with two and a half islands out of 
five visible in the shown upper half).

Figure 2. (a) Heat flux density measured in one out of ten divertors 
of W7-X in so-called standard configuration. Two strike lines 
are visible on the horizontal (lower) and vertical (upper) target 
modules. (b) Calculated magnetic footprint plot for standard 
configuration showing structure of magnetic field lines intersecting 
divertor target plates. Two strike lines are formed by field lines with 
connection length of a few hundred meters.

Figure 3. Change of peaking factor with plasma density for 
discharges with standard configuration.
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island divertor the poloidal B-field, Bp, is not inversely propor-
tional to the SOL connection length, Lc. Lc depends primarily 
on the magnetic shear, and not on the magnitude of Bpa, and Lc 
can be made very large in W7-X, of order 100–400 m, since it 
is a low-shear stellarator [13]. The experimental relationship 
between Lc and λq are currently being analyzed, and first indi-
cations are that a linearly proportional relationship between 
λq and the connection length Lc (which has a 1/Bpa scaling in 
the tokamak x-point divertor but not in the stellarator island 
divertor) is not reproduced: λq does continue to grow with Lc 
but slower than linearly.

A large λq is a positive result for divertor operation, and 
an independence of λq from Bp could be of significant impor-
tance. It is known in both stellarators and tokamaks that global 
energy confinement scales close to linearly with Bp. A decou-
pling would mean that benign attached divertor heat loads can 
be combined with good core confinement in the stellarator 
island divertor. It is a challenge in standard x-point divertor 
tokamaks to combine the best core confinement performance 
with benign divertor heat loads, partly due to the tight cou-
pling through Bp. More details on W7-X divertor power loads 
are given in [14].

3. Tests of scraper elements

The scraper elements [15] are designed to protect the edges of 
divertor components from overload in certain long-pulse OP2 
scenarios where the magnetic topology changes due to ~40 
kA of net toroidal current and ~3% plasma beta [16]. As these 
conditions are not directly accessible in OP1.2a, a set of magn-
etic configurations were developed to mimic this topology 
change using the W7-X coil set [17]. Experiments were per-
formed in OP1.2a, without scraper elements installed, using 
a series of such ‘mimic’ configurations corresponding to five 
characteristic time points in the evolution of the OP2 scenario. 
The heat fluxes inferred from infrared camera measurements 
[18] show good qualitative agreement with predictions from 
field line diffusion calculations from the DIV3D code [19], 
as shown in figure 4. These results confirm that the scraper 
elements intersect field lines that connect to the divertor edges 
for the magnetic topology where they also carry significant 
plasma heat. They thus protect the divertor edges from over-
load. Assuming that the OP2 scenario development simula-
tions are correct, and experiments are executed as assumed 
in the simulations, an overload situation would occur without 

Figure 4. Heat fluxes from experiment (a)–(c) and DIV3D (d) and (e) in the 0 kA (a) and (d), 32 kA (b) and (e), and 43 kA (c) and 
(f ) mimic configurations.
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scraper elements, but not with scraper elements. Alternative 
mitigation strategies not requiring scraper elements include 
electron-cyclotron current drive, using the existing set of 20 
planar superconducting coils (see e.g. [20]) to control the 
edge transform, and the development of another startup sce-
nario that avoids the overloading but still allows reaching the 
desired steady-state operating point by optimizing (e.g.) the 
time evolution of the density and heating power. These will be 
reported on separately.

4. Detachment

4.1. General observations

A power detachment was observed in medium-density 
hydrogen discharges. An example is shown in figure 5.

For the shown discharge, a steady density rise leads to 
a heat flux reduction at 1.1–1.6 s, and the plasma may have 
detached soon thereafter, but the plasma reattaches after the 
power step-up at t  =  1.6 s. The density starts rising again, due 

Figure 5. The top trace (a) shows the ECRH heating power (deep purple) and the line-integrated plasma density in units of 1019 m−2 
(orange). The next time traces (b) show the local peak heat flux (orange) and the average heat flux on the divertor targets (purple). Graph 
(c) shows the time evolution of the local heat flux across a divertor finger (finger 4 of the lower divertor in module 3). Graph (d) shows the 
electron temperature as determined by the array of Langmuir probes on the adjacent finger (their locations are indicated with white bars 
at the edges of graph (c)). Graph (e) shows the plasma density from the same Langmuir probes. The detachment starts at approximately 
t  =  3.1 s, and was triggered by the preceding divertor gas puff, which lasted from t  =  2.7 s to t  =  3.1 s. Detachment was maintained stably 
until the programmed end of the discharge heating at t  =  3.8 s. As seen on graph (c) only one probe (no. 10) is at the strike line, and is only 
at the edge of it, at a distance from the pumping gap of 0.15 m. Time traces of density and temperature derived from this probe are shown in 
figure 6 (shot 20171207.011).
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to pellet fueling, but the plasma remains attached, until the 
strong gas puff at t  =  2.7 s pushes the plasma into detachment, 
which lasts stably, without feedback control, until the plasma 
heating is terminated at t  =  3.8 s. The temperature measured 
by the Langmuir probes drops below ~15 eV, whereas the den-
sity only temporarily rises during pellet injection and gas puff, 
but afterwards assumes the same level as before the pellet 
injection (see figure 5(a)). We note that the Langmuir probes 
are located in a different divertor unit and also in a different of 
the five edge island flux bundles than the one directly fuelled 
by the gas puff.

4.2. Neutral gas pressure and exhaust

Several pressure gauges of the ASDEX type have been 
installed in sub-divertor spaces and in midplane positions in 
order to characterize the exhaust capability and the neutral 
compression of the island divertor. Details can be found else-
where [21].

Figure 8 shows as an example the neutral pressure behavior 
in a discharge with pulsed divertor fueling (from 2–5 s). The 
line-integrated plasma density is relatively low, 3 * 1019 m−2. 
The fueling pulses are clearly visible in the neutral pressure 
traces. The neutral pressure in the sub-divertor space varies 
between 3 and 5 * 10−5 mbar. The neutral compression, i.e. 
the ratio between sub-divertor and midplane pressure, varies 
between 6 and 8, which is relatively small compared to the 
theoretical prediction of 180 [22]. However, those calcul-
ations were done for the case of a higher electron density. The 
observed subdivertor pressures and compression ratios indi-
cate that for these plasmas the divertor does not act as the 
main sink for plasma particles: The subdivertor pressure is of 
order 5 * 10−5 mbar (figure 7), and for this operation phase, 
the subdivertor volume was only pumped by turbopumps, 
giving an effective subdivertor pumping speed of 2.5 * 104 
l s−1. This means that the particle removal rate was about 
1.25 mbar l s−1 while the average external fueling rate lies at 
6 mbar l s−1 which means 20% of the fueling rate was pumped 
by the turbopumps.

4.3. Fueling and detachment

A credible path to high performance in stellarators is to increase 
the plasma density. Often the achievable density, and the con-
trol of it, is limited by edge radiation instabilities that occur at 
low temperatures, usually referred to as MARFEs [23] and also 
seen in W7-X limiter operation [24]. Reducing the interaction 
between the edge plasma and edge neutrals often allows higher 
densities to be reached, and therefore localized and penetrating 
fueling methods such as pellets or supersonic gas injection with 
nozzles placed close to the last closed flux-surface are advan-
tageous. The pellet fueling system in W7-X for the operation 
phase OP1.2 was very successful in bringing up the density, but 
was limited to approximately 30 pellets per shot and was there-
fore unable to continuously fuel the discharges, which lasted 
up to tens of seconds already in OP1.2a and were extended up 
to 100 s in OP1.2b. The divertor gas fueling system was also 

operated with hydrogen towards the end of OP1.2a. It was 
able to increase density efficiently and trigger detachment, and 
also provide edge radiative cooling [25]. For more information 
about the pre-boronization detachment, see [26].

5. Plasma-wall interactions, wall conditioning and 
impurities

5.1. Plasma-wall interactions and conditioning before boroni-
zation

The plasma-facing components in OP1.2a and b were fine-
grain graphite for all components with significant heat loads, 
including the divertor, the baffles, and the heat shields, and stain-
less steel panels for recessed areas. These components were 
in general not water-cooled but would warm up adiabatically 

Figure 6. Time traces of electron temperature Te (purple) and 
electron density ne (orange) calculated from the characteristics of 
probe no. 10, closest to the strike line for shot 20171207.011, also 
shown in figure 5. Between 2.7 s and 3 s, the electron temperature 
measured by this probe drops from ~40 eV to ~10 eV, whereas the 
density returns to about the same level as before the start of pellet 
injection.

Figure 7. Neutral pressure traces of 20171207.011 and the neutral 
compression ratio for the same discharge shown in figures 5 and 6. 
The neutral compression ratio actually drops as the plasma enters 
detachment at t  =  2.6 s, to a level of about 7 or 8, from levels of 
10–20 before detachment.
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during a pulse, and a general, slower increase of temperature 
during the run day was also observed, as one would expect. 
Before first operation in OP1.2a, a vacuum bakeout had been 
performed up to 150 °C for more than 1 week, which elimi-
nated most, but not all, of the water molecules trapped on the 
surfaces and in the bulk of the graphite. OP1.2a was performed 
without boronization, but extensive glow-discharge cleaning 
in hydrogen and helium was performed regularly between run 
days, and He discharges were used to help unload the walls 
from hydrogen during run days. While it took almost the entire 
OP1.1 campaign to get to reasonably low outgassing rates, the 
outgassing rate was below the best of OP1.1 after just 2 weeks 
of operation in OP1.2a. Nonetheless, absorption and release of 
hydrogen from the walls made it difficult to control the plasma 
density in hydrogen discharges, possibly also complicated by 
the fact that the main gas inlet valves are located several meters 
away from the plasma edge, recessed in long ports. Control of 
the density in helium discharges was unproblematic.

5.2. Effects of boronization on plasma performance

In the OP1.2b phase, which started in July 2018, boronization 
was applied after the first few weeks of operation. This led to 
a strong reduction in oxygen outgassing. Figure 8 (left) shows 
decreases in carbon and oxygen impurity concentrations of 
about one order of magnitude after the first boronization. The 
reduction of oxygen radiation in the plasma edge region is a 
direct result of the boronization, since boron chemically binds 
oxygen very effectively. The reduction of carbon is believed to 
be a consequence of the reduction of oxygen, which can act to 
strongly increase the chemical sputtering of carbon from the 
graphite PFCs [27].

The resulting order of magnitude reduction in edge impu-
rity radiation allowed stable operation for a much larger 
range of hydrogen plasma densities—roughly a factor of 
three increase (figure 8 right, x-axis). As a result of the higher 
density, plasmas also exhibited increased confinement times 
(figure 8 right, y -axis), with the the data consistent with the 
ISS04 scaling predicting the confinement time to scale with 
n0.54

e . Thus, there is at this point no detectable direct improve-
ment of the confinement time due to the cleaner plasmas, 
only the indirect one related to the larger density—also con-
firmed by the fact (partly visible in the figure) that plasmas 
at the same density and heating power had about the same 

Figure 8. (Left) The edge impurity concentrations were reduced by about a factor of 10 for oxygen and about a factor of 7 for carbon. 
(Right) After boronization, stable plasma operation was extended to hydrogen densities about a factor of 3 larger than before boronization 
(x-axis) and the confinement times also showed a modest increase, but no more than what was expected from the empirical scaling ISS04.

Figure 9. Visible spectra taken in W7-X at two different viewing 
ports: AEA21 with lines of sight viewing through the core plasma 
at the wall (20180905.16, blue line) and AEF30 with lines of 
sight viewing perpendicularly at the lower divertor module 3 
(20180905.017, green line).
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confinement time before and after boronization. For a more 
detailed description of confinement time scalings, we refer 
to [28].

