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Abstract
In experimental fusion devices, such as the optimised stellarator Wendel-
stein 7-X (W7-X), the main plasma ions are isotopes of hydrogen, besides
which several impurity species are present. Too high levels of impurities
are unfavourable in the plasma core, as they dilute the plasma or cause
radiation energy losses, which negatively affect plasma performance. In the
plasma edge, in front of the plasma facing elements, impurity radiation is
favourable due to the fact that it increases wall protection by distributing
the heat load from the plasma more evenly over the plasma facing elements.
Impurity control is therefore essential for long steady-state high performance
plasmas on the way towards a future fusion reactor.

To be able to control impurities and find ways to keep them out of the
plasma core, impurity transport and the effect of different plasma parameters
on it needs to be understood. Collisional transport in toroidal magnetic
devices like W7-X is referred to as neoclassical transport. Additional effects
can contribute to the particle transport, such as turbulence, which are
collectively referred to as anomalous transport.

In this work, the impurity transport is studied using the transport model-
ling code pySTRAHL to derive transport coefficients from the experimental
profiles of the impurity density. These profiles are absolute density profiles
of fully ionised carbon that are obtained from Charge Exchange Recombin-
ation Spectroscopy measurements at W7-X. As many wall elements of the
device are made of carbon, from which particles can enter the plasma due
to erosion, carbon is the main impurity in W7-X. The carbon density is
derived using the intensity of the carbon charge exchange signal and the
intensity of the neutral beam emission signal.

The transport analysis is done for two types of plasmas: ones heated
by Electron Cyclotron Resonance Heating (ECRH) and plasmas heated by
Neutral Beam Injection (NBI). In ECRH dominated discharges, turbulence
dominated transport is observed, evidenced by high anomalous diffusion,
which results in flat carbon density profiles. In pure NBI heated plasma
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phases, carbon accumulates in the plasma core, corresponding to strongly
reduced diffusion inside half radius of the plasma cross section. The transport
modelling shows profiles of accumulating carbon density, which match the
experimental profiles only if the core diffusion is reduced to the order of
neoclassical levels. Hence, the turbulence is observed to be reduced in the
core of purely NBI heated plasmas. Outside half radius, anomalous diffusion
is needed to match the experimental carbon density in this plasma region.
With the addition of a small level of ECRH power, the carbon density
profile in the core becomes flat, indicating a return to turbulence dominated
conditions. However, at half radius the strong gradient and neoclassical
dominated region remains.

Additionally, the absolute carbon density profiles are used to estimate
the achieved triple product in high performance plasma phases. The triple
product is suitable to compare the performance of different fusion devices.
The highest triple product observed in a stellarator was achieved at W7-X,
and the carbon density profiles are used to verify this reported value by
taking into account the effect of impurity content on the triple product.

To support the transport analysis of absolute density profiles of fully
ionised carbon, the line integrated emission of hydrogen-like carbon in the
plasma is also examined. This gives further insight about the underlying
processes between the carbon ions and the plasma particles.
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Zusammenfassung
In experimentellen Fusionsanlagen wie dem optimierten Stellarator Wendel-
stein 7-X (W7-X) sind die wichtigsten Plasma-Ionen Wasserstoff-Isotope,
daneben gibt es mehrere Verunreinigungsarten. Ein zu hoher Gehalt an
Verunreinigungen ist im Plasmakern ungünstig, da sie das Plasma verdün-
nen oder Strahlungsenergieverluste verursachen, die sich negativ auf die
Plasmaleistung auswirken. Am Plasmarand, vor den plasmazugewandten
Elementen, ist die Abstrahlung von Verunreinigungen günstig, da sie den
Wandschutz erhöht, indem sie die Wärmebelastung durch das Plasma gleich-
mäßiger auf die plasmazugewandten Elemente verteilt. Die Kontrolle von
Verunreinigungen ist daher für lange stationäre Hochleistungsplasmen auf
dem Weg zu einem künftigen Fusionsreaktor unerlässlich.

Um Verunreinigungen kontrollieren zu können und Wege zu finden, sie
aus dem Plasmakern herauszuhalten, müssen der Transport von Verunrei-
nigungen und die Auswirkungen verschiedener Plasmaparameter auf diesen
Transport verstanden werden. Der Kollisionstransport in toroidalen magneti-
schen Anlagen wie dem W7-X wird als neoklassischer Transport bezeichnet.
Zusätzliche Effekte, wie z. B. Turbulenzen können zum Teilchentransport
beitragen, ihr Beitrag wird in der Regel als anomaler Transport bezeichnet.

In dieser Arbeit wird der Verunreinigungstransport mit Hilfe des Trans-
portmodellierungscodes pySTRAHL untersucht, um Transportkoeffizien-
ten aus den experimentellen Profilen der Verunreinigungsdichte abzulei-
ten. Bei diesen Profilen handelt es sich um absolute Dichteprofile von voll-
ständig ionisiertem Kohlenstoff, die aus Messungen der Ladungsaustausch-
Rekombinations-Spektroskopie bei W7-X gewonnen wurden. Da viele Wand-
elemente der Anlage aus Kohlenstoff bestehen, aus dem durch Erosion Par-
tikel in das Plasma gelangen können, ist Kohlenstoff die Hauptverunrei-
nigung. Die Kohlenstoffdichte wird anhand der Intensität des Kohlenstoff-
Ladungsaustauschsignals und der Intensität des Neutralstrahl-Emissionssignals
ermittelt.

Die Transportanalyse wird für zwei Arten von Plasmen durchgeführt: Plas-
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men, die durch Elektronen-Zyklotron-Resonanzheizung (ECRH) geheizt wer-
den, und Plasmen, die durch Neutralstrahl-Injektion (NBI) geheizt werden.
In ECRH-beheizten Entladungen wird ein turbulenzdominierter Transport
beobachtet, der sich durch eine hohe anomale Diffusion auszeichnet, was
zu flachen Kohlenstoffdichteprofilen führt. In reinen NBI-beheizten Plasma-
phasen sammelt sich der Kohlenstoff im Plasmakern an, was einer stark
reduzierten Diffusion innerhalb des halben Radius des Plasmaquerschnitts
entspricht. Die Transportmodellierung zeigt Profile der akkumulierenden
Kohlenstoffdichte, die nur dann mit den experimentellen Profilen überein-
stimmen, wenn die Kerndiffusion auf die Größenordnung der neoklassischen
Werte reduziert wird. Folglich wird beobachtet, dass die Turbulenz im Kern
von rein NBI-beheizten Plasmen reduziert ist. Außerhalb des halben Radius
ist anormale Diffusion erforderlich, um die experimentelle Kohlenstoffdich-
te in dieser Plasmaregion zu erreichen.Es wird also beobachtet, dass die
Turbulenz im Kern von rein NBI-beheizten Plasmen reduziert ist. Um mit
den experimentellen Kohlenstoffdichteprofile übereinzustimmen, ist eine end-
liche anomale Diffusion außerhalb des halben Radius erforderlich. Durch
solcheDamit die experimentellen Kohlenstoffdichteprofile übereinstimmen,
ist eine anomale Diffusion außerhalb des halben Radius erforderlich. Bei Hin-
zufügung einer geringen ECRH-Leistung wird das Kohlenstoffdichteprofil
im Kern flach, was auf eine Rückkehr zu turbulenzdominierten Bedingun-
gen hinweist. Bei halbem Radius bleibt jedoch der starke Gradient und die
neoklassisch dominierte Region bestehen. Bei halbem Radius bleibt jedoch
der starke Gradient und die neoklassisch dominierte Region bestehen.

Darüber hinaus werden die absoluten Kohlenstoffdichteprofile verwendet,
um das erzielte Dreifachprodukt in Hochleistungsplasmaphasen zu schätzen.
Das Dreifachprodukt eignet sich zum Vergleich der Leistung verschiedener
Fusionsanlagen. Das höchste Dreifachprodukt, das in einem Stellarator be-
obachtet wurde, wurde bei W7-X erreicht, und die Kohlenstoffdichteprofile
werden verwendet, um diesen gemeldeten Wert zu überprüfen, indem die
Auswirkungen des Verunreinigungsgehalts auf das Dreifachprodukt berück-
sichtigt werden.

Zur Unterstützung der Transportanalyse der absoluten Dichteprofile von
vollständig ionisiertem Kohlenstoff wird auch die linienintegrierte Emission
von wasserstoffähnlichem Kohlenstoff im Plasma untersucht. Dies gibt wei-
tere Einblicke in die zugrundeliegenden Prozesse zwischen den Kohlenstoff-
Ionen und den Plasmateilchen.
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Chapter 1.