5.3. Spectroscopic observations of edge impurities before 
and after boronization

Plasma and impurity lines were measured with visible divertor 
spectroscopy during OP1.2, mainly along lines of sight par-
allel and perpendicular to the divertor modules but also from 
the core plasma with lines of sight ending at the wall. Figure 9 
shows an overview spectrum taken with an Echelle Esawin 
3000 spectrometer during a hydrogen discharge, after boroni-
zation. In both cases, the core and divertor lines of sight, the 
Balmer lines are clearly visible. Among the impurity lines, 
carbon is the most intense, intrinsically being present in the 
edge plasma from the carbon target tiles. The C-III multiplet 
at 465 nm is particularly intense in both the divertor region 
and elsewhere in the plasma edge and is therefore also suitable 
for investigations with our ultra-high resolution spectrometer 
and Doppler-coherence-imaging diagnostics. Oxygen lines 
are present as well but much smaller.

5.4. Initial observations of a neutral-compressing divertor 
regime after boronization

In addition to the already described reductions of edge radia-
tion from oxygen and carbon, and the associated increased 
operation range for density in hydrogen plasmas, a new 
divertor detachment regime was also discovered after boroni-
zation. A detailed characterization and understanding of this 
regime is still evolving and will be published separately. The 
initial observations are presented here together with heu-
ristic hypotheses about the differences between the two types 
of detachment, which can hopefully be confirmed after a 

careful analysis. The primary differences to the detachment 
described in section 4 is that this new detachment has much 
higher divertor neutral compression (a factor of appr. 30, as 
opposed to a factor of appr. 7) and with that, a much higher 
divertor neutral pressure and exhaust rate (11.5–17 mbar l s−1, 
as opposed to 1.25 mbar l s−1), see figure 10.

5.5. Heuristic explanation for the differences in the neutral 
compression of detached discharges before and after bo-
ronization

We present here potential explanations for the large difference 
between the neutral compression ratios of the two kinds of 
detachment observed, illustrated in figure 11. First, we note 

Figure 10. An example of detachment after boronization. Note that the x-axis is zoomed in to show the details of the detachment: the 
heat flux reduces by a factor of at least five for a 20% increase in line-integrated plasma density (left). The subdivertor neutral pressure 
shows a more or less proportional increase, but importantly, is an order of magnitude higher than for the detachment experiments before 
boronization (section 4).

Figure 11. We illustrate here our hypothesis for the large difference 
in divertor neutral compression between the pre-boronization 
detachment (left) and post-boronization detachment (right). 
At higher heating power and reduced C- and O-radiation, the 
plasma more fully ‘plugs’ the divertor and allows a better neutral 
compression. Also, the neutral source (presumably due to charge 
exchange) would be distributed rather evenly on the magnetic 
surface before boronization, whereas after, the neutral source would 
be more concentrated in the divertor region itself, and could include 
three-body recombination in this case. The sketched colors are 
meant to illustrate hot core plasma (yellow), cooler edge plasma 
(orange) and rather cold outer edge plasma (red).
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that the low-power, low-neutral-compression detachment was 
observed much more readily before boronization than after, 
and that the higher-power, high-neutral-compression detach-
ment was only observed after boronisation. This suggests that 
the low-power detachment is directly related to oxygen and 
carbon radiation. At lower heating powers before boroniza-
tion, a distributed edge radiating mantle of hydrogen, carbon 
and oxygen could dissipate the particle energy. The edge 
island structure would not be sufficiently filled with plasma 
to re-ionize neutrals that move along the divertor baffle struc-
tures. That is, the plasma would not fill and plug the divertor 
fully. Another reason why the neutral compression is low 
could be that the source of neutrals is due to neutralization 
in the whole outer mantle, overall in the device, i.e. not as 
concentrated in the divertor region as expected. After boroni-
zation, at higher hydrogen densities and heating powers, and 
with the strongly reduced carbon and oxygen content, the out-
flowing core plasma fills the island structure and ‘plugs’ the 
divertor better, preventing neutrals from leaving the divertor 
region by re-ionizing them and dragging them back into the 
divertor region. A recombination zone can in this case develop 
in the divertor region, presumably close to the divertor plates.

At this point, there is only preliminary evidence for this 
physical picture, but also no evidence clearly against it. We 
show in figure 12 an example of preliminary evidence—vis-
ible light images for the two different types of detachment 
taken with one of the EDICAM cameras of the video surveil-
lance system [29]. Figures 12(a) and (b) show the pre-boroni-
zation and post-boronization pictures respectively.

The more poloidally distributed radiation for pre-boroni-
zation is visible by comparison between figures  12(a) and 
(b), consistent with the radiating mantle hypothesis. The 
minor-radial location of the radiation zone, and the differ-
ence in divertor plugging, which is what is illustrated in the 
cartoons in figure 11, is not obvious. It can only be seen in 
figure  12(c), which combines the two images a and b, by 

assigning separate colour channels to the two images, red and 
green: Red indicates where the radiation is stronger in the pre-
boronization picture, and green where the radiation is stronger 
in the post-boronization picture, and yellow indicates where 
both radiate with about the same intensity. A tendency for a 
red colour deeper inside, towards the core plasma region, and 
the green colour further outside can be seen, in particular at 
the tangential view areas, where the line-integrating nature 
of the measurement combined with the 3D geometry makes 
this comparison less difficult. One such area is zoomed in for 
clarity, at the bottom right part of the figure. This lends some 
credibility to the divertor-plugging hypothesis. The colour 
picture also visualizes other differences, to be analysed in 
future work. Future work will also aim to clarify the validity 
of these two proposed hypotheses (both of which could be at 
play simultaneously), as well as the origins of the recycling 
neutrals in the main chamber.

5.6. Summary

First operation with an island divertor in W7-X has brought 
many encouraging results. The heat loads generally appeared 
as expected, and for high-density hydrogen plasmas, stable 
heat-flux detachment was achieved under several conditions. 
The heat flux reduction was at least a factor of 10, and was 
characterized by a significant drop in target electron temper-
ature and no large increases in the target densities, unlike 
typical tokamak-detachment cases. Likely related to this lack 
of density increase, the detachment observed in OP1.2a was 
characterized by only a modest neutral compression ratio of 
about 7.

High-density operation was challenging in hydrogen 
plasmas throughout OP1.2a but was achieved successfully 
after the first boronization in OP1.2b. This also led to detach-
ment with a much higher neutral compression, about 30. 
Two potential explanations for the differences in the neutral 

Figure 12. Visible radiation from the plasma edge from the EDICAM video diagnostic system on W7-X. (Left) (a) Shot 20171109045 at 
t  =  2.50 s (pre-boronization detachment). (Middle) (b) Shot 20180814024 t  =  7.62 s (post-boronization detachment). (Right) (c) The two 
photos added in separate colour channels (red: pre-boronization, green: post-boronization). The pre-boronization detachment shows a more 
poloidally distributed radiation, and also radiation slightly deeper inside. One particularly clear example of the latter is shown as an insert 
magnified 3 times at the bottom right of the figure.
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compression ratio for these two detachment regimes were 
proposed, one related to plugging efficiency, the other that 
the pre-boronization detachment is more akin to a radiating 
mantle than a classical tokamak divertor detachment.
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Abstract
Wendelstein 7-X(W7-X), an optimized stellarator, conducted its first divertor operation. It uses
an island divertor concept for the heat and particle exhaust. Large wetted areas of up to 1.5 m2

have been reached, showing the benefits of the divertor concept and very efficient heat flux
spreading. Moreover, a positive scaling of the wetted area with increasing SOL power is
observed, which is important for operations at high input power. A definition of the wetted area
is made based on thermographic camera observations for the 3D structure of W7-X with
comparability to the definitions of other machines (e.g. tokamaks).

Keywords: Wendelstein 7-X, divertor, wetted area, THEODOR, heat flux, stellarator

(Some figures may appear in colour only in the online journal)

Any future reactor based on the concept of magnetically con-
fined plasma needs to face a challenge of handling potentially
excessive heat loads, leaving the confined plasma volume
through a narrow region called the scrape-off layer (SOL).
It is a part of the magnetic topology at the outermost bound-
ary, where open field lines intersect a material surface. Heat
and particles are transported along the field lines towards a so-
called divertor, where they are removed in a controlled way.
It is expected that in ITER, about 100 MW of the power will
enter into the SOL(PSOL) from the main plasma [1]. Due to the
narrow width [2] of the SOL (λq∼ 0.9 mm ), ITER expects
very high values of the parallel heat flux (of up to 1GW/m2).
The narrow SOL in tokamaks results in part from its geo-
metry, namely short connection length Lc ∼O(10) [m] along
themagnetic field lines between intersectingmaterial surfaces.
Short Lc with a very small ratio of perpendicular to a parallel
heat transport (χ⊥/χ|| ∼ 10−6) leads to a narrow SOL. In a

a See Klinger et al 2019 (https://doi.org/10.1088/1741-4326/ab03a7) for the
W7-X team.

stellarator with an island divertor [3], both factors are some-
what improved: magnetic field lines in SOL have a connection
length Lc ∼O(100) [m], and the perpendicular component of
the heat transport coefficients contributes stronger in the mod-
eling [4] of the plasma boundary. As it will be shown in this
work, both lead to a significant increase of the wetted area on
a divertor surface in the stellarator Wendelstein 7-X (W7-X).
Moreover we observe a positive scaling of wetted area with
increasing PSOL, i.e. an increase of PSOL from 1 MW to 4MW
yields increase of wetted area by more than a factor of two
from 0.6 m2 to 1.5 m2.

W7-X is an optimized modular stellarator [5] operating
with an island divertor. The first divertor campaign started in
2017. The device has a five-fold symmetry and large mag-
netic islands at the plasma edge intersecting with the divertor
(hence its name: island divertor). In its initial divertor cam-
paign,W7-Xwas equipped with ten, toroidally localized, iner-
tially cooled graphite divertor units. In the so-called standard
configuration, five independent magnetic islands located at the
ι-= 1 surface form five independent helical regions interact-
ing with one upper and one lower divertor. In figure 1(b) a

1741-4326/20/084003+5$33.00 1 © EURATOM 2020 Printed in the UK



Nucl. Fusion 60 (2020) 084003 H. Niemann et al

Figure 1. The shape of W7-X plasma (pink) and ten divertor units in gray. (a) Heat flux distribution on a divertor surface as measured by an
infrared camera during a discharge #20 171 109.021, t= 1 s. Heat flux values are back-projected into the camera image and are overlaid
onto a CAD model of the divertor. Two red lines (on the vertical and horizontal target) indicate location used to visualize heat flux profiles
in figure 2(b). (b) Poincare plot of the lower half of the vessel at the toroidal angle of ϕ= 132

◦
. The plane is located in the middle of the low

iota target. Five resonant magnetic islands form five X-Points and the separatrix (colored in red)

poloidal cross-section of three out of five magnetic islands is
presented.

Each of the divertor units is observed by a combined visible
and infrared (IR) system [6]. Nine of them are equipped with
a microbolometer infrared camera working at a spectral range
of 8-10µm, and observing the divertor surface directly via a
wide-angle lens. A tenth observation system was a prototype
endoscope with a semi-conductor infrared camera working at
a spectral range of 3-5µm, and a wide-angle mirror-based
optics. The incoming heat flux can be evaluated from the time
evolution of the divertor surface temperature by, e.g. solving
the 2D heat diffusion equation along a profile line [7]. At W7-
X, this is performed with the help of the THEODOR code [8].
In order to perform calculations, temperature data had to be
mapped on a computer-aided design (CAD) machine model.
An example view of one of the divertors (lower in module
2) with overlaid heat flux distribution is shown in figure 1(a).
Typical power deposition patterns at Wendelstein 7-X consist
of elongated structures called strike lines on horizontal and
vertical target plates. These are the areas of strongest plasma-
wall interaction, where heat and particles are deposited. In
standard configuration, two strike lines are formed by inter-
sections of the magnetic islands with target plates (see figure
1(b)). Figure 2(b) shows the heat flux profiles, indicated with
red lines in figure 1(a). The full width half maximum (FWHM)
distance for the horizontal target profile is 8.2 cm, and the
FHWM for the profile on the vertical target reaches values of

about 12.2 cm. It is obvious from figure 1(a) that the position
of the profile matters for the analysis.

Thus the complete pattern has to be analyzed. Therefore
the divertor is structured into target modules (TM) (see dotted
border lines in figure 1a) and each TM into stacks of graphite
blocks, called fingers, which are poloidally aligned (see blue
marked region in figure 1a). Up to 15 profiles are defined on
each finger to evaluate the incoming heat flux from the evolu-
tion of the surface temperature with the THEODOR code [9].
A toroidal distance among the profiles is ca. 3 mm.

To characterize the load pattern in the standard configura-
tion of Wendelstein 7-X, the maximum heat flux and the wet-
ted area are discussed. The first one is merely the maximum
of all the profiles, while the latter one has to be defined. In
tokamak research, the wetted area is defined as [10, 11]:

Awet =
Pdiv

qmax
div

= 2πRdivftor

´
qdiv(r)dr
qmax
div

= 2πRdivftorλintfx (1)

with Pdiv the divertor load, Rdiv being the major radius of the
device, f tor the percentage of toroidal circumference receiving
heat load, f x the flux expansion factor, λint the integral power
fall-off length of the target heat flux profile, qdiv(r) the radial
heat flux profile and qmax

div the maximum of the heat flux profile.
Formula 1 can be structured in a toroidal part (2πRdivftor) and a
poloidal component, the strike-line width (

´
qdiv(r)dr/qmax

div =
λintfx)

2
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Figure 2. (a) Overview of the main plasma parameters and maximum heat flux, mean strike-line width, and wetted area for one experiment
program in the standard configuration (b) Heat flux profiles from the vertical and horizontal target for a discharge in standard configuration
of the lower divertor in module 2. The positions of the profiles are indicated in figure 1(a) by the red lines. The profile on the horizontal
target FWHM of 8.2 cm, while the profile on the vertical target reaches a FWHM value of 12.2 cm. Program 20 171 109.021, 1 s

This definition includes the assumption of toroidal sym-
metry with a toroidally circumferential divertor for a toka-
mak. For a stellarator with discrete divertor units, the wetted
area must be derived from the whole heat load pattern from all
divertors. Additionally, drift effects [12] result in different heat
and particle fluxes on upper and lower divertors. The poloidal
component, the strike-line width, can be calculated for W7-X
in the same way, but need to be extended to one profile per
divertor finger. In this way, changes of the width in toroidal
direction are taken into account. The central profile of each
finger is used to avoid the effect of leading edges. Each profile
is multiplied with the width of the finger to get the wetted area
on the finger. The toroidal component is therefore split up in
a sum over all divertors and a sum over all wetted areas of a
divertor. A mean upper and a mean lower divertor heat flux
distribution < q> j is calculated to simplify this analysis and
to reduce the effects of hot spots and artifacts. Including the
periodicity of W7-X ( = 5) gives the following equation:

Awet = 5
upper/lower∑

j

#finger∑
i=1

´
s < q(s)>ij ds

max(< q>j)
wi (2)

with j standing for data from the upper or lower divertor, i is
the index of the divertor finger, s is the coordinate along pro-
files and the length of a finger, wi for the width of a finger i
and qij(s) for the central heat flux on finger i of the heat flux
distribution of the average divertor j and max( < q> j) for the
maximum heat flux in the heat flux distribution of the aver-
age divertor j (mean upper or lower divertor). In this way, hot
spots and leading edges are not affecting the results, and the
up-down asymmetry is taken into account. A set of 60 different
programs in the standard configuration with helium gas fuel-
ing are analyzed to investigate the changes of maximum heat

flux and wetted area for different plasma conditions. Figure
2(a) shows an overview plot for a typical plasma program in
W7-X. From each program, data is taken from specific time-
points, to avoid plasma start-up and plasma collapse effects.
Such a time-point is represented with the red line in the over-
view plot.

All these programs have been conducted with on-axis
electron cyclotron resonance heating (ECRH) with injected
powers of 1 to 5MW.Also, the line integrated density has been
varied between 1 and 9∗1019 m−2. As a consequence of the
combination of different heating powers and densities, the set
also covered a broad range of radiated powers. The fraction of
radiated power spans from less than 10% up to nearly 50%(see
figure 3 bottom).

Figure 3 shows the changes of the wetted area for the 60
programs. The top row shows the dependency on the power
entering the SOL(PSOL = Pinput-Prad,Core), the second row the
dependency on the electron density, and the last row the
dependency on the radiated fraction. It has to be mentioned
that the line integrated electron density is unfortunately not
available for all evaluated programs, resulting in fewer points
in the second row and uncolored points in the other diagrams.
The expectations for the wetted area depend on the assump-
tions of radial transport and plasma behavior. Assuming that
the wetted area depends mainly on the ratio between perpen-
dicular and parallel heat flux and using the relation from the
extended two-point model [13] (equation 4) gives the follow-
ing relation:

Aw ∼ q⊥
q∥

=
χe,in

κe,iT
5/2
e,i Θ

2
(3)

Two main dependencies can be seen for the wetted area
for constant thermal conductivity κ and diffusivity χ. With
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Figure 3. Measured maximum heat flux and wetted area for 60
performed plasma programs in He in standard configuration. In the
top row, the data for different heating power is shown. The second
row shows the data for different line integrated densities and the last
row, the data for different fractions of radiated energy.

increasing power entering the SOL, the electron temperature
at the separatrix should increase, which reduces the ratio and,
therefore, the wetted area. An increase of the density, on the
other hand, increases the ratio and, thus, also the wetted area.

A heuristic drift model [14], on the other hand, suggests
that the width and, therefore, the wetted area, are affected by
magnetic field drifts and scales in the following way (from
equation 5 from [14]):

Aw ∼ λq ∼ P1/8
SOL (4)

The model predicts an increase of the width with increas-
ing SOL power PSOL and no scaling with density. The meas-
ured data for helium plasmas shows that the values of total
wetted areas are reaching values from 0.5 m2 to 1.5 m2, and
are increasing for increasing SOL power over the full dens-
ity range. A power-law fit results in scaling of P0.44±0.03

SOL (R2 =
0.64) (see also dashed line in top graph of figure 3) for the
dependency of the wetted area on the SOL power on the full
data set. For increasing density, the general trend is not clear.
Looking at density changes for similar heating powers, e.g.
the orange points in the second graph of figure 3, implies no
significant change of the wetted area with changing density.
The same is also observed when plotting the wetted area as a
function of radiated fraction, no clear relation between both
quantities.

Table 1. Maximum wetted area of different machines for the typical
operation regime.

Machine Gas ASOL Wetted area ASOL
Aw

[m2] [m2]

AUG(L-Mode) [11] H 50 0.80 63
AUG(H-Mode) [2, 15] D 50 0.70 71
W7-X He 115 1.49 77
W7-X H 115 1.68 68
JET (L-mode) [17] H 178 1.59 112
JET (H-mode) [2, 10, 16] H 178 1.06 167

Similar values for the wetted area of up to 1.68m2, and
similar trends are also measured in hydrogen discharges in
W7-X. The results obtained in this work cannot be explained
by a drift-based or two-point model developed for the toka-
mak scrape-off layer, e.g. the dependence of the wetted area
on PSOL is stronger. In case of the two-point model, when
assuming constant transport coefficients (χ, D, κ), the oppos-
ite relation is observed. The wetted area increases with the
plasma temperature. Neither do we see a relation of Aw to the
plasma density, which was predicted by the two point model.
This could imply that the thermal diffusivity is not constant
and is increasing with the SOL power. But this needs further
investigation.

The scaling of wetted areas for the 3D island structure in
Wendelstein 7-X is very beneficial for future fusion reactors,
which will operate at much higher heating powers and SOL
power but only slightly higher densities. Results in tokamaks
[2] show opposite to the results here a weak dependency on the
separatrix power (P0.11±0.09

SOL ) and for some machines, a rather
strong inverse scaling with the density.

Tokamaks operate with a poloidal divertor with a more
simple geometry, which can be analyzed in one poloidal
plane if no 3D perturbation is applied. Using formula 1 with
λint = λq+ 1.64S [11], where S stands for divertor broaden-
ing, the wetted area for other machines can be calculated.
For a comparison, a medium-sized tokamak, ASDEXUpgrade
(AUG), and a larger tokamak, Joint Europe Torus (JET), are
used.

In AUG for L-mode discharges in hydrogen, this leads to
values of 0.27 to 0.62 m2 (λq = 3.4-7.45 mm; S = 0.4-1.16
mm) for the outer target and 0.13 to 0.2m2 (λq = 1.3-2.7 mm;
S= 0.5-0.8 mm, f tor = 0.8, f x = 8.2) for the inner target [11],
giving a total wetted area of 0.4 to 0.8 m2.

Values of the wetted area of up to 0.51m2 (λq = 3.1 mm;
S = 2 mm; f x= 10 [2, 15]) are calculated for the outer tar-
get in deuterium H-mode discharges. Taking a similar ratio
as given in the L-mode discharges, for outer and inner tar-
get result in a total wetted area in H-mode in AUG of up to
0.70m2.

For JET, the wetted area for the outer target is reported with
values between 0.4 and 0.75 m2 in H-mode for inter-ELM
programs [10, 16]. For L-mode discharges in JET with the
given data in [17](λq = 3.5-6.5 mm, S= 6.1 mm, f x= 5) lead
to wetted area on the outer target of 0.91 to 1.12 m2. Assuming
a similar ratio between the outer and inner target as in AUG
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results in a total wetted area in JET of 0.57 to 1.06 m2 for
the inter-ELM regime in H-mode and 1.3 to 1.59 m2 for L-
mode. All this data is summarized in table 1 together with the
calculated area of the last closed flux surfaceASOL and the ratio
of both areas.

The ratio of the areas is an indicator for the focussing of
the available SOL area towards the used divertor area. Lower
values are indicators for lower heat flux and better spread-
ing of the energy in the SOL. W7-X operates with area ratios
similar to AUG, but with total wetted areas in the range of
JET L-mode. This difference is probably due to the 3D edge
magnetic topology with its large island chains and connec-
tion lengths in the edge of the order of 100 m [18]. The heat
flux can be spread out more by perpendicular transport pro-
cesses, while the plasma particles flow along the long mag-
netic field lines. In contrast to that, adding 3D structures to
the edge of tokamaks does not seem to affect the averaged λq
in L-mode [19]. It has to be mentioned that for both types
of machines, the divertor concepts can be further tuned to
enlarge the wetted areas. For tokamaks, the incidence angle
can be decreased by increasing fx, resulting in up to 20%
higher wetted areas with a risk of leading edges. W7-X can
also move the x-point and has configurations with longer
connection lengths [20]. In these, the perpendicular transport
contributes even stronger, resulting in larger wetted areas.
The change of the SOL width with different configurations
is shown in [21]. Here we compared regular used divertor
configurations.