Introduction

1.1. Basics of fusion research

Nuclear fusion has been researched as an energy producing option more
reliable and environmentally friendly than the current energy producing
methods. During the fusion of light nuclei, excess energy is released. To
overcome the Coulomb barrier between two nuclei for the fusion reaction
to happen, high energy particles are needed. This can be accomplished by
random collisions in a high temperature environment. The threshold energy
is the lowest in the case of deuterium-tritium fusion, making it the easiest to
use for energy production on Earth and the current goal of fusion research.
This fusion reaction typically needs ≈ 10 keV. In most current experimental
fusion machines, deuterium or simply hydrogen is used to investigate the
plasma and machine conditions that are suitable for future reactors, as the
production and safe handling of tritium is more complicated than the other
two commonly used hydrogen isotopes.

At the temperatures needed, the hydrogen isotopes are in the plasma
state because as the temperature rises, the electrons gain enough energy to
be freed from the atom, leading to an ion and an electron population. Thus,
in case of the investigated hydrogen plasmas, the two main populations
are fully ionised hydrogen nuclei, the so-called main ions and the electrons,
forming a quasi neutral composition.

Assuming a homogenous steady-state plasma with 50 − 50% deuterium
and tritium composition, the criterion for self-sustaining fusion operation [1]
describes that the so-called triple product needs to be above a certain level.
This is the Lawson criterion [2] [3], shown in Equation 1.1.
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𝑛𝑖𝜏𝐸𝑇𝑖 ≈ 1022 m−3 keV s (1.1)

𝑛𝑖 is the ion density, 𝑇𝑖 is the ion temperature and 𝜏𝐸 is the energy
confinement time. The exact threshold level depends on the profile shape
of 𝑛𝑖 and 𝑇𝑖, while it stays in the same order of magnitude. The energy
confinement time characterises the energy losses of the system, it describes
how fast (in how much time) the plasma loses its thermal energy [4]. It is
calculated according to the following:

𝜏𝐸 =
𝑊𝑡𝑜𝑡𝑎𝑙

𝑃𝑙𝑜𝑠𝑠𝑒𝑠
=

𝑊𝑑𝑖𝑎

𝑃ℎ𝑒𝑎𝑡𝑖𝑛𝑔
(1.2)

𝑊𝑡𝑜𝑡𝑎𝑙 is the total internal stored energy of the plasma that is equal to the
measured diamagnetic energy, 𝑊𝑑𝑖𝑎, if the energy distribution of the ions
is isotropic. 𝑊𝑑𝑖𝑎 is calculated from the changes in the toroidal magnetic
flux measured by magnetic coils [5]. 𝑃𝑙𝑜𝑠𝑠𝑒𝑠 is the power loss of the plasma
that is equal to the power put into the plasma in a steady-state scenario.
The input power is measured by the heating power, 𝑃ℎ𝑒𝑎𝑡𝑖𝑛𝑔. The Lawson
criterion describes that the plasma needs to be sufficiently confined from its
environment at a sufficient temperature with a sufficient density to provide
self-sustaining energy production. This is generally true for any fusion device,
therefore the triple product is commonly used to compare different fusion
experiments, even if they have significantly different properties. Empirical
scaling laws have been established in the parameter space where the different
devices are compared against each other [6] [7]. These scaling laws can be
extrapolated towards reactor-like conditions, providing a guideline for the
development of fusion device.

1.2. Wendelstein 7-X
1.2.1. General structure and properties
To satisfy the criterion of the triple product, one of the main concepts is mag-
netic confinement of low density plasmas (≈ 1020 m−3) for a sufficiently long
time. The basis of the concept is that the charged particles of the plasma
follow the magnetic field lines by following circular gyro orbits around the
lines, making it possible to shape the plasma by the magnetic field [8]. A
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linear configuration is not suitable for energy production as there are too
big energy losses at the two ends of a linear device. Instead, the plasma
is shaped into a torus with magnetic coils used for confining its charged
particles. However, in a toroidal magnetic field scenario, the combination of
forces created by the inhomogeneous magnetic and electric field moves the
plasma particles towards the wall of the machine. This can be eliminated by
helically twisting the magnetic field lines. There are two methods to do this
that result in the two types of current experimental magnetic fusion devices,
tokamaks [9] and stellarators [10]. The created magnetic field results in em-
bedded closed magnetic surfaces which are called flux surfaces. The plasma
pressure and many other quantities such as temperatures and densities are
either exactly or approximately constant on a given flux surface, due to fast
transport along the field lines.

In a stellarator, the magnetic field is twisted by a series of external coils
that result in a ribbon-like non-symmetric plasma shape. To do this, the
magnetic coils have to be specially shaped. Wendelstein 7-X (W7-X) is an
optimised stellarator located in Greifswald, Germany [11] [12]. A description
of its structure and components will be given in the following.

W7-X is currently the largest stellarator in the world. Its magnetic struc-
ture was optimised to achieve reduced energy transport due to drifts of the
particle orbits (neoclassical transport) and good fast particle confinement,
as well as minimisation of self-generated plasma currents [14] [15] [16]. Its
general structure can be seen in Figure 1.1. The plasma is confined in a
vacuum vessel that is surrounded by superconducting magnetic coils. The
whole structure is housed within a cryostat that serves as a temperature
seal to keep the superconductors at sufficiently low temperatures.

W7-X consists of 5 identical magnetic field modules, each module is
symmetric to its central cross section. To observe the plasma, a series of
diagnostic ports is installed, these are displayed in Figure 1.1. Each port
has their opening in the cryostat and an immersion tube that leads to the
vacuum vessel.

The inner wall of the vacuum vessel is covered with carbon tiles. This is
the area that the exhaust of the plasma can come into contact with, and can
sputter carbon particles in towards the plasma. Carbon is a material that
can withstand the high heat loads found in the exhaust of the plasma wall,
minimising sputtering. Additionally, it has a relatively low 𝑍, which means
lower radiation losses in case the particle penetrates into the plasma core,
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Figure 1.2.: The divertor plates (black) arranged in five bundles around
the confined plasma (orange). The special carbon tiles of the divertor
system are used to safely take up the heat and particle load coming from
the plasma. Source: [18]

arrangement of the divertor system around the plasma is shown in Figure
1.2.

The first W7-X measurement campaign OP1.1 was run with no divertor,
with the plasma edge defined simply by a set of carbon tiles on the inner
wall called a limiter. The second campaign, OP1.2 was aiming at testing the
machine capabilities with the installed non-cooled carbon divertor [19] [20].
The first carbon divertor campaign, OP1.2a was conducted in autumn 2017.
There was no Neutral Beam Injection (NBI) heating (see Section 1.2.3)
available during this campaign. The second, referred to as OP1.2b was
conducted in summer and autumn 2018. The NBI heating was available for
the first time at W7-X during this campaign, making the Charge Exchange
Recombination Spectroscopy (CXRS) diagnostic available (see Chapter 3).
One plasma experiment is referred to as discharge. Every discharge is named
with the date it was conducted on and a number referring to the experiment
on a given day.
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1.2.2. Magnetic structure

The magnetic field of W7-X is created by a set of non-planar coils (grey
in Figure 1.1) that generate the baseline magnetic field, and by a set of
planar coils (orange in Figure 1.1) that generate additional magnetic fields
to flexibly modify the given magnetic configuration. This provides a possib-
ility of several configurations [21] to explore the confinement and stability
of different regimes [22]. The most optimised configuration is called the
standard configuration.

The magnetic field of W7-X is constructed in a way that there is a chain
of magnetic islands in the SOL region [17]. An example cross section of
the plasma can be seen in Figure 1.3, showing flux surfaces of the stand-
ard magnetic configuration, as well as the magnetic islands around the
confined region. The field lines consisting the islands are designed to be
cut by the divertor. The SOL acts as a barrier between the divertor and
the confined plasma, and the magnetic island structure is an effective way
of withholding impurities reaching the confined region. It maximises the
friction forces between the impurities and the main ions that pushes the
impurities back towards the divertor, and minimises the thermal forces that
push the impurities towards the confined region via the ion temperature
gradient [23].