In this paper, a definition of the wetted area for the stellar-
ator Wendelstein 7-X is presented. It is shown that the island
divertor concept of W7-X allows large wetted areas of up to
1.5 m2 (in standard configuration). Furthermore, the wetted
area is increasing with the power in the SOL, which is very
beneficial for future reactors.
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B.1. Wendelstein 7-X Divertor
W7-X is planned to be equipped with ten high heat flux (HHF) water-
cooled carbon fiber enhanced carbon (CFC) island divertors [14], which can
sustain a heat flux of 10 MW/m2 steady-state [15]. Each divertor consists
of a vertical target and a horizontal target. The horizontal targets are
further structured in a low iota target, a high iota target or high iota tail,
and a middle section. A reduced maximum heat flux of 1 MW/m2 [15]
can be applied to the middle section due to a different construction of
this part. Therefore, it is colored differently in Figure B.1(b) and is also
lowered by several millimeters with respect to the high loaded targets to
avoid the high loads. The high and low iota target are named after the
magnetic configuration, which will predominately load these areas. Each
target consists of several target modules, and each module consists of stacks
of individual blocks. In the water-cooled divertor, the individual blocks are
group into stacks that are connected by the pipes and holding structure into a
target module. In total, each divertor consists of 12 different targets modules
(four in the low iota target, three in the vertical target, two in the middle
part, three in the high iota target). A baffle is placed next to each divertor
on both sides (see yellow-colored regions in Figure B.1(b)) to enhance the
neutral particle pumping rate in the divertor region, by reflecting neutral
particles back into the divertor region and into the pumping gap. Since the
baffles should be unloaded and only reflect colder neutral particles towards
the main targets, their maximum heat flux is limited to 0.5 MW/m2 [15].
The sub-divertor room is closed by a toroidal closure (not shown) and a
poloidal closure (the blue colored region in Figure B.1(b)) to improve the
particle compression.

B.2. Magnetic Coil System
To create the plasma confining magnetic field with external field coils only
and to fulfill with it the design specifications (low Shafranov-shift, low
bootstrap current, reduced neoclassical transport, etc.), a rather complex
magnetic coil system is needed. Classical stellarators use planar toroidal
coils like a tokamak and helical windings around the plasma vessel to create
the twisted plasma confining magnetic field (see Figure 1.1). In comparison
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Table B.1.: Main coil types used in Wendelstein 7-X for the main magnetic
field with their material and maximum allow current (𝐼𝑚𝑎𝑥) per winding

name number types windings material coolant 𝐼𝑚𝑎𝑥
of coils of coils [kA]

non-planar 50 5 108 NbTi LHe 17.6
[77] (1-5)

planar 20 2 36 NbTi LHe 16
[77] (A+B)

control/ 10 1 8 Cu Water 3.125
sweep
trim 5 2 48(A) Cu Water 1.8(A)
[78, 79] (A+B) 72(B) Cu Water 1.95(B)

to this, optimized stellarators like W7-X employ non-planar modular coils
to create the confining magnetic field. The 50 non-planar coils of Wendel-
stein 7-X are grouped in five different types and shaped in a way to create
the toroidal magnetic field component, normally generated by the toroidal
field coils, and the poloidal magnetic field component, normally created by
helical windings or plasma current, at the same time. The coil system is
capable of creating a magnetic field with a strength of up to 3T on the
magnetic axis. Typically a magnetic field strength of 2.5T at the magnetic
axis is used to have an efficient electron cyclotron resonance heating (see
Chapter B.4). Superconducting Niob Titanium coils are used for the main
coils system to reach the high field and sustain it for a longer time. These
coils are superconducting below a temperature of 3.4K. Therefore; they are
cooled down to 3K with liquid helium(LHe).

W7-X is equipped with three additional groups of coils for more flexibility
for the confining magnetic field, to correct for error fields and to manipulate
the island to change the heat and particle exhaust. A complete list of the
different coils for creating and manipulating the main magnetic field is given
in Table B.1, and the arrangement of all coil types is shown in Figure B.1.

The 50 non-planar and 20 planar coils are placed symmetrically around
the plasma vessel inside a cryostat. With the additional planar coils, the
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B.2. Magnetic Coil System

(a) Coil system of Wendelstein 7-X

(b) Divertor in W7-X

Figure B.1.: (a)The main coil system of Wendelstein 7-X with non-planar
coils (copper color, type 1 to 5), planar coils (light blue, type A and B),
control coils (red) and trim coils (yellow, type A, and B(right)). The
magnetic cage is shown as a blue surface with the magnetic axis in green.
Taken from [76] (edit) (b) Synthetic view from a port into W7-X into
the divertor region. The different PFCs colored differently, Source: Aleix
Puig-Sitjes (edit)
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rotational transform of the magnetic field can be changed, allowing to ex-
plore a larger configuration space of magnetic configurations for confining
the plasma. Applying the same amount of current with the same sign to
the planar coils changes the rotational transform. The rotational transform
is increased for negative currents (and positive currents in the non-planar
coils). It is decreased for positive currents in the planar coils (and positive
currents in the non-planar). By applying currents with different signs to the
two sets of planar coils, results in a shift of the plasma axis inward (positive
current in coil type A, negative current in coil type B) or outward (negative
current in coil type A, positive current in coil type B). These options lead
to a two-dimensional parameter space for the magnetic configurations. A
third dimension is added by the variations of the current in non-planar coils.
Applying the same current to all five types of non-planar coils result in a
medium mirror ratio (see Section B.3) and can be increased by a decreasing
current distribution between the five non-planar coil types [80](see Table
B.2). In the design process, the set of superconducting coils was set up in
a way to explore a configuration space, which is defined by nine reference
vacuum configurations (see Chapter B.3 and [81]).

The other two sets of coils, island control coils, and the trim coils, are
water-cooled copper coils. They are used to manipulate the magnetic struc-
ture further and to compensate error fields. The five trim coils are placed at
the outside of the machine, near the center of each module. Different port
arrangements on each module had an impact on the trim coil design and
resulted in four identical coils (type A, module 1,3,4,5) and one smaller coil
(type B, module 2), due to space limitations [78]. The type A trim coils
have 48 windings with a maximum current per winding of 1.8 kA, while
the smaller type B trim coil has 72 windings and a maximum current per
winding of 1.95 kA to compensate for the smaller size. They are mainly
used to compensate error fields [72, 73, 76, 78, 82–84] or to create defined
asymmetries. The control coils are used to manipulate the magnetic island
structure and can also be used to compensate error fields. They have eight
windings and are place stellarator symmetric as lower and upper coils in the
vacuum chamber below the main PFCs (the divertors). From the design,
they should handle a total current of 25 kA [85, 86], resulting in a current
of up to 3.125 kA per winding. Depending on the wiring and the assigned
currents to the control coils, they can perform either a change of the island
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size or poloidal movement of the magnetic islands (sweeping). The sweeping
can be performed static with DC currents or continuously with AC currents
in the control coils.

B.3. Magnetic equilibrium
The complex coil system of Wendelstein 7-X allows exploring a large range
of different magnetic configurations. These different magnetic configurations
can vary in:

1. plasma volume

2. mirror ratio

3. radial profile of the rotational transform

4. number of magnetic islands

5. distribution of the connection length of magnetic field lines intersecting
the divertor

6. magnetic axis position

7. magnetic shear
In the design process of W7-X, nine reference configurations have been
evaluated within the limits of the given coil system. These vacuum magnetic
configurations are named by the most significant characteristic value of each
configuration. The names are therefore given as standard, low iota, high
iota, low mirror, high mirror, inward shift, outward shift, low shear, and
limiter configuration. Six of the nine configurations defining the edges of a
cubic parameter (iota, mirror ratio, axis position) space for W7-X with the
standard configuration in the center. All nine vacuum reference magnetic
configurations and an additional configuration for the limiter campaign are
shown in Figure B.2 in this cubic parameter space. Table B.2 presents the
coil current ratios and the values for the given points from Figure B.2.

The mirror ratio of each configuration in Table B.2 has been calculated
by the following relation:

𝑚 =
𝐵𝑎𝑥(𝜙 = 0∘) − 𝐵𝑎𝑥(𝜙 = 36∘)
𝐵𝑎𝑥(𝜙 = 0∘) + 𝐵𝑎𝑥(𝜙 = 36∘)

(B.1)
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Figure B.2.: Representation of the reference vaccuum magnetic configura-
tions of Wendelstein 7-X with the additional limiter OP1.1 configuration.

B𝑎𝑥(𝜙) is the magnitude of the magnetic field at the axis at a toroidal angle
𝜙. All these configurations have in common the general structure of the
created magnetic cage. The cage is described by flux surfaces, which are
changing from a bean-shaped like cross-section at a symmetrical toroidal
position of 𝜙 = 0∘ into a triangular cross-section at 𝜙 = 36∘ (see Figure
B.3). Eight of the ten magnetic configurations use magnetic islands at the
boundary for the plasma-wall interaction(PWI). On the other hand, the two
limiter configurations use an intersection of flux surfaces without islands
for the PWI. Magnetic islands in the boundary are sensitive to changes
in the magnetic equilibrium due to their resonance character. A magnetic
equilibrium is given by the external applied magnetic field and the effects of
confined plasma. Then a plasma is created; it has a certain distribution of
temperature, density, and pressure. Gradients in the plasma create transport
of charged particles and, therefore, diamagnetic currents, which create addi-
tional magnetic fields, interact with the confining field, and create, therefore,
a new magnetic field. This new magnetic field is described by the magnetic
equilibrium. Changes of the equilibrium can happen as a change in the
rotational transform (iota 𝜄, external by currents in the coils or internal by
toroidal currents) or changes in the ratio of plasma and magnetic pressure,
called plasma beta 𝛽. Both effects can be coupled and can have a significant

106



B.3. Magnetic equilibrium

Table B.2.: Coil currents for the 9 reference+1 vacuum magnetic configur-
ations for a magnetic field at the magnetic axis at 𝜙=0 of 2.5T. I𝑛 is the
maximum total current of the configuration and F1 to F𝐵 are the scaling
factors for each coil type. The shown values are calculated and taken
from [81, 87]. The coil current of a coil type is given by: I𝑋=I𝑛*F𝑋/N,
N number of windings.
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I𝑛 [MA] 1.39 1.27 1.52 1.54 1.42 1.53 1.52 1.46 1.47 1.33
F1 1.00 1.00 1.00 0.89 1.00 1.00 0.89 1.00 0.97 1.00
F2 1.00 1.00 1.00 0.92 0.97 0.98 0.88 1.00 1.00 1.00
F3 1.00 1.00 1.00 0.92 0.93 0.93 0.90 0.97 0.93 1.00
F4 1.00 1.00 1.00 1.00 0.88 0.75 0.99 0.92 0.84 1.00
F5 1.00 1.00 1.00 1.00 0.85 0.74 1.00 0.92 0.81 1.00
F𝐴 0.00 0.25 -0.23 0.00 0.00 -0.21 0.09 -0.13 -0.09 0.13
F𝐵 0.00 0.25 -0.23 0.00 0.00 0.22 -0.19 0.13 0.18 0.13

𝜄𝑎𝑥𝑖𝑠 0.86 0.74 1.01 0.85 0.87 0.89 0.85 0.88 0.86 0.79
𝜄𝑒𝑑𝑔𝑒 1.00 0.83 1.20 1.00 1.00 1.00 1.00 1.00 1.00 0.87
m[%] 4.3 3.6 5.3 0 10.0 7.7 4.5 3.1 6.5 3.0

effect on the island geometry and the heat deposition pattern [26]. The
changes in the edge iota occur because of the self-generated plasma currents,
like the bootstrap current, which is caused by collisions between passing
and trapped particles in the magnetic field. This bootstrap current results
in an increasing toroidal current, which increases iota and therefore moves
the magnetic islands radially inward.

Up to now, only half of the listed configurations have been experimentally
conducted in three different operation phases of W7-X and are therefore
relevant for this work. The conducted magnetic configurations are the stand-
ard configuration, the limiter OP1.1 configuration, the high and low iota
configuration, and the high mirror configuration.
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(a) Bean-shaped plane (b) Triangular plane

Figure B.3.: Poincaré plots for the bean-shaped plane (a) and the triangular-
shaped plane (b). The five island structure is shown with one island
marked in red. The divertor plates are colored in green, and the baffle
and heat shield targets in gray.