The 3D geometry of W7-X is typically described by two different coordin-
ate systems, cylindrical and magnetic flux. The cylindrical coordinates are
radial (𝑅), vertical (𝑍) and toroidal (𝜙). The radial coordinate 𝑅 is the
major radius of the stellarator, measured from the middle of the torus. The
vertical coordinate (𝑍) is perpendicular to the major radius. The magnetic
flux coordinates are radial (𝑟𝐸𝑓𝑓), toroidal (𝜙) and poloidal (𝜃). This coordin-
ate system depends on the flux surfaces, unlike the cylindrical. The effective
minor radius, 𝑟𝐸𝑓𝑓 is calculated from the minor radius (𝑟) which measured
from the middle of the plasma cross section, called the magnetic axis. 𝑟𝐸𝑓𝑓
is needed because the cross section and therefore its radius changes with
toroidal angle. it is defined so that the effective radius of any given point is
the average radius of the flux surface that goes through that point, resulting
in the flux surfaces to be labelled with 𝑟𝐸𝑓𝑓. 𝜌 is a radial coordinate that
is defined as 0 at the magnetic axis, and 1 at the LCFS, as an alternative
average radius. Considering the axis of the major radius, the plasma region
on the outer side of the magnetic axis is called the Low Field Side (LFS),
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plasma that matches the cyclotron frequency of the electrons (𝑓𝑐).

𝑓𝑐 =
𝑒𝐵

2𝜋𝑚𝑒
(1.3)

𝐵 is the magnetic field, 𝑒 and 𝑚𝑒 are the charge and mass of the electron,
respectively. The electron cyclotron frequency of W7-X is ≈ 140 GHz [30].
The ECRH system is designed to create a microwave that is then lead into
the plasma. As the magnetic field changes through the flux surfaces, so
does the electron cyclotron frequency. The wave penetrates the plasma and
transfers its energy to the electrons of the plasma with the corresponding
frequency at a given location in the plasma. The fast energy transport on
the given flux surface distributes this thermal energy on the surface.

The wave cannot propagate into the plasma, if its frequency is lower than
the plasma frequency (𝜔𝑝) shown in Equation 1.4.

𝜔𝑝 = √ 𝑛𝑒𝑒2

𝜖0𝑚𝑒
(1.4)

The plasma frequency is proportional to the square root of the electron
density (𝑛𝑒). This means that above a certain electron density (cut-off dens-
ity), the plasma frequency is higher than the electron cyclotron frequency. In
these high density cases, the microwave does not reach the resonant surface,
and therefore cannot heat the plasma. Instead, the second or third har-
monic frequency of the electrons can be used. These however, have a lower
absorption rate, particularly the third harmonic, making them less efficient.
Using the first, second or third harmonic is referred to as 𝑋1, 𝑋2 and 𝑋3
heating, respectively. The standard heating used at W7-X is 𝑋2. To access
plasma regimes of electron density higher than the cut-off density for the
X2 heating, the polarisation of the microwave has to be changed. Heating
with the second harmonic of circularly polarised microwave is referred to
as 𝑂2 heating. This is the utilised heating method as of now for electron
densities above the 𝑋2 cut-off density. [31]

During NBI heating, a beam of accelerated neutral hydrogen atoms is
injected into the plasma that penetrates the magnetic field initially without
interaction. The main processes [32] [33] between the neutral atoms and
the plasma particles are listed in the following and shown in Figure 1.4.
The dominating processes when colliding with a thermal hydrogen ions of
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main process between these impurities and the neutral of the beam is charge
exchange. However, the density of the impurities is significantly lower than
the density of the electrons and hydrogen ions, and therefore processes with
them are negligible when discussing general properties and mechanisms of
the neutral beam.

𝐻𝑏𝑒𝑎𝑚 + 𝐻+
𝑝𝑙𝑎𝑠𝑚𝑎 → 𝐻+

𝑏𝑒𝑎𝑚 + 𝐻𝑝𝑙𝑎𝑠𝑚𝑎 (1.5)

𝐻𝑏𝑒𝑎𝑚 + 𝐻+
𝑝𝑙𝑎𝑠𝑚𝑎 → 𝐻+

𝑏𝑒𝑎𝑚 + 𝐻+
𝑝𝑙𝑎𝑠𝑚𝑎 + 𝑒− (1.6)

𝐻𝑏𝑒𝑎𝑚 + 𝑒− → 𝐻+
𝑏𝑒𝑎𝑚 + 2𝑒− (1.7)

If charge exchange happens between a neutral beam atom and a thermal
𝐻+ ion of the plasma, the electron of the neutral hydrogen is transferred
to the thermal ion (Equation 1.5), making the ion a neutral hydrogen. The
lifetime of neutral hydrogen is short at the high temperatures of the plasma
core, therefore these new thermal neutrals become ions again by either
charge exchange with thermal ions or by ion or electron impact ionisation,
shortly after being created. In case this process is again charge exchange
with a 𝐻+ ion, the transferred electron will make that ion a thermal neutral
hydrogen, and so on, creating a chain process as the reaction is repeated by
the subsequent neutrals. After a certain amount of steps, the charge exchange
and ionisation of the newly created thermal neutrals become balanced, and
when this happens, the chain process dies out within a certain distance.
This creates the so-called halo around the beam that consists of neutral
hydrogen within a certain radius from the centre of the beam line.

The source of the neutral beam at W7-X is a positive hydrogen ion
source [35]. Its ions are accelerated in an electric field to gain significant
kinetic energy. The average acceleration energy of the NBI at W7-X is
50 keV. The accelerated ions are then lead through a background of neutral
hydrogen. The neutral background atoms of the chamber transfer an electron
to the accelerated ions via charge exchange, neutralising them. As the charge
exchange process does not involve energy exchange, the now neutral atoms
of the beam keep their earlier high velocity, when they are injected into
the plasma. The neutralisation is not perfect, therefore the remaining high
velocity ions are diverted by a magnetic field. [36]
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During the measurement campaign OP1.2b , the length of NBI operation
within one plasma discharge was limited to 5𝑠 due to wall safety reasons.
Not all fast ions, created when the beam neutrals are ionised in the plasma,
thermalise fully with the bulk plasma, These ions leave the plasma with
still relatively high energy and can transfer large heat loads to small areas
of the wall of the vacuum vessel, often in places not designed to take high
heat loads, unlike the divertor. The total NBI injection time was limited
in order to monitor and protect against melting of components in such
areas. The NBI operation can be split into two types according to its length.
When the NBI was operating for > 30 ms, it is referred to as NBI pulse in
the following. This typically means continuous NBI operation of 0.5 − 5 s
in the investigated cases. NBI pulses of < 30 ms are referred to as NBI
blips. Blips were typically used in a series of consecutive pulses with the
same length throughout a given discharge. In these cases, the average effect
of one NBI blip on the global plasma conditions is negligible. The NBI
blips are therefore suitable to be used as a neutral source for the Charge
Exchange Recombination Spectroscopy (CXRS) system (see Section 3.1.1)
so that the impurity conditions can be investigated in ECRH dominated
plasma scenarios. The limit value of 30 ms was determined by several factors.
It is marginally below the typical energy confinement time of the plasma,
which means no significant heating effect compared to the existing plasma
energy. Additionally, early measurements by the CXRS diagnostic showed
that above 30 ms NBI operation the NBI begins to have a measurable effect
on the plasma edge conditions and as such, the background intensity of the
CXRS signal, as described in Section 3.1.2.

1.2.4. Additional components and diagnostic systems
This work is based on the plasma diagnostic Charge Exchange Recombin-
ation Spectroscopy (CXRS). The theoretical and technical details of the
CXRS diagnostic are described in Section 3.1.1. In the following section,
diagnostic systems and additional components of W7-X are presented that
provided supporting data for this work.

The Thomson Scattering diagnostic system is designed to measure the
electron temperature and density profile. When an electromagnetic wave
collides with a free charged particle, the charge starts to oscillate and emits
radiation with the same frequency as the original wave. Thus, the wave
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is scattered. This phenomena is called Thomson-scattering. For diagnostic
purposes, a monochromatic infrared laser is injected into the plasma, and
the spatially resolved scattered radiation is detected. The scattering on the
plasma ions is negligible, as their oscillation is marginal due to their higher
mass. The intensity of the scattered radiation is directly proportional to
the density of electrons, allowing for electron density measurements. The
scattered light is Doppler shifted due to the thermal velocity of the electrons,
which is dependant on the electron temperature. Therefore, measuring the
wavelength shift of the laser provides electron temperature measurements.
Three lasers are shot into the plasma consecutively every ≈ 100 ms which
gives the system’s time resolution. [37]

The Interferometer diagnostic system measures the line integrated electron
density. It uses the the change in the phase velocity of an infrared wave (𝜆 =
5−10 µm) passing through the plasma particles. The phase change happens
due to the refractive nature of the plasma. At frequencies comparable to
the plasma frequency, the phase velocity is proportional to the density of
the refractive population, which are the free electrons in this case. A laser
is shot through the plasma, and the line integrated electron density can be
derived along the laser path. As this measurement is only sensitive to one
plasma parameter, the electron density, it is used for the density control of
the machine. [38]

Hydrogen pellets are frozen hydrogen balls of 2 mm that can be injected
into the plasma. In the plasma, they are ionised and thermalised, becom-
ing part of the main ion population. Penetration depth of 10 − 20 cm is
achievable, which allows influence on the plasma core. The Hydrogen Pellet
Injection system at W7-X is intended for deep fuelling the core and for
flattening the density profiles in case of hollowness. Additionally, repetitive
(10−30 Hz) pellet injection allows the investigation of enhanced performance
(see in Section 3.2.6). [39] [40]

The Neutral Pressure Gauges diagnostic system measures the neutral
pressure in front of the pumping duct of the vacuum vessel, close to the
divertor. Hot cathode ionisation gauges are used which are applicable to
high magnetic field environments, such as W7-X. The measurement is done
at ≈ 18 different locations in the vessel. This is the only diagnostic at the
time of this work that measures any parameters of the neutrals present in
the machine. While this measurement cannot be done in the confined plasma
region, it is suitable to provide a comparison for estimations on neutrals
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within the LCFS. [41]
The X-Ray Imaging Crystal Spectrometer (XICS) is able to provide radial

profiles of the ion temperature (𝑇𝑖), the electron temperature (𝑇𝑒) and the
radial electric field (𝐸𝑟) [42] [43]. Trace amounts of 𝐴𝑟 or 𝐹𝑒 are injected
into the plasma, the X-ray emission of which is imaged on a two dimensional
detector through spherical bent crystals. Eaxh channel of the spectrometer
provides line integrated data. The profiles of the provided plasma paramet-
ers can be obtained by inverting the measured spectra (similarly to that
described in this work in Section 2.1.3). The ion temperature measured by
the XICS system was used as a comparison for the ion temperature profiles
calculated directly from the CXRS spectra. The advantage of the XICS
system in relation to the CXRS system is its ability to measure the inverted
profiles during operation times without NBI heating. [44] [45]

1.3. Transport in plasmas
In this section, the fundamentals of particle transport in a fusion plasma
are described as the basis for the focus of this work, the impurity transport.

The fundamental interactions between the particles in the confined region
are Coulomb-collisions. The colliding particles suffer displacement which
leads to diffusive and convective transport, characterised by the diffusion
(𝐷) and convection velocity (𝑣) transport coefficients [46]. The characteristic
size of the steps resulting from collisions is the radius of the gyro orbit of the
particles. The diffusion is orders of magnitude higher along the magnetic
field lines than perpendicular to them, with long mean free path between
the collisions (𝐷∥ >> 𝐷⟂). This fast transport equalizes the temperature
and the density of a given plasma population on a given flux surface on a
time scale much shorter than the other components of the particle transport.
This picture of colliding plasma particles is called classical transport.

Due to the toroidal geometry, additional drift forces are formed that in-
crease the characteristic step size of the particles making their bounce orbit
to reach further across magnetic surfaces. This is called neoclassical trans-
port and is dominated by radial transport perpendicular to the magnetic
field lines that increases 𝐷⟂ above the classical level. Neoclassical transport
is always present in a toroidal plasma, and therefore sets a minimum level
for the transport and thus, the transport coefficients.
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To describe the particle movement due to collisions, the quantity colli-
sionality (𝜈∗

𝑎) is defined with Equation 1.8 [47]. The collisionality can be
different for the main ion or electron population and the impurities [48].

𝜈∗
𝑎 =

𝜈𝑎

𝑣𝑎
𝑞𝑅𝜖− 3

2 (1.8)

𝑣𝑎 = √
𝑘𝐵𝑇𝑒,𝑖

𝑚𝑒,𝑖
(1.9)

𝜈𝑎 is the collision frequency between the two given species that is de-
termined by the collision rate in a given volume in a given time. 𝑣𝑎 is the
mean thermal velocity of the given particle species in a Maxwell-Boltzmann
distribution shown at Equation 1.9. 𝑘𝐵 is the Boltzmann constant, 𝑇𝑒,𝑖 is
the electron or ion temperature and 𝑚𝑒,𝑖 is the mass of an electron or an
ion. 𝜖 is the inverse aspect ratio, the fraction of the minor radius (𝑟) to
the major radius (𝑅), and 𝑞 is the safety factor. The safety factor gives the
number of toroidal rounds a given field line makes while one poloidal round
is completed. In stellarators, its inverse is more commonly used, namely
the rotational transform: 𝜄 = 2𝜋/𝑞 [49]. As both the toroidal and poloidal
magnetic field vary with radius, so does the safety factor and the rotational
transform.

The safety factor is closely connected with the stability of the plasma. It
has been shown that for 𝑞 ≥ 1, the plasma reaches higher stability. This
is due to the fact that for such a magnetic structure, the characteristic
wavelength of some particular instabilities is longer than the radius of the
machine, and thus the energy loss caused by those instabilities is heavily
decreased.

The diffusive behaviour changes with the collisionality and different trans-
port regimes can be defined [47], as seen in Figure 1.5. The radial diffusion
coefficient, perpendicular to the magnetic field lines, was chosen to describe
how strong the transport is.

When the collision frequency is low, and thus the mean free path is larger
than the size of the device, some particles become trapped as they move
on a flux surface. There is a movement perpendicular to the magnetic field,
but the ratio of perpendicular and parallel kinetic energy is low enough to
keep the particles around the flux surface. This regime is traditionally called
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the ambipolarity condition. According to the condition, the radial electron
and ion fluxes have to be equal. If this is not fulfilled, a radial electric field
is created to shift the particle balance towards ambipolarity. In the lowest
collisionality case, the diffusion is proportional to

√
𝜈∗

𝑎 in stellarators and
the electrons and ions are decoupled. These regimes are usually observed
in ECRH dominated plasmas, where the electrons are the predominantly
heated population, which results in 𝑇𝑒 >> 𝑇𝑖 due to the decoupling. As a
result, this case is not favourable for reactor-like conditions, as the ions are
not sufficiently heated. The created positive radial electric field decreases
the radial movement of the electrons, decreasing the neoclassical diffusion.
This state is called electron-root regime. For higher collisionalities within
the trapped transport regime, the diffusion changes according to 1

𝜈∗
𝑎
. This is

called the ion-root solution of the ambipolarity condition, where the created
radial electric field is negative. This is the regime relevant for reactor-like
conditions.

As the collisionality increases, the characteristic collision time becomes
shorter than the transit time of a trapped particle. Particles can gain enough
perpendicular kinetic energy to break out from the trapped orbit and become
passing particles. For 𝜈∗

𝑎 ≈ 𝜖− 3
2 , the collision times and mean free paths are

so short that the orbits cannot be completed undisturbed and the radial
transport is increased. This is the Pfirsch-Schütler regime. As the particle
orbits are not fulfilled, the diffusion does not depend on magnetic geometry
as significantly as in lower collisionality regimes. Therefore, the stellarator
and the tokamak transport is similar at such high collisionality and the
diffusion is directly dependent on the classical transport: 𝐷𝑃𝑆 ≈ 𝑞2𝐷𝑐𝑙. The
transition between the 1/𝜈 and the Pfirsch-Schütler regime is called the
Plateau. [50] [51]

The neoclassical transport can be numerically calculated as it consists
of well understood physical processes [52]. Detailed neoclassical models are
available for different W7-X plasma scenarios [53]. The level of collisionality
and diffusion is determined by the global plasma parameters within the
limits set by the shape of the device and the magnetic configuration. In
standard ECRH dominated plasmas at W7-X, the neoclassical transport
typically follows the high collisionality end of the trapped regime and the
lower end of the Plateau regime. In NBI heating dominated plasma, the
collisionality is predicted to increase and the neoclassical transport to be at
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the high end of the Plateau regime or at the starting of the Pfirsch-Schütler
regime.