Standard configuration

The standard configuration sits in the center of the configuration space
for the magnetic configurations with an edge iota of one (𝜄 = 1). It is the
intrinsic magnetic configuration of the non-planar coils set of Wendelstein
7-X and is ideally created by applying the same current to the non-planar
coils and no current to all other coils. The resonant edge iota creates five
individual islands (see Figure B.3), which are used for the particle and heat
exhaust. Each magnetic island in the standard configuration connects two
horizontal targets and two vertical targets of different torus modules, while
it is rotating anti-clockwise around the plasma axis along with its toroidal
elongation.The magnetic island, which touches the lower horizontal target in
module 1, rotates anti-clockwise poloidally and anti-clockwise toroidally in
the same relative amount. In this way, this island than connects to the upper
horizontal target in module 3 and continues further to the upper vertical
target in module 4 and the lower vertical target in module 5. This rotation
of an island is illustrated in Figure B.3 by the red colored island. The
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(a) Strike-line pattern,
AEF20, 20180905.030,
2.2 s

(b) Connection length dis-
tribution on the diver-
tor

Figure B.4.: (a) Strike-line pattern for the experiment 20180905.030 around
2.2 s after the start of heating. The two strike-lines created by the in-
tersection of two different magnetic islands with the divertor are shown.
(b) The pattern of the connection length distribution on the target. The
highest connection length region is located at the low iota target, where
also a large part of the load is deposited

intersection of the magnetic island leads to a heat and particle deposition
onto the divertor targets in the form of a line (the strike line). In the
standard configuration of W7-X, two different strike-lines appear in each
divertor module. One on the horizontal target at the low iota part and
extending along the field towards the beginning of the high iota tail caused
by one magnetic island and a second one at the vertical target, caused by the
neighboring magnetic island (see Figure B.4(a)). The energy and particle
transport in the magnetic islands is dominated by plasma flows along and
perpendicular to the magnetic field. On the way towards the targets, the
particle motion can be structured in a flow parallel and perpendicular to the
magnetic field. The parallel flow in the islands brings energy and particles
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directly to the divertor, while the perpendicular flow redistributes the energy
and particles onto adjacent field lines. The resulting outward motion defines
the broadening of the strike-line is defined by the ratio of parallel and
perpendicular transport depends on the timescale of the traveling. Latter is
defined by the velocity of the particles (the temperature) and the length of
the way towards the target. This way is defined by the connection length
of the field line between two targets. The connection length distribution for
the standard magnetic configuration is shown in Figure B.4(b). In the strike
line region, the connection length varies between <50m and 3000m with a
mean connection length of 287.5m. The mean is calculated for all points of
the divertor, which have a connection length towards any other divertor.

Limiter configuration(OP1.1)

The magnetic field for the first operation phase (OP1.1) with limiters was
specially created to ensure the safe operation of the machine. Based on the
vacuum magnetic field of the standard reference configuration (see Figure
B.3) the limiter configuration (configuration J) was created by applying
a specific current to the planar coil system. This additional positive total
current of about 13 % of the total current in the non-planar coils decreases
the rotational transform. As a result of this, the resonant flux surface 𝜄 = 1
is pushed together with the 5/5 magnetic islands outwards. The island is
pushed far outside the shadow of the limiters to avoid transport shortcuts
to unprotected surfaces in the limiter shadow. In this way, smooth, closed
flux surfaces at the limiter surface as well as deep into the magnetic shadow
of the limiters are available (Figure B.5a). At the last closed magnetic flux
surface (LCFS, the red line in Figure B.5a), the rotational transformation
reaches a value of 𝜄𝑒𝑑𝑔𝑒 = 0.87. The magnetic equilibrium of the limiter
configuration is very close to the vacuum due to small plasma currents,
especially small toroidal currents (<2 kA, see Table 1 in Paper-I[62]).

With this configuration and the limiter thickness of about 6.7 cm, the
plasma size is reduced.
The region outside the LCFS, where the limiter intersects the magnetic
surfaces and magnetic field lines, is the scrape-off layer. This layer can
be described by different flux tubes with different connection length. The
connection length here is defined as the length of a magnetic field line
between two intersection points with a surface. Simulations with the field
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(a) Poincaré plot
(b) Fieldlines from different

flux tubes

(c) Magnetic footprint on
limiter[62] (d) FLT heat flux simulation

Figure B.5.: (a) Poincaré plot of the limiter configuration. A current is
applied to the planar coils to push the resonant surface 𝜄 = 1 and the
5/5 island chain outward. The red lines indicate the LCFS, which is
defined by the limiter. (b) Field lines with different connection length
in straighten magnetic coordinates. Red lines indicate a field line with
a connection length of 79m, while green indicates a field line with 43m
connection length and blue a field line with 36m connection length. (c)
Resulting connection length footprint on the limiter (front view). The
colors indicating the connection length, as also illustrated in (b). (d) Sim-
ulation result from a diffusive FLT calculation with a diffusion constant
of 1𝑚2/𝑠 and an input power of 4 MW with an assumed radiative loss
of 20%
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line tracer (FLT, Section B.10) and EMC3-EIRENE [88] show that these flux
bundles can be grouped into three different types for limiter configuration
(J). The first one is connecting one limiter with itself in one toroidal turn.
This flux tube has a connection length of about 36 m (blue line in Figure
B.5b). The second type of flux bundles connects two neighboring limiters in
one toroidal turn, resulting in a connection length of about 43 m (green line
in Figure B.5b). The third bundle also connects two neighboring limiters
but in two toroidal turns, having a connection length of about 79 m (see
red line in Figure B.5b).

An additional feature which is shown by simulations is that the heat
pattern changes with the connection length and radial distance to the LCFS.
The distance to the LCFS is increasing with distance to the center of the
limiter due to the round shape of the limiter. Figure B.5c shows the pattern
of the connection length on the limiter surface calculated by the FLT, and
Figure B.5d shows the FLT simulation for the heat flux. It is shown that the
region of the maximum heat flux is located close to the center of the limiter
on the left side in the upper third part and on the right side in the lower
third part. These regions agree with the regions of the highest connection
length. The heat flux is decreasing for the whole poloidal extended strike-
line with the distance to the LCFS, to the center of the limiter. At the other
two regions with shorter connection length, the heat flux is reduced in the
region of the strike-line. This result is also confirmed by EMC3-EIRENE
simulations [88].

High iota configuration

The magnetic configuration, called high iota, is created by increasing the
rotational transform (iota) of the standard configuration up to a value at the
magnetic axis of 𝜄𝑎𝑥𝑖𝑠=1 and at the edge of 𝜄𝑒𝑑𝑔𝑒=1.25. This increase is done
by applying negative currents to the planar coils. The 5/5 island structure
of the standard configuration is pushed inward towards the axis and, as a
consequence, is reduced in size. Instead of the five individual islands, a 5/4
magnetic island chain is present in the edge and is used for the interaction
of the plasma with the divertors. This 5/4 island chain is one interlinked
magnetic island, that performs five poloidal turns at four toroidal turns. In
a poloidal cross-section of W7-X, this island intersects four times, as shown
in Figure B.6. The interaction with the divertor appears at the smaller high
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(a) Poincaré plot

(b) Strike-line pat-
tern, AEF31,
20180904.014, 2.2 s

(c) Connection length
distribution on the di-
vertor

Figure B.6.: (a) Poincaré plot for the vacuum high iota configuration. The
island intersection points with the upper and lower divertor are shown.
The other two intersections of the island with the plane are located on the
left and right side of the last closed flux surface. (b) Heat flux distribution
forms the strike-line pattern for program 20180904.014 around 2.2 s after
start of the heating. The heat flux is concentrated in the high iota tail
in a narrow strike-line. (c) Connection length pattern for the high iota
configuration. The longest connection lengths are found on the high iota
tail of the divertor

iota end of each divertor (Figure B.6). The island is connecting a lower
divertor directly with and upper divertor two modules away and vice versa.
The target to target connection length of the field lines is reduced by the
higher rotational transform. It varies in the strike line region on the high
iota target from 61m to 946m with a mean connection length of 152m.
Similar to the standard configuration, the mean is taken over all points
which have a connection to any other divertor.
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Low iota configuration

The low iota configuration is the magnetic configuration in Wendelstein
7-X with the lowest rotational transform and the longest connection length
of the 9+1 reference magnetic configurations. It is created similar to the
limiter OP1.1 configuration, by starting at the standard configuration and
applying positive current to the planar coil system. In this way, the central
iota is reduced to 𝜄𝑎𝑥𝑖𝑠=0.74, and the edge rotational transform is reduced
from one to 𝜄𝑒𝑑𝑔𝑒=0.83. By the reduction of iota, the 5/5 islands are moved
far outside, and the 5/6 island chain is pushed outside into the interaction
region with the divertors. The island chain is one interlinked magnetic island,
which needs five poloidal rotations and six toroidal rotations before reaching
the same position again. In a poloidal cross-section, this magnetic island
has six crossings due to its slow rotation (see Figure B.7.) The interaction
zone of the edge magnetic island in the low iota configuration with the
divertors is concentrated on the low iota target of the horizontal target. Via
the island, a low iota target of a lower divertor is connected directly to the
low iota target of an upper divertor three modules away. As a result of the
small iota, the connection length increases. The low iota configuration has
the longest connection length with values from 59m to 3000m and a mean
connection length of 298m.

High mirror configuration

The high mirror configuration is a magnetic configuration which is similar
in the edge structure to the standard magnetic configuration (see Figure
B.8). As the name implies, the mirror ratio is increased from 4.3% in the
standard configuration to 10% by changing the ratios of currents in the
non-planar coils between the coils in the bean-shaped plane and the coils in
the triangular plane. In this way, the magnetic field in the triangular plane
is decreased, resulting in a higher mirror ratio. The higher mirror ratio also
affects the self-evolving bootstrap current due to a change in the amount of
trapped and pacing particles. This leads to the lowest plasma currents in the
high mirror configuration of the reference configurations. The interaction
with the divertor is realized similarly to the standard configuration with five
individual islands, but with a slight shift of the magnetic islands. This small
change of the island structure moves the heat and particle loads mainly onto
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(a) Poincaré plot
(b) Strike-line pat-

tern, AEF20,
20181002.047, 3.2s

(c) Connection length
distribution on the di-
vertor

Figure B.7.: (a) Poincaré plot of the low iota configuration in the bean-
shaped cross-section. The six intersections of the island with the plane
are visible. (b) Heat flux distribution for the experiment 20181002.047
around 3.2 s after the start of the heating. The resulting strike-line is
concentrated on the low iota target. (c) Connection length distribution
for the vacuum field of the low iota configuration. The longest connection
length is located on the low iota target.

the vertical target of each divertor (see Figure B.8). The similar rotational
transform of the magnetic field, compared to the standard configuration,
also results in similar values for the target to target connection length. The
values of the connection length varying from <50m to 1191m with a mean
connection length of 229m.