The energy losses of the plasma seen in many experiments are 1−2 orders
of magnitude higher than predicted by neoclassical models [54]. This means
that there are additional transport effects present besides the neoclassical
transport. These are collectively called anomalous transport. The anomalous
diffusion is observed to be orders of magnitude higher than the neoclassical
diffusion. This decreases the energy confinement time for a given plasma
size and therefore increases the size a reactor would need to be to meet
the required triple product condition (see Equation 1.1). Turbulent flows
are found to provide a big part of the anomalous transport. Radial temper-
ature or density gradients drive micro instabilities that cause fluctuations
in the plasma. The underlying mechanism and causalities are not yet fully
understood and are still being investigated. This is due to their complex
behaviour and the fact that the length scale of these fluctuations is < cm
and their time scale is < ms, making it challenging to detect and examine
them. The perpendicular component of the turbulent transport is usually
much higher than the perpendicular neoclassical transport, and therefore is
often the predominant mechanism of the radial transport.

1.4. Impurities in fusion plasmas
In fusion plasmas, species that aren’t hydrogen are called impurities. Their
radiation can increase the energy losses of the confined plasma. Addition-
ally, they dilute the plasma which is also not beneficial considering a fusion
reactor, as it reduces the likelihood of fusion reaction between two hydrogen
isotopes. However, radiation from impurities in front of the divertor contrib-
ute to distributing the heat load of the plasma on the divertor and other
wall surfaces. Thus, the control of impurities in the plasma is crucial for
future fusion devices. To be able to control them, their behaviour and its
dependencies need to be understood. This provides the main focus of the
presented work.

Low-Z and High-Z impurities are differentiated. Low-Z impurities are fully
ionised for most of the confined plasma radius, therefore they do not cause
power losses by line radiation. High-Z impurities do not get fully ionised in
the plasma core, their line radiation causes significant losses to the plasma.
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To describe the amount of impurities present in the plasma, considering its
different particle populations, an effective ion charge (𝑍𝑒𝑓𝑓) is defined by
Equation 1.10. It is the effective charge at the same total density that would
lead to the same bremsstrahlung in the given plasma. 𝑛 is the density and
𝑍 is the atomic number of a given species 𝑗.

𝑍𝑒𝑓𝑓 =
∑𝑗 𝑛𝑗𝑍2

𝑗

∑𝑗 𝑛𝑗𝑍𝑗
(1.10)

Most impurities enter the confined region from the plasma facing elements.
All impurities that are consistently present in the plasma to some extent
are called intrinsic impurities. As the wall and divertor of W7-X is made of
carbon, carbon is the main impurity present in this device. Carbon particles
can leave the wall structure by interaction with the high temperature plasma
particles that hit the wall at the end of the open field lines. There are
several types of erosion reactions that can cause carbon atoms to leave the
wall, the most significant being sputtering. Sputtering is a phenomenon
in which particles of a solid material are knocked off due to high energy
plasma particles hitting the solid surface [55]. An energy transfer takes place
from the high energy plasma particles to the solid particles. As a result,
a bombarding particle can directly weaken the bond between two carbon
atoms (chemical sputtering) or electronic excitation can happen that lead
to carbon particles being in anti bonding states (physical sputtering). These
atoms enter the SOL, and get ionised. Most of them is being recycled in
the SOL region, due to the retention ability of the magnetic islands. These
ions do not diffuse into the confined region but get redirected towards the
wall. The amount of carbon that leaves the wall can be described with the
source rate, which gives the number of particles leaving the wall per second.
Other intrinsic impurities in the W7-X plasma are oxygen and boron.

Impurities can also be present in the confined region as a result of an im-
purity injection for diagnostic purposes. These are called extrinsic impurities.
The signature of some of these impurities can still be seen several discharges
after their initial injection, however, a general decay of their content can be
observed in each successive plasma discharge with no injection of the given
impurity. Impurities like this are for example helium, nitrogen and neon and
are typically injected at the plasma edge. Injections can be done into the
core of the plasma as well, typically in order to investigate the time scale of
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the injected impurities leaving the confined region [56] [57]. This is a meas-
ure for the impurity confinement time. The lower the impurity confinement
time is, the better the ability of the plasma is to keep the impurities out of
its core. This means better plasma performance due to reduced radiation
losses. Typically core injected impurities are iron, argon, copper and silicon.

Typical low-Z intrinsic or injected impurities besides carbon are oxygen,
nitrogen, helium, neon and boron. Typical high-Z impurities that are mostly
injected, are iron and argon. [58]

As the impurity atoms enter the plasma, they get ionised due to the high
temperature [59]. Moving radially inwards, the temperature increases, and
the impurity ions step into higher and higher ionisation stages. A simple
model describing the temperature dependence of the different ionisation
stages is called collisional ionisation equilibrium (CIE) or coronal equilib-
rium [60]. It describes the balance between collisional ionisation from the
ground state of the particles and recombination from the higher ionisation
stages. This equilibrium is modelled for a given temperature and with all
ions being in ground state. An other model describing the phenomena is the
local thermodynamic equilibrium (LTE). This equilibrium differs from the
coronal equilibrium, as it has all excited states of the ions populated. Figure
1.6 shows the emissivity of the ionisation stages of carbon as a function of
temperature using both models. For this work, the coronal equilibrium was
considered. According to Figure 1.6, the carbon ions are predominantly fully
ionised for 𝑇 > 200 eV, this corresponds to most of the confined plasma
radius at W7-X.

1.5. Impurity transport modelling
To understand the behaviour of impurities in the plasma, their transport
need to be modelled. The impurity transport can be described by the radial
continuity equation based on the law of particle conservation, as seen in
Equation 1.11. 𝑛𝑍+

𝑖𝑚𝑝 is the density of a given impurity at a given ionisation
stage, 𝛤 𝑍+

𝑖𝑚𝑝 is the radial component of the flux density of the given impurity.
𝑄𝑍+

𝑠𝑜𝑢𝑟𝑐𝑒𝑠,𝑖𝑚𝑝 and 𝑄𝑍+
𝑠𝑖𝑛𝑘𝑠,𝑖𝑚𝑝 refer to all the sources and sinks of the impurity,

respectively, due to atomic processes like ionisation, recombination and
charge exchange. Assuming a steady-state scenario, the sources, sinks and
transport balance each other out. The impurity transport coefficients, and
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Neoclassical calculations were done for W7-X that investigated the impur-
ity behaviour in purely neoclassical transport regimes. These models predict
impurity accumulation in the plasma core [62]. Accumulation is a transi-
ent process during which the number of impurity particles increases in the
plasma core, in relation to the other radial regions of the confined plasma.
This process can reach steady-state when the sinks and sources reach a
balance. Accumulation often refers to when the rise of impurity density
is continuous and it does not reach steady-state within the given plasma
conditions, or when it does reach steady-state, however, the resulting level
of impurity density is high enough to cause performance problems. Impurity
ions accumulating like this as a result of the plasma configuration without a
possibility to extract them out of the confined plasma region is not favour-
able for reactor-like conditions due to the resulting dilution and radiation
losses. Previous impurity transport studies on the W7-AS stellarator show
that the neoclassical transport properties heavily depend on the background
plasma parameters [63]. Therefore, plasma configurations, where impurity
accumulation can be avoided, need to be identified and investigated.

While neoclassical impurity transport can be precisely calculated for
given background plasma parameters, anomalous transport can only be
approximated by models and need to be compared with impurity density
measurements. In this work, carbon density measurements are taken from
the CXRS diagnostic to be compared with simulated results.

To investigate the level of anomalous impurity transport, the pySTRAHL
modelling code is used in this work [64] [65]. PySTRAHL is a one dimen-
sional code that calculates the radial transport of given impurities in the
plasma. The code solves Equation 1.11 for each ionisation stage of the given
impurities at given background plasma (e. g. 𝑛𝑒, 𝑇𝑒, 𝑇𝑖) and edge conditions
(e. g. source rate from the walls). The terms representing the sources and
sinks of the given impurity stage connect the neighbouring charge states as
described in Equation 1.13. 𝑆𝑍+

𝑖𝑚𝑝, 𝛼𝑍+
𝑖𝑚𝑝 and 𝛽𝑍+

𝑖𝑚𝑝 are the rate coefficient for
ionisation, recombination and charge exchange of the 𝑍 ionisation stage of
the given impurity, respectively.