B.4. Electron cyclotron resonance heating
(ECRH)

Gas has to be ionized to create a plasma inside the magnetic cage and
needs to be heated up to relevant temperatures for fusion research. Different
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(a) Poincaré plot

(b) Strike-line pat-
tern, AEF20,
20171122.035 0.7 s

(c) Connection length
distribution on the di-
vertor

Figure B.8.: (a) Poincaré plot for the bean-shaped plane at the toroidal
angle of 𝜙 = 0∘. The five independent islands are shown. (b) Heat flux
distribution on the divertor for experiment 20171122.035 around 0.7 s.
The load is concentrated on the vertical target and on the low iota target.
(c) Connection length pattern for the vacuum magnetic field for the
high mirror configuration. The region of the long connection lengths is
concentrated on the vertical and low iota target.

heating methods can be used to heat the plasma. Commonly used methods
are inductive or ohmic heating, electromagnetic wave heating for electrons
or ions, and the injection of energetic neutral particles into the plasma. The
first one is mainly used on tokamaks, and the other two methods are used on
all types of magnetic fusion devices. In Wendelstein 7-X, the following three
heating methods are foreseen: electron cyclotron resonance heating (ECRH),
ion cyclotron resonance heating (ICRH), and neutral beam injection (NBI).
The ECRH system is the main heating system, which can operate in a long
pulse operation of up to 30minutes [89]. The other two systems are limited
to operation times of 10 s [90, 91]. Wendelstein 7-X is equipped with ten
microwave generators, called gyrotrons. Each of them was planned to have
a nominal power of 1MW at a frequency of 140GHz, which results in an
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overall power of 9MW for short pulses and 8MW for steady-state[89]. The
frequency of the microwave beam was set to the second harmonic frequency
of the electron cyclotron motion 𝑓𝑐𝑒

, which is given by:

𝑓𝑐𝑒
=

𝑒 ∗ 𝐵
2𝜋𝑚𝑒

= 70 𝐺𝐻𝑧 (B.2)

with e as the electron charge, B the magnetic field, for W7-X 2.5T on the
axis, and 𝑚𝑒 the electron mass. Since the microwave beam is resonant to
the electron motion, it can be directly absorbed by the electrons, which
increases their velocity and, by collisions, the electron temperature. The
ECRH system in W7-X can be operated with second harmonic ordinary (O2)
or with the second harmonic extraordinary (X2) waves. Both modes have a
different absorption rate in the plasma and a different electron density cut-off.
The X2 heating has a good absorption by the plasma and can, therefore, be
absorbed during one pass through the plasma. Electron density cut-off limits
the heating to a density of 𝑛𝑒,𝑋2−𝑐𝑢𝑡 = 1.2 1020𝑚−3. For higher densities,
O2 heating is used with a cut-off density of 𝑛𝑒,𝑂2−𝑐𝑢𝑡 = 2.4 1020𝑚−3 [89].
There multi-path (3 way) absorption is needed, due to the lower absorption
rate in the plasma. The cut-off density is also the reason to use the second
instead of the first harmonic extra- or ordinary wave because the cut-off
density is proportional to the frequency. Therefore, X1 would be limited to
a density of 𝑛𝑒,𝑋1−𝑐𝑢𝑡 = 6 1019𝑚−3. After leaving the gyrotrons, the ECRH
beams reach W7-X over a quasi-optical transmission line with 18 mirrors
in total. This optical path system on W7-X is unique [89] since most other
machines use wave-guides to transport the beams to the plasma.

B.5. Magnetic diagnostics
Once the plasma is build up, different methods to diagnose its characteristics
are available in W7-X. One of these methods is the measurement of the
magnetic field by additional diagnostic coil systems in and on the plasma
vessel. This passive diagnostic coils can be arranged to enclose the plasma
(diamagnetic loops and Rogowski coils) and measure changes in the magnetic
flux by the plasma and its currents or can be arranged on the plasma vessel
(saddle coils) to measure poloidal and radial components of the magnetic
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(a) Diamagnetic loop by Peter
Drewelow

(b) Rogowski coil by Peter
Drewelow

Figure B.9.: (a) Schematics of a diamagnetic loop enclosing the plasma.
(b) Schematic of a Rogowski coil enclosing the plasma to measure the
plasma current.

flux. A change of magnetic flux induces a voltage in an adjacent coil:

𝑈𝑖𝑛𝑑 =
𝑑
𝑑𝑡

∫
𝐴

⃗⃗ ⃗⃗⃗⃗𝐵𝑑 ⃗⃗⃗⃗⃗⃗⃗𝐴 =
𝑑
𝑑𝑡

𝛷 (B.3)

with the by the coil enclosed area ⃗⃗⃗⃗⃗⃗⃗𝐴, which is penetrated by the magnetic
field. Each of the named coil systems can provide different plasma paramet-
ers.

The presence of the plasma and its generated diamagnetic current, which
balances the plasma pressure gradient, reduces the magnetic field. This
reduction changes the magnetic flux, which is measured by the diamagnetic
loops enclosing the plasma (see Figure B.9a). The magnetic flux can be
related to the diamagnetic energy W𝑑𝑖𝑎 of the plasma. The relationship is
given in [92] (Equation 2 and 3). One of the three diamagnetic loops in W7-
X is equipped with four compensation coils to compensate for the unwanted
flux changes induced by different sources [92]. The next type of coils, the
Rogowski coils, are used to measure the toroidal current. Toroidal bootstrap
currents created by the plasma cause a change in the poloidal magnetic flux,
which is measured by the plasma poloidally enclosing continuous Rogoskwi
coils (see Figure B.9b). The signal of a Rogowski coil is given by Ampère’s
law:

𝜇0 ∫
𝑆

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗𝑗𝑝𝑑 ⃗𝑆 = ∮
𝐶

⃗⃗ ⃗⃗⃗⃗𝐵𝑑 ⃗𝑙 (B.4)

with C the path of length l enclosing the surface S, j𝑝 the plasma current
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density (see Figure B.9b). For a coil with N windings, the relation between
induced voltage and plasma current is given by:

𝑈𝑖𝑛𝑑 = 𝑁 ⋅ 𝑆
𝑑𝐵
𝑑𝑡

=
𝑁 ⋅ 𝑆 ⋅ 𝜇0

𝑙
𝑑𝐼𝑝

𝑑𝑡
(B.5)

W7-X is also equipped with segmented Rogoskwi coils to measure current
distributions in the plasma. The saddle coils on the plasma vessel are used to
measure nontoroidal magnetic flux, therefore, can measure Pfirsch-Schlüter
currents and the integrated signal can also be used to determine the plasma
energy.

B.6. Thomson Scattering
Another method to measure electron density and electron temperature pro-
files is the Thomson scattering (TS). The TS system is a commonly used
diagnostic on fusion devices. It uses a laser to measure locally electron tem-
perature and density. The laser photons are elastically scattered on free
charged particles, mainly the electrons, and the scattered light is measured.
From the spectrum of the scattered light, the electron temperature 𝑇𝑒 and
from the intensity, the electron density 𝑛𝑒, can be calculated. Several scatter-
ing volumes can be observed along the laser path with an optical observations
system, viewing perpendicular onto the laser path. On W7-X, the Thomson
scattering system uses up to five Nd:YAG laser (𝜆= 1064.14 nm)[93, 94] and
up to two sets of optics to measure density and temperature of the electrons
spatially resolved over the plasma cross-section. The whole system is located
in module 3, with the laser entrance near the midplane of the vessel on the
outboard side, exit port near the midplane of the vessel on the inboard side,
and the observation systems on the top of W7-X. It uses fiber bundles to
observe several volumes along the laser path. It is optimized to measure
the electron temperatures in the range of 20 eV to 10 keV and the electron
density in the range of 2e18m−3 to 5e20m−3. One laser and one observation
system with ten spatial points have been active during the first operation
phase OP1.1[93]. The path of the system and the scattering volumes are
shown in Figure B.10(left). In the divertor campaigns OP1.2a and OP1.2b,
three lasers have been in operation and both observation systems which
cover the complete plasma center cross-section with in total 79 observed
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Figure B.10.: Poincaré plot with positions of the Thomson scattering
volumes in OP1.1 (left) and OP1.2 (right). Taken from [94] (Figure
2), edit

scattering volumes (see Figure B.10(right)). The additional lasers can be
used to increase the laser energy or the frequency of the laser pulses and,
therefore, the temporal resolution from the initial 10Hz to 30Hz[94].

B.7. X-Ray Imaging Crystal Spectrometers
Another system which can measure temperatures of the core plasma is the
X-Ray imaging crystal spectrometer (XICS). As the name indicates, it uses
a crystal, which is spherical bent, to image X-rays light onto a 2D sensor.
The resolution of the sensor is separated into an energy resolution in the
horizontal direction and spatial resolution in the vertical direction [95]. It
is used to measure line integrated electron and ion temperature, radial
electric field, and impurity densities [96] via a spectral fit and also radial
profiles after a tomographic inversion. Depending on the used crystal and
their cuts, different impurities ions can be detected. W7-X is equipped with
two systems, an X-Ray imaging crystal spectrometer (XICS) and a high-
resolution X-ray imaging spectrometer. The later one can be equipped with
up to eight different crystals[96]. During the operation of W7-X, argon is
injected into the plasma or puffed in together with the hydrogen in the pre-
fill to provide the needed impurity signal for the XICS system to measure
the ion and electron temperatures. The line integrated temperatures can be
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directly determined from measurements of the Doppler broadening and line
intensity ratios of the emission lines of Ar16+ and Ar17+[95].

B.8. Bolometer
All kinds of plasma species especially injected and intrinsic impurities, emit-
ting visible and X-ray light. This emitted light is also a loss channel for the
energy of the confined plasma. The radiated light in most fusion devices
and also in W7-X is measured with the help of bolometers. A bolometer
is a wide wavelength range radiation sensor. It can be either realized with
a thin metal foil, which absorbs the incoming light and changes resistivity
or by absolute extreme ultraviolet photodiode [97]. For the set-up in W7-X
the first option is used. A 4 µm thin gold foil resistive detector is used to
measure the soft X-ray light, coming from the plasma. Two detector arrays
with 32-channels are installed in the triangular plane to observe the plasma
radiation[97, 98]. They are placed on the lower side and the outboard side,
creating an overlapping region. This overlapping region of the channels can
be used for tomographic inversion to create a 2D distribution map of the
soft X-ray radiation in the triangular plane of W7-X.

B.9. Langmuir Probes
Electrostatic probes or Langmuir Probes are also a well-established dia-
gnostic for the edge of the plasma to measure electron density, electron
temperature, and more quantities. They are made of a conducting material
that is connected to a power supply and gets into touch with the plasma.
A probe can be either directly brought into contact with the plasma or can
be mounted into a PFC, which is in contact with the plasma.
Changing the Bias Voltage of the probe allows to measure different quantit-
ies of the plasma. Figure B.11 illustrates the current-voltage characteristic
of an ideal Langmuir Probe. Setting the voltage very negative on the probe
will repel the electrons in the plasma and will accelerate the ions towards
the probe resulting in a negative current, which saturates (the ion satura-
tion current). Increasing the voltage will increase the measurable current
on the probe until it is 0. At this point, the so-called floating potential is
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Figure B.11.: A sketch of a U-I characteristic of a Langmuir Probe. Region
(I) indicates the ion saturation regime, region (II) the electron collecting
regime and region (III) is the electron saturation regime.

measured. It is the potential an unbiased probe will get in the plasma. Here
the electron and ion current towards the probe are canceling each other out.
An increasing voltage on the probe will collect more electrons resulting in a
fast rise of the measured current. Below the plasma potential 𝑈𝑝𝑙 the elec-
trons are still repelled but fast enough to still reach the probe. For voltages
above the plasma potential, the electrons are accelerated towards the probe
up to a point where the electron saturation regime is reached. There all
surrounding electrons are collected by the probe.
The probe will also disturb the plasma and the electron and ion distribution
around the probe while in contact with the plasma. A sheath is formed
in front of the probe or the target, where the probe is embedded in. The
characteristic of a probe depends further on the probe design (the geometry
of the available collecting area) and the surrounding environmental condi-
tions, as magnetic fields and additional electrical fields. In a simple model
without magnetic field and with a Maxwellian electron distribution, the
current dependency is given by[99]:

𝐼 = 𝐼𝑠𝑎𝑡(1 − exp (
𝑈 − 𝑈𝑓

𝑇𝑒
)) (B.6)
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with

𝐼𝑠𝑎𝑡 = 𝐴𝑐𝑜𝑙𝑙𝐽𝑠𝑎𝑡𝑡 = 𝐴𝑐𝑜𝑙𝑙𝑍𝑛𝑖𝑒𝑐𝑠 (B.7)

𝐴𝑐𝑜𝑙𝑙 is the collecting area of the probe, 𝑛𝑖 the ion density, 𝑇𝑒 the electron
temperature, and 𝑐𝑠 the sound speed of the plasma particles. The collecting
area depends on the assumptions of the model and the plasma conditions
and is, therefore, often not the surface of the probe itself. In the case of a
magnetic field, the effective area in the field direction will act as the collecting
area. In the case of embedded, the area of the surrounding target will also
affect the measurements. For each of the different conditions, models have
been developed to cover the main effects. The needed models for Langmuir
Probe evaluation in a fusion experiment are summarized and discussed
in [99].