31



Chapter 1. Introduction

𝑄𝑍+
𝑠𝑜𝑢𝑟𝑐𝑒𝑠,𝑖𝑚𝑝 + 𝑄𝑍+

𝑠𝑖𝑛𝑘𝑠,𝑖𝑚𝑝 = − (𝑛𝑒𝑆𝑍+
𝑖𝑚𝑝 + 𝑛𝑒𝛼𝑍+

𝑖𝑚𝑝 + 𝑛𝐻𝛽𝑍+
𝑖𝑚𝑝)𝑛𝑍+

𝑖𝑚𝑝 (1.13)

+ 𝑛𝑒𝑆(𝑍−1)+
𝑖𝑚𝑝 𝑛(𝑍−1)+

𝑖𝑚𝑝

+ (𝑛𝑒𝛼(𝑍+1)+
𝑖𝑚𝑝 + 𝑛𝐻𝛽(𝑍+1)+

𝑖𝑚𝑝 )𝑛(𝑍+1)+
𝑖𝑚𝑝

A one dimensional model is not well suited for describing the processes
of the SOL and the interactions between the plasma and the wall. Thus,
the modelling of this region is simplistic, using a few input parameters. A
parallel loss time is defined, a characteristic decay length that corresponds
to the parallel transport to the divertor. Additionally, a source rate can be
defined with which the impurity is entering the plasma at the boundary
either by injection or by continuous flow from the wall components.

For the numerical solution of the impurity transport equation, the radial
dependency of background plasma parameters is needed: electron density
(𝑛𝑒), electron temperature (𝑇𝑒), ion temperature (𝑇𝑖) and neutral hydrogen
density (𝑛𝐻). Radial profiles of the transport coefficients: diffusion and
convection velocity are also required. The code handles given neoclassical
and additional anomalous transport coefficients separately. The result of
the simulation with the given input profiles and parameters is the radial
profile of the impurity density for all ionisation stages.
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Passive Spectroscopy
A Passive Spectroscopy system was set up at Wendelstein 7-X to measure
spectral lines of low-Z impurities present in the plasma. It aims at invest-
igating the radial distribution and possibly content of carbon, the main
impurity present in the plasma, in order to investigate its transport and
possible effects on the plasma in different configurations. The density of the
carbon can be estimated from the intensity of the spectral line [59]. The
measured radiation is line integrated along the given LOS, thus an inversion
method was needed to assess the radial distribution.

In this section, the experimental setup and the results from the Passive
Spectroscopy system will be presented from OP1.2a. A different Passive
Spectroscopy system was set up at the same viewing location during OP1.2b,
but the measured data from this system has not been analysed. The camera
used in OP1.2a was used for the Active Spectroscopy system during OP1.2b,
as the focus of this work was moved to analysis based on that diagnostic (see
Chapter 3). Other cameras were tested for the OP1.2b Passive Spectroscopy
system, but none gave sufficient signal to noise ratio for a feasible analysis.

2.1. Methods

2.1.1. Observation system at W7-X
The core of the diagnostic system is a multichannel Czerny-Turner mirror
spectrometer able to look at spectral lines in the visible wavelength range.
During OP1.2a, it was set to the 𝐶5+ spectral line at 529.07 nm which is
the result of the transition from state 𝑛 = 8 to state 𝑛 = 7.

The line radiation is collected by fifteen 400 µm optical fibres at the
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Figure 2.1.: Schematic structure of a typical Czerny-Turner spectrometer.
The spectrometer used for measuring the line-integrated radiation coming
from the plasma is arranged according to this setup.

AEK41 port of module 4 of W7-X. A metal box is installed on the outside
of a vacuum window looking in the direction of the plasma. On the opposite
end of the box is an array of optical fibres which leads from the stellarator to
the laboratory where they are connected to the spectrometer. A schematic
image of the structure of the spectrometer can be seen in Figure 2.1, its
specific parameters are listed in Table 2.1. After entering the spectrometer
through the entrance slit, the light is reflected and collimated by a curved
mirror to the grating, which splits the light according to wavelength, then
a second mirror focuses the radiation from different wavelengths. Finally,
the light is detected by a PiCam (Princeton Instruments) CCD camera
at the chosen wavelength range (523.8 − 530.1 nm) that transforms the
measured light intensity into a 2 dimensional digital image. One dimension
is the wavelength direction with 1024 pixels, the other dimension is along
the optical fibres as described below.

To detect line-integrated radiation from different volumes of the plasma,
multiple Lines of Sight (LOS) are used. Every LOS is represented by an
optical fibre. A slice of the plasma is imaged onto the array of fibres at
the machine and then the same array of fibres is imaged onto the CCD at
the spectrometer. All LOSs used for this diagnostic system can be seen in
Figure 2.2 in relation to the flux surfaces of a standard plasma equilibrium.

Two main bundles of optical fibres were used. One is the so-called Edge-
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Table 2.1.: Parameters of the Czerny Turner mirror spectrometer that were
used for the Passive Spectroscopy system during OP1.2a.

Manufacturer and Model Spex 750M

Focal length 750 mm

F number 1/6

Slit width Variable 8 − 200 µm

Grating 2400 nm−1

VIS bundle, which looks through the outer half of the plasma volume (solid
lines in Figure 2.2). The outer most LOSs are close to the LCFS or look
directly through the SOL, depending on the configuration, allowing the
examination of changes in the plasma edge. There are 11 optical fibres in
this bundle that were connected to the spectrometer. The other fibre bundle
is the so-called Pellets-K bundle that looks through the core region of the
plasma (the name Pellets-K was given as this bundle was originally designed
to look at active charge exchange with donor neutrals from pellet injection).
The Pellets-K bundle had 4 fibres that were connected to the spectrometer.
Thus, all together 15 fibres were used of the total of 50 fibres from the two
bundles. This number was limited by the spectrometer at hand. The LOSs
were fairly evenly distributed throughout the plasma radius, with higher
resolution at 0.7 < 𝜌 < 1.0 taking into account that the outer plasma is
where the 𝐶5+ emission was expected to be seen which is the main region of
interest in this analysis. The radiation collected by these 15 fibres appearing
on the CCD image is shown in an example in Figure 2.3. This is not the
raw image measured by the CCD camera, but an image to which a relative
intensity calibration as described in Section 2.1.3 is already applied. A LOS
is also referred to as ”channel” in the following.

2.1.2. Processing the measured spectra
An example spectrum of the 𝐶5+ line measured by a given channel is shown
in Figure 2.4. The value of spectrum corresponds to the radiation detected
by the given channel (number of photons, 𝑛𝛾) emitted by a given surface
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each fibre, which the measured plasma spectrum of each channel is divided
with accordingly.

2.1.3. Forward modelling to obtain carbon emission
intensity

As the intensity measured by the spectrometer is line integrated along the
given LOSs, an inversion needs to be done to determine the radial profile
of the 𝐶5+ distribution [66]. Forward modelling was chosen as the base of
the conducted inversion. Forward modelling is an analytic method during
which a simulation of a known quantity is considered, then the input of
this simulation is iterated so that the output matches the measurements.
This is called an inversion. In this case, the known quantity is the measured
line integrated intensity curve as a function of channels, where every value
represents a LOS. The input quantity that is intended to be recreated is the
radiant flux emitted by 𝐶5+ ions from a given plasma volume. It is assumed
to be constant on flux surfaces (see later discussions). Thus for the inversion,
it is modelled as a function of 𝜌. It will be called emission intensity in the
following.

The spectral radiation emitted by the 𝐶5+ ions is directly correlated with
the density of the ion. Additionally, it depends on plasma parameters such
as 𝑛𝑒, 𝑛𝑖, 𝑇𝑒, 𝑇𝑖. It is a flux surface quantity that changes from flux surface
to flux surface as all the above mentioned quantities are. Although it is
theoretically possible to model the emission based on these quantities and
assumptions on the thermal equilibrium, this work does not aim at separ-
ating the 𝐶5+ density itself from a given emission intensity. The analysis
focuses on the radial distribution on the 𝐶5+ emission intensity instead
of the density profile of the ion. It is important to note that an absolute
intensity calibration was not applied to the Passive Spectroscopy data, thus
every subsequent intensity and emission intensity calculated using these
intensities does not have absolute values. The profile shape and relative
values are sufficient to make observations on the radial distribution of the
𝐶5+ emission intensity in the plasma.