B.10. Field line tracing
One simulation tool for the complex magnetic field of fusion devices is the
field line tracer (FLT). For W7-X, such a code is embedded into a web-
service [100] to allow many people a faster calculation on different servers.
As the name implies, the code traces a number of test-particles along given
magnetic field lines. The needed magnetic field information can be either
directly given as input from other codes or can be calculated from a given
current distribution in a set of coils. In the latter, the field is calculated using
the Biot-Savat law. The FLT of W7-X is connected to several databases
proving coil geometries and information as also component geometries and
information, which can be used for the tracing. Using this technique and the
available database information allows, for example, to calculate the distance
a particle can travel on a field-line between two intersection points with
components (connection length)(see also [101] for the connection length of
different magnetic configurations in W7-X). An additional random walk
functionality provides the opportunity to perform field line diffusion (FLD)
simulations, to calculate for a given assumption on speed, free mean path,
and diffusion coefficient the load distribution on the limiter or divertors. A
further option of the FLT is to mark the intersection of one or more field
lines while tracing them in the given field to map the geometry of the field
into a Poincaré Plot.
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C.1. Limiter IR observation system
All five limiters were monitored with infrared cameras to order to avoid their
overheating. Two out of five limiters were observed by the infrared cameras,
which allowed for high resolution, well-resolved in time measurements of
the surface temperature. The two systems differ in location, set-up, camera
type, resolution, and field of view.

C.1.1. DIAS system
The first of the two IR systems was using a Pyroview 640L compact long-
wavelength infrared (LWIR) camera produced by DIAS. The main compon-
ent of the camera is an uncooled 𝜇-Bolometer array with a resolution of
640x480 pixel and a maximum frame rate of 50Hz. Each pixel in this array
has a width and height of 25𝜇𝑚, and the whole camera is sensitive in the
wavelength region of 8 − 14 𝜇m.

The IR camera, together with two filtered cameras working in the visible
range, were placed close to the plasma vessel in order to observe the limiter
directly. This close position has been achieved by placing the cameras at the
end of a so-called ”immersion tube” (see Figure C.1a), which was inserted
into one of many W7-X ports. The immersion tube head includes three
windows, one for each camera, which are transparent in the wavelength
range suitable for the respective camera.In the case of the DIAS camera,
a zinc selenide (ZnSe)[102] window was used. Transmission curve for ZnSe
window is shown in Figure C.3a. It has a transmission value of 70% in the
wavelength region of the DIAS camera. Since the cameras in the immersion
tubes are positioned very close to the superconducting coils, they had to be
compatible with magnetic fields of up to 3T. This functional requirement
can be fulfilled by having a camera with electronics either not sensitive to
magnetic fields of such strength or by moving the sensitive parts of the
camera away from the magnetic field. In the design process of the LWIR
camera, the DIAS company has chosen the later to build the LWIR camera.
The sensor head with an uncooled 𝜇-Bolometer array and the electronics are
separated into two parts, which are connected via two, two-meter long cam
link cables (see Figure C.1b) and two pneumatic tubes. In the part, placed
in the high magnetic field, sensor, lens, and pneumatic shutter were placed.
The other part, working in a much lower field (about 100mT), included
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(a) Immersion tube scheme

(b) Head and electronics from
the DIAS camera system

Figure C.1.: (a) Set-up of the LWIR micro-bolometer camera in the im-
mersion tube, Source: IPP, Christoph Biedermann (b) The main parts
of the camera, Source: IPP, Christoph Biedermann

power supply, pneumatic relays, electronic parts for shutter, trigger control,
and camera communication [103].

Optical resolution

As the IR camera was built to observe the divertor[104], it is equipped with
a wide-angle lens giving a field of view of 116∘ x 82∘. Together with a large
field of view, the wide-angle lens also adds a so-called barrel distortions
to the image, known from fish-eye lenses. This distortion is characterized
by non-uniform magnification, which decreases with the distance to the
optical axis. The resulting image appears to be bend onto a round surface
(”barrel”).

The immersion tube was placed in the upper port (AEF50) of module 5
allowing observation of lower divertor in the same module. During OP1.1
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(a) Plane projected view cone (yel-
low) of DIAS IR camera

(b) DIAS view

(c) Synthetic DIAS view

Figure C.2.: (a) View cone of the DIAS camera projected into the plane of
the limiter. (b) IR image of the DIAS view into module 5 of Wendelstein
7-X, the limiter is visible in the top right corner. The Spot in the center
of the image is a reflection of the IR light from the limiter on the metal
frame of the divertor supporting structure. (c) A synthetic view of the
LWIR camera into the machine. In the center is the place where a divertor
was installed later.

in this field of view, the left side of the limiter in module 5 was visible
in the top right corner of the infrared image (see Figure C.2c), where the
barrel distortion is high. These distortions are measured and characterized
in the process of spatial calibration of the camera system (see Section
1.4.5 and [57]). For this calibration process, an in the infrared range visible
checkerboard has been developed. The first version was made with heated
magnets on a whiteboard. A series of images with different checkerboard
arrangements in the images have been recorded to measure the distortions
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along several lines throughout the images. A lens model is derived from the
measurements and used together with the camera position and sight-line
information to project the image onto a 3D computer-aided design (CAD)
model. Each pixel is then referenced to a 3D coordinate in the CAD model
with the help of defined reference points in the CAD model and infrared
image (see Section 1.4.5 and [57]). It is used to calculate the resulting
resolution on the limiter surface by calculating the real space distance on
the limiter for neighbored pixels. The resolution of the DIAS camera in this
set-up was 3.3mm/pixel at the top of the limiter and 5.2mm/pixel at the
bottom of the limiter. For an ideal lens without distortions, the minimum
resolution is defined by the minimum distance 𝑑𝑥 of two intensity maximum,
which can be resolved on the sensor array:

𝑑𝑥 = 1.22
𝜆𝑓
𝑑

(C.1)

With 𝜆 being the wavelength of the light and f/d being the f-number of the
lens system, with f as the distance between lens and sensor and d as the dia-
meter of the aperture hole. For the DIAS camera, this results in a minimum
distance of 𝑑𝑥 = 31.8 𝜇𝑚, with f =14mm, d= 7.5mm, and 𝜆 = 14 𝜇𝑚.The
distance between the center of two pixels is given by the size of the pixel
and so 25𝜇𝑚. Since this distance is smaller than the minimum distance to
resolve two neighboring maxima, each pixels spatial error pixel is assumed
to be in the range of the distance from one point to its two neighboring
points.

Thermal accuracy

Another effect of this set up is the additional window in the optical path,
which reduces the number of photons getting to the camera. The thermal
calibration of the DIAS camera was done by the company, including only the
wide-angle lens of the camera and sensor response. This calibration relates
the measured signal to a given temperature for a given emissivity of the
object and transmissivity of the optical path. Figure C.3b shows the relation
between the sensor signal and measured temperature for and emissivity and
transmissivity of one.
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(a) Transmission curve of
ZnSe [105]

(b) Calibration curve (DIAS)

Figure C.3.: (a) Transmission curve for uncoated 5mm thick ZnSe win-
dow [105]. (b) Calibration curve of the DIAS system, black: with an
emissivity and transmissivity of 1, red: with an emissivity of 0.82 (for
carbon) and transmissivity of 0.6 for the optical system)

Any additional component in the optical path, like the immersion tube
window, reduces the number of photons reaching the IR sensor. This reduc-
tion would lead to an underestimation of the observed temperature. There
are two ways to take this additional component into account. Either re-
peating the thermal calibration with all components in place or measuring
the transmission of the thermal light throw the new component. The latter
was chosen, and the extra component has been taken into account in the
measurement by changing the transmissivity of the optical path in the soft-
ware. By measuring a black body at different temperatures with the DIAS
camera still in the immersion tube after the campaign, the emissivity of
the zinc selenide window was determined to a value of 0.59 to 0.6, which is
smaller than the typical transmission value for an uncoated ZnSe window
(see Figure C.3a).

Image corrections

Since the sensor array of the DIAS camera was an uncooled one, the temper-
ature of the sensor is changing over time. A short calibration is conducted
to compensate and reduce the effect of the warming up of the sensor. The
internal shutter in front of the shutter is closed, and reference frames are
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taken to compute the offset and non-uniformity correction. This calibration
is done automatically by the camera itself, and the new reference is valid for
several minutes. Therefore it has to be repeated for each plasma discharge.
It takes up to 500 ms to perform a correction of the sensor. Communication
with the camera is not possible during that time, and the recording of new
frames is not possible. Since the camera does the correction automatically
in the normal operation mode, it has to be blocked and done manually with
a control software before each discharge to avoid closing the shutter during
plasma or directly at the start of a plasma. If the closing of the shutter
happens during a plasma start, the camera is not listening to incoming
signals, including triggers to start the recording. An additional trigger can
be connected to the camera, which will prevent the shuttering by blocking
it. A high signal is needed for the time, where no shuttering should appear.
This shutter blocking system has been realized with modified trigger signals
from the trigger boxes.

C.1.2. FLIR system
An additional observation system was placed outside the machine at module
3, consisting of one visible camera and a high-resolution mid-wavelength IR
(MWIR) camera model FLIR SC8303HD from the company FLIR. Both
were sharing the same line of sight (see Figure C.4). They were placed inside
a soft-iron box to reduce the magnetic field seen by the cameras to tolerable
levels. Attached to the iron box was a mirror for the visible camera and
germanium beam-splitter to separate visible and infrared light. A sapphire
window was used as the vacuum window to allow both cameras a view into
the machine. It has a broad transmission curve (see Figure C.6a), which
has high transmission in the visible and MWIR range. The whole camera
system was aligned with the AEA port in module 3. This port is below the
midplane, and the resulting viewing line of the system is directed towards
the midplane at the inner wall (see Figure C.5a). With the resulting view
cone, both cameras were able to observe five tiles above and below the
midplane of the limiter in module 3 [106] (see Figure C.5c and Figure C.5b).
The MWIR camera was equipped with a 50mm lens focused on the limiter
with a field of view of 45∘ x 45∘. Due to the distance to the port and the size
of the port window, the field of view covering the limiter region is reduced
to roughly 5.5∘ x 5.5∘. The MWIR camera uses an indium antimonide (InSb)
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Figure C.4.: Set-up of the MWIR camera outside W7-X close to AEA30
port. Both cameras are placed in a soft iron box to shield the magnetic
field from W7-X, Source: original Photos by Glen Wurden.

cooled detector array with a resolution of 1344x768 pixels and a spectral
range from 3-5𝜇m. At the full-frame, the camera is capable of operating at
a frame-rate of 125Hz. Since the full view covered a significant area around
the vacuum window, the view was cropped down to a resolution of 384x408
pixels to record mainly the limiter region. The cropped image allowed a
faster readout of the array with a resulting maximum frame-rate of up to
417Hz. The used lens for the MWIR camera also adds small distortions to
the image, which are mainly concentrated at the edge of the lens and were
cropped away. Distortions in the center of the image are so small so that they
can be neglected in the analysis. These conditions result in an easier mapping
of the image onto the CAD geometry as for the DIAS system. A mapping of
each pixel to a 3D coordinate was created in the same way as for the DIAS
camera. From this map, the spatial resolution was calculated by calculating
the distance to the neighboring pixels in real space. With this set-up, a
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(a) Plane projected view cone (yel-
low) of FLIR IR camera