A couple of additional assumptions are made for the forward modelling.
The line integrated intensity measured by one channel of the Passive Spec-
troscopy camera is theorised to be the emission intensity integrated over
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the flux surfaces the given LOS looks through. For a full calculation, the
cone of the LOS should be treated in three dimensions. The width of the
cone is estimated to be ≈ 2 cm. Furthermore, 𝜌, the quantity describing the
flux surfaces, should also be treated as a three dimensional grid, taking into
account its resolution coming from the VMEC calculations. For simplicity,
the LOS is approximated as a one dimensional line, thus a one dimensional
integral is used instead of a volume integral. This makes the dimension of
the emission intensity 𝑁𝛾 sr−1 m−3 s−1. In summary, the line integrated in-
tensity is calculated by adding up the emission intensity of the flux surfaces
the LOS is looking through.

The designed position of every LOS in relation to the plasma vessel, hence
in cylindrical coordinates, were calculated by the design CAD model of the
diagnostic. After installing the diagnostic system, a calibration was done to
inspect where the LOSs are in reality in relation to the designed setup. This
calibration was done before the measurement campaign started. A selection
of channels were illuminated from the laboratory, so that a light spot could
be seen inside the plasma vessel on the wall where the sight lines of the
selected channels end. Connecting the coordinates of this spot with the
position of the optical head, the coordinates of the LOSs were calculated.
The difference between the measured and designed ending coordinates of
each LOS was a few cm. The optical head was moved manually to make this
difference sufficiently small such that the designed coordinates could be used
for further analysis. The intersection between each LOS and the equilibrium
flux surfaces of the given magnetic configuration is calculated, providing the
flux surface array each LOS looks through. Every flux surface is represented
by a value of 𝜌. in Figure 2.6a, the sets of 𝜌 values corresponding to each LOS
are shown as a function of major radius (𝑅). The left and right half of the
image corresponds to the LFS and HFS, respectively. The VMEC equilibria
is calculated for 𝜌 < 1, in other words until the LCFS. As the highest
occurrence of the observed 𝐶5+ is expected to be close to the LCFS, 𝜌(𝑅) is
extended to 𝜌 > 1 to get a wider measurement range. The extension is done
in two ways. For LOSs that look through the inner part of the plasma as well
(𝜌 < 0.6) besides the plasma edge, a linear extrapolation of the outer most
five points is done on both the LFS and the HFS end of the curves. A linear
extrapolation is not suitable for the curves corresponding to the remaining
LOSs (that look through only 𝜌 > 0.6 plasma regions) due to the changing
shape of the curve according to how deep the LOS looks through the plasma.
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more complicated, as well as dependent on the poloidal and toroidal angle
additionally. Nevertheless, the presented method to extrapolate 𝜌(𝑅) is used
initially. Later results show that the emission intensity in the SOL is not
required to explain the observed radial distribution, thus the used extension
method is acceptable for the scope of the current analysis. The fitted and
extrapolated functions together with the original 𝜌(𝑅) curves can be seen
in Figure 2.6b for each LOS.

To make the inversion, the shape of the input emission intensity is paramet-
rised based on previous results from other experimental fusion devices [66].
Then parameters of this function are fitted with least square fitting method
to match the output line integrated intensity to the measured intensity. To
approximate the profile shape and the initial guess for the parameters of this
function, we need to estimate which part of the plasma volume the meas-
ured radiation is mostly coming from. For this, the corresponding atomic
processes leading to the measured ion need to be considered. There are two
main sources for 𝐶5+ to appear in the plasma: electron impact excitation of
𝐶5+ and charge exchange between 𝐶6+ and thermal neutrals. The processes
are shown in Equation 2.1 and Equation 2.2, respectively. Other processes
can lead to 𝐶5+, such as ion impact excitation and recombination, however,
the contribution of these processes to the measured signal at the investigated
plasma conditions is negligible.

𝐶5+ + 𝑒− → 𝐶5+ + 𝛾 + 𝑒− (2.1)

𝐶6+ + 𝐻0 → 𝐶5+ + 𝐻+ (2.2)

The first process to be considered is electron impact excitation from
𝐶5+. When the surrounding temperature becomes high enough, 𝐶5+ ions
take enough energy according to the coronal approximation so that their
outermost electron is emitted and the ions become 𝐶5+. This process is
expected to happen in the plasma region with the necessary temperature of
≈ 50 − 150 eV according to the coronal approximation. This temperature
corresponds to 𝜌 ≈ 0.95 − 1 given the electron temperature measured by
the Thomson Scattering diagnostic as shown in Figure 2.7 for an example
discharge of interest.

The other main process to take into account is charge exchange with
a neutral atom. When a positive ion collides with a neutral atom in the
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created at the divertor, a small fraction of these neutrals can diffuse inside
the LCFS before being re-ionised. These so-called ”recycling neutrals” are
the neutral source of charge exchange with 𝐶6+ in the experiments during
OP1.2a when the NBI system was not yet fully installed. The probability of
re-ionisation increases with the increase of the electron density and there-
fore it is significantly higher close to and inside the LCFS than in the rest
of the SOL, where the electron density is lower. The density of the neut-
ral population in the confined region is not expected to be noticeable for
𝜌 < 0.9. At the time of this analysis, there is no diagnostic at Wendelstein
7-X measuring the density of these thermal neutrals inside the LCFS, thus
there is no measurement aiding the estimation of the radial distribution of
the neutral particle density.

Given these two sources for the detected 𝐶5+ line radiation, it can be
assumed that the distribution of the measured ion is a sum of the radial dis-
tribution of 𝐶5+ ions and that of thermal neutrals. A Gaussian or Gaussian-
like function is usually a safe starting point for distributions like this as both
populations are mainly found in a specific range within the full radius with
smooth decline towards the core and edge. The two source distributions of
the emission intensity of 𝐶5+ were tested to be represented by one common
Gaussian or two separate Gaussian. This was done as at this point of the
analysis, it was unconfirmed which one or whether both played a significant
role in creating 𝐶5+. Both symmetrical and two-sided Gaussian functions
were tested for both cases. The results showed that the two sources need
to be handled with separate peaks. However, making these two Gaussian
two-sided does not improve the precision of the fit significantly. Thus, the
addition of two symmetric Gaussian was chosen for the analysis, as this
shortened the time need for the inversion. The function is described by
Equation 2.3.

𝑓(𝑥) = 𝑎1𝑒𝑥𝑝(
−(𝑥 − 𝑥0,1)2

2𝜎2
1

) + 𝑎2𝑒𝑥𝑝(
−(𝑥 − 𝑥0,2)2

2𝜎2
2

) (2.3)

𝑎1 and 𝑎2 are the value of the maximum, 𝑥0,1 and 𝑥0,2 are the position
of the maximum, 𝜎1 and 𝜎2 are the quadratic mean width of the respective
single Gaussian peaks. The quadratic mean width is connected to the Full
Width at Half Maximum: 𝐹𝑊𝐻𝑀 = 2

√
2𝑙𝑛2𝜎. To conclude, a double

Gaussian function was chosen to approximate the overall profile shape of

45



Chapter 2. Passive Spectroscopy

the emission intensity, assuming that each Gaussian represents one of the
sources for the measured ion. This assumption is not entirely confirmed,
even though this chosen method gives acceptable fits to the measured data.

2.2. Investigation of carbon content in the
outer plasma

For detailed analysis with Forward modelling, one particular discharge,
20171207.006 was chosen. An overview of the discharge is presented in the
following. Figure 2.8 shows the time evolution of the main global plasma
parameters. This experiment is particularly of interest because this is the
record high performance discharge of OP1.2a with record triple product
values [67]. This is achieved by injecting a series of pellets into the plasma
at 𝑡 = 1.2 − 1.8 s, with the high performance phase with the maximum
triple product happening after the pellet phase [40]. While investigations
on the high performance phase is not the focus of this analysis, using a
discharge generally in the interest of other diagnostics is beneficial as well
analysed and validated measurements are available for these experiments.
Worth mentioning is a singular, presumably magnetic fluctuation related
event happening at 2.3 s [68]. Its short effect can be seen in the line integ-
rated density. The plasma is undisturbed after this event until the plasma
termination starts.