(b) FLIR view

(c) Synthetic FLIR view

Figure C.5.: (a) View cone of the FLIR camera projected into the plane of
the limiter (b) IR image of the FLIR view into module 3 of Wendelstein
7-X, the limiter is visible in the center with three full tiles and two tiles
which are partly visible. (c) A synthetic view of the MWIR camera into
the machine

spatial resolution of 1.1mm (center of limiter) to 1.6mm (edge of limiter)
was achieved at the limiter surface. During the campaign, the FLIR camera
was also using the company calibration. The transmissivity of the optical
system, including beam-splitter and window, has been calculated during
the campaign to a value of 0.3. This value had been confirmed with the
measurements of the machine wall before the first plasma of the day, which is
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(a) Transmission curve of Sap-
phire [107] (b) Calibration curve (FLIR)

Figure C.6.: (a) Transmission curve of an uncoated 5mm thick sapphire
window [107] (b) Calibration curve for the FLIR camera for different
exposure times

sitting at 28.5∘𝐶𝑒𝑙𝑠𝑖𝑢𝑠. It has also been measured after the campaign in the
laboratory, including an extended calibration range with additional beam-
splitter and sapphire window. The new calibration relates the measured
signal (counts) to radiance (photons) and further to temperature. Figure
C.6b shows the calibration curve for different exposure times, which have
been used often in parallel. The triggering of the MWIR camera has been
arranged similarly to the DIAS system. The heating start trigger was used
to start the acquisition of images.

Figure C.7 shows in a bird view the position and the view cones of the
DIAS camera and the FLIR system.

C.2. Divertor IR observation system

C.2.1. IR-cam system
During the divertor campaign, the immersion tube systems, as used before
(see Section C.1.1) got upgraded. All NIR cameras got replaced with mi-
crobolometer cameras from the company IRCAM, model CALEO 768k L.
These cameras were modified to work in a high magnetic field, similar to
the DIAS system. They have a resolution of 1024 x 768 pixel, a frame-rate
of up to 120Hz, a variable integration time and a spectral range of 8 µm
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FLIR

DIAS

module 1

module 2
module 3

module 4
module 5

Figure C.7.: Top-down view of the CAD model of the plasma vessel of
Wendelstein 7-X. The machine is structured into five similar modules
corresponding to the five-fold symmetry. The sight-lines of the radial
viewing FLIR and the toroidal viewing DIAS IR camera system are
shown in red. The Limiters are shown in green.

to 14 µm which is limited by a filter to 8 µm to 10 µm. Since they used the
same immersion tube set-up as the DIAS system, they also have wide-angle
lenses, which allow a field of view of 116∘𝑥82∘. Figure C.8 shows the location
of the immersion tube cameras, their field of view(a), and the view into the
machine with the camera and the achieved resolution (b). The shuttering of
the cameras have been realized with nonmagnetic spring and rope system,
to allow a shuttering in the high magnetic field.

C.2.2. Infratec system
An additional new IR observation system was introduced in the divertor
campaign. It is a prototype endoscope system with a visible light (VIS) and
an IR camera. The set-up of the system is described in [108]. It has been
used in the AEF50 port and replaced the DIAS system from the limiter
campaign. A MWIR INFRATEC ImageIR 9312907 with a resolution of
1280x1024 pixels, a frame-rate of about 100Hz, and spectral range of 3 µm
to 5 µm. The field of view is given by the optics of the endoscope and was
designed to cover the whole divertor region with 115∘𝑥60∘[109]. Figure C.9
shows the view of the camera and the achieved resolution on the different
divertor parts.
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Top IRCAM

Bot. IRCAM
module 1

module 2
module 3

module 4
module 5

(a) Camera positions and field of view

(b) Camera view

Figure C.8.: (a)Top-down view of the CAD model of the plasma vessel of
Wendelstein 7-X. The machine is structured into five similar modules
corresponding to the five-fold symmetry. The sight-lines of a bottom
camera viewing up and of an upper camera looking down are shown in
red. (b) View of a camera from the immersion tube in AEF51. Color-
coded is the spatial resolution in millimeter per pixel on the observed
components.
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Figure C.9.: View of the endoscope infrared camera. Color-coded is the
resolution in millimeter per pixel on the observed components.

Both systems have been calibrated in the same way as described in [56].
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D
Addition Information for

THEODOR use

D.1. Heat transfer coefficient adjustment
If a surface layer is present, the result of the calculation tends to give
negative heat fluxes back at the time-point where the heat flux vanishes at
plasma termination (see blue graph in Figure D.1a). A method to iteratively
calculate the 𝛼 value is described in the thesis of Peter Drewelow [110]. The
method was adapted and slightly modified to reduce the number of iterations.
The steps of the method are the following:

1. calculate the heat flux 𝑞(𝑠, 𝑡) with THEODOR for an assumed 𝛼𝑡𝑜𝑝(𝑠)
vector

2. calculate the maximum and minimum heat fluxes in time for each
position of the profile:

𝑞𝑚𝑎𝑥(𝑠) = 𝑚𝑎𝑥(𝑞(𝑠, 𝑡))
𝑞𝑚𝑖𝑛(𝑠) = 𝑚𝑖𝑛(𝑞(𝑠, 𝑡))

(D.1)

(see example in Figure D.1b)

3. determine the minimum and maximum along the profile line of the
minimum heat flux:

𝑞𝑚𝑖𝑛−ℎ𝑖𝑔ℎ = 𝑚𝑎𝑥(𝑞𝑚𝑖𝑛(𝑠))
𝑞𝑚𝑖𝑛−𝑙𝑜𝑤 = 𝑚𝑖𝑛(𝑞𝑚𝑖𝑛(𝑠))

(D.2)
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(a) Maximum heat flux over time (b) Profile evolution in time

Figure D.1.: Examples from AEF20, Program 20171012.009 from the ver-
tical target. (a) Maximum heat flux in the profile after the first and
last 𝛼𝑡𝑜𝑝 iteration. The negative heat flux aver the program end (1.5 s)
got corrected after 16 iterations. (b) Heat flux profile from the vertical
target for different timestamps from the first iteration of the alpha cor-
rection. The dotted 𝑞𝑚𝑖𝑛(𝑠) shows the calculated minimum in time for
each profile point. Same for the solid black line of 𝑞𝑚𝑎𝑥(𝑠)

4. check condition:

|𝑞𝑚𝑖𝑛−𝑙𝑜𝑤|
𝑚𝑎𝑥(𝑞𝑚𝑎𝑥(𝑠))

< 1% (D.3)

5. if the condition is not fulfilled, calculate new 𝛼𝑡𝑜𝑝(𝑠) vector with
respect to the value of negative fluxes:

𝛼𝑡𝑜𝑝(𝑠)𝑖+1 = 𝛼𝑡𝑜𝑝(𝑠)𝑖 ∗ (1 +
𝑏

√
𝑖
)

𝜖

(D.4)

𝜖 =
𝑞𝑚𝑖𝑛(𝑠)

𝑚𝑎𝑥([|𝑞𝑚𝑖𝑛−ℎ𝑖𝑔ℎ|, |𝑞𝑚𝑖𝑛−𝑙𝑜𝑤|])
(D.5)

These steps are repeated until the condition is fulfilled or the number of
iterations reaches a limit. The limit here was set to 200 iterations. The free
parameter b has to be larger than 0 (𝑏 > 0) and affects the convergence
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speed and numerical fluctuations [110]. For the later presented calculations,
𝑏 = 1 is a good compromise for the convergence speed.
The original THEODOR code was designed to run fast on a local pc and
needs milliseconds to perform a calculation of a profile in time. With the
adaption to iterative adaption of alpha, the calculation is slowed down too
several 100 milliseconds per profile. The exact duration depends on the size
of the input matrix, especially the length of the time vector.

D.2. Material properties of graphite in W7-X
For the evaluation of the IR images with THEODOR, information about
the materials are needed. This information has been collected from the
company, which made the limiter tiles and has also been obtained by Laser
flash analysis (LFA) of a graphite sample. The calculated properties from
the available company data are shown in Table D.1. From the company,
the data has been provided as images of the temperature behavior of the
following properties:

1. coefficient of thermal expansion of SIGRAFINE R6510

2. typical specific heat of artificial graphite

3. resistivity of SIGRAFINE R6510

4. thermal conductivity of SIGRAFINE R6510

This data-set has been used during the analysis in the limiter campaign. In
the preparation of the divertor campaign, a test graphite sample was sent
to the company Linseis Thermal Analysis, which conducted a LFA test on
the sample. The provided data and the calculated diffusivity for the sample
are given in Table D.2. It was used for most of the shown analysis in this
work.
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Table D.1.: Properties of the fine corn graphite used for the limiter and
test divertor unit in W7-X. The data has been calculated based on the
provided data from the production company. Bold values are the data-set
used in the THEODOR calculation for the limiter campaign.

T[°C] 𝜌[kgm−3] 𝜆[Wm−1 K−1] 𝑐𝑝[J kg−1 K−1] 𝜅[m2 s−1]
0 1830.4 110.24 646.68 9.31E-05
20 1830 107.88 707.97 8.33E-05
50 1829.4 104.48 797.94 7.16E-05
100 1828.37 99.19 940.95 5.77E-05
200 1826.23 89.87 1192.59 4.13E-05
300 1823.99 82.01 1390.22 3.23E-05
400 1821.66 75.39 1533.59 2.70E-05
500 1819.24 69.80 1631.01 2.35E-05
600 1816.75 65.09 1696.32 2.11E-05
700 1814.19 61.12 1745.31 1.93E-05
800 1811.57 57.77 1791.76 1.78E-05
900 1808.89 54.95 1842.93 1.65E-05
1000 1806.16 52.58 1894.57 1.54E-05

(a) THEODOR fit comparison (b) Comparison between LFA and
company data

Figure D.2.: The figures (a) and (b) are showing the heat conductivity
given by the company (Ringsdorf) in comparison to the (a) the fit used
in THEODOR for the data and (b) the LFA measurement. In the LFA
a higher conductivity has been measured.
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Table D.2.: Properties of the fine corn graphite used for the limiter and
test divertor unit in W7-X. The data has been calculated based on a
LFA measurement of a graphite sample. Values with ’ have been fitted.
Bold values are the data-set used in the THEODOR calculation for the
divertor campaign.

T[°C] 𝜌[kgm−3] 𝜆[Wm−1 K−1] 𝑐𝑝[J kg−1 K−1] 𝜅’[m2 s−1]
0 1793 165.58’ 1.45E-04
20 1793 160.35’ 1.33E-04
50 1793 153.0’ 1.17E-04
100 1793 143.87 834 9.66E-05
200 1793 120.87 954 6.98E-05
300 1793 110.47 1141 5.34E-05
400 1793 94.05 1270 4.26E-05
500 1793 88.41 1426 3.52E-05
600 1793 80.96 1513 2.98E-05
700 1793 73.94 1590 2.59E-05
800 1793 69.84 1679 2.28E-05
900 1793 63.33 1723 2.05E-05
1000 1793 59.64 1760 1.86E-05
1100 1793 54.94 1792 1.71E-05
1200 1793 51.77 1816 1.58E-05
1300 1793 49.18 1841 1.48E-05
1400 1793 46.58 1869 1.39E-05
1500 1793 44.72 1904 1.32E-05
1600 1793 42.83 1941 1.25E-05
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