The line integrated intensity extracted from the fitted Passive Spectro-
scopy spectrum of each channel is shown in Figure 2.9 as a function of
time, together with the line integrated electron density for reference. Con-
sidering the pellet phase, a sudden intense and short peak can be observed
occasionally in a few channels. This is directly an effect of the pellets, as
they consist of neutral hydrogen, providing a source for charge exchange
with fully-stripped carbon. However, the neutral atoms of the pellets are
extremely short-lived, with an average life time of 0.5 − 1 ms before being
ionized [39], thus they don’t have any long-term effect on the 𝐶5+ content.
Additionally, as pellets are small (diameter of 2 mm) compared to the width
of a LOS cone (≈ 2 cm) and their trajectories show an angular scatter of 5°
in the plasma [39], they affect the measured 𝐶5+ intensity only randomly in
a few channels. At the singular magnetic event, the 𝐶5+ increases signific-
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The inner peak’s position has outliers during the pellet phase, while the
outer peak shows no such behaviour, it is stabilized with minimum noise
level already during the pellet phase. Both peaks’ position have decreased
noise levels in time in the more steady state like post-pellet phase. Both time
traces show a distinct outlier value during the magnetic event at 𝑡 = 2.3 s.

Since the radial location of the two contributions are reasonably distinct,
it is a good starting point for their identification. According to the coronal
approximation, 𝐶5+ ions solely formed by electron excitation are expected
to exist at 50 − 150 eV. This corresponds to 𝜌 = 0.95 in the 𝑇𝑒 profile
during the stationary phase of the observed discharge. Assuming 𝑇𝑖 ≈ 𝑇𝑒,
this region is where the electron excitation peak of the 𝐶5+ ion is expected.
This matches the radial position of the outer peak. This would mean that the
inner emission intensity peak is coming from charge exchange with neutrals
in the plasma. 𝜌 = 0.75 is marginally inwards from the expected radial
distribution of thermal neutrals. However, the lack of measurements on the
neutral density profile leaves room for deviation from expectations from
theoretical models and experimental results of other relevant machines. The
other option also has to be taken into consideration, namely that the outer
peak is coming from charge exchange, corresponding to the expected radial
distribution of thermal neutrals. In this case the inner emission intensity
peak corresponds to electron excitation, having most of the 𝐶5+ ions present
in the plasma allocated at 𝜌 = 0.75. At this radial location, 𝑇𝑒 is around
500 eV, which means 𝐶5+ ions should be already ionised into 𝐶6+. For
𝐶5+ to be carried radially so deeply into the plasma without being ionised
further out in the SOL, significantly short transport times are needed. This
could be caused by sufficiently high diffusion, as shown later with STRAHL
simulations.

The width of the two peaks after the first 1.2 s of the plasma become
very similar within ≈ 20%. No additional conclusion can be drawn solely
from the width of the two peaks, as such emission widths are reasonable for
both the 𝐶5+ and the thermal neutral population.

The third parameter to examine is the intensity of the intensity of the
two peaks integrated under the line that can be seen in Figure 2.12b as
a function of time. Both time evolutions follow a similar pattern as the
time evolution of the line integrated intensity in Figure 2.9. This means
that both sources are significantly present throughout the whole discharge.
During the pellet phase, both peaks have outliers, although those of the
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2.3. Estimation of the neutral density inside the
separatrix

Using the intensity of the charge exchange and electron excitation peak
integrated under the line, the neutral density present in the plasma volume
can be estimated. This estimation is based on the coronal equilibrium, which
is a neoclassical model. However, with the implications of the STRAHL sim-
ulation, the carbon transport seems to have a strong anomalous component
with high diffusion. This would mean that the neutral density estimation
based on a neoclassical model is not reliable in these types of plasmas. The
approach is presented nevertheless, as it could be suitable as the base of
a more thorough neutral density calculation that takes into account the
additional anomalous effects. This could be achieved with the usage of
corresponding STRAHL simulations. As the density of thermal neutrals is
currently not measured by any diagnostic during at W7-X inside the LCFS,
even a rough estimation can be important.

Equation 2.4 shows the emissivity of a spectrum line of the transition from
𝑗 to 𝑖 (𝜀𝑖→𝑗) built up from three terms, each corresponding to one of the pro-
cesses leading to the given spectral line according to the collisional radiative
model: electron impact excitation (Equation 2.5), recombination (Equation
2.6) and charge exchange (Equation 2.7). Each term consists of: the photon
emission coefficient of the specific process (𝑃𝐸𝐶(𝑒𝑥𝑐), 𝑃𝐸𝐶(𝑟𝑒𝑐), 𝑃𝐸𝐶(𝐶𝑋)),
which corresponds to the emission probability of the process (obtained from
the OPEN-ADAS database [70]); the number density of the source popula-
tion (𝑛𝑍+

𝜎 and 𝑛(𝑍+1)+
𝜎 ) and the number density of the driving population.

The latter is free electrons during electron excitation and recombination
(𝑛𝑒) and thermal neutral hydrogen during charge exchange (𝑛𝐻).

𝜀𝑖→𝑗 = 𝜀𝑒𝑥𝑐
𝑖→𝑗 + 𝜀𝑟𝑒𝑐

𝑖→𝑗 + 𝜀𝐶𝑋
𝑖→𝑗 (2.4)

𝜀𝑒𝑥𝑐
𝑖→𝑗 = ∑

𝜎
𝑃𝐸𝐶(𝑒𝑥𝑐)

𝜎,𝑖→𝑗𝑛𝑒𝑛𝑍+
𝜎 (2.5)

𝜀𝑟𝑒𝑐
𝑖→𝑗 = ∑

𝜌
𝑃𝐸𝐶(𝑟𝑒𝑐)

𝜌,𝑖→𝑗𝑛𝑒𝑛(𝑍+1)+
𝜎 (2.6)

𝜀𝐶𝑋
𝑖→𝑗 = ∑

𝜌
𝑃𝐸𝐶(𝐶𝑋)

𝜌,𝑖→𝑗𝑛𝐻𝑛(𝑍+1)+
𝜎 (2.7)
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than the neutral pressure inside the LCFS. After an exchange to pressure
units from the estimated neutral density, the average neutral pressure during
most of the plasma inside the LCFS is 𝑝𝐻 ≈ 1.5 ∗ 10−6 mbar as seen in
Figure 2.15. The neutral pressure measured by the Neutral Pressure Gauges
throughout the steady-state like plasma phase is 𝑝𝐻 ≈ 2 − 3 ∗ 10−6 mbar.
The rough estimation made from the 𝐶5+ emission intensity profile agrees
very well with this. The estimation on thermal neutral pressure at the edge
of the confined plasma is of the same order of magnitude but marginally
lower than that measured at the divertor targets. This is consistent with the
qualitative expectation of thermal neutral density and pressure being higher
in the SOL and towards the divertor targets due to lower temperature than
in the confined plasma region. With a more thorough method, for instance
with included absolute intensity calibration, this estimation can be improved
to give a more reliable neutral density for inside of the LCFS.
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Active Spectroscopy

A Charge Exchange Spectroscopy (CXRS) system was set up at Wendelstein
7-X as an active spectroscopy diagnostic. An NBI heating system in running
from the operational campaign OP1.2b onwards, which provides the oppor-
tunity for this active system, as the neutrals of the NBI are the neutral
source for the charge exchange process [72] [73]. From the intersection of the
LOSs with the NBI, the CXRS diagnostic is able to give spatially resolved
information about impurities in the plasma (as opposed to the Passive Spec-
troscopy system presented in Chapter 2) along the beam line. The directly
measured spatial resolution provides impurity density, temperature and flow
velocity profiles from the plasma edge to the plasma core [59]. Currently,
this is the only diagnostic at Wendelstein 7-X that is able to measure the
low-Z impurity content in the core directly without tomographic inversion
or assumptions about the ionisation state balance or transport.

The Active Spectroscopy system consists of several visible wavelength
range spectrometers and focuses on low-Z impurities. This work concentrates
on the carbon density, obtained from the spectral line measured by the main
spectrometer, with the highest etendue. The aim of the analysis is to obtain
absolute values of the carbon density along the plasma radius in different
plasma scenarios, and to determine the properties of carbon transport using
these profiles.
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3.1. Methods

3.1.1. Observation system at W7-X
The detailed description of the CXRS diagnostic system at W7-X can be
found in [74]. Elements of the description relevant to this work are presented
in the following section.

Five spectrometers were used within the CXRS system during OP1.2b,
of which the one able to detect the most light intensity in a given time
interval is the so-called ITER-like Spectrometer (𝐼𝐿𝑆) with three detecting
cameras with fixed wavelength ranges. This is the main spectrometer of
the diagnostic and the focus of this analysis. Two other spectrometers,
𝑁𝐼𝐹𝑆 − 1 and 𝑁𝐼𝐹𝑆 − 2 have fixed wavelength ranges, detecting 𝐻𝛼
and 𝐻𝑒+ lines respectively, and two further spectrometers, 𝐴𝑈𝐺 − 1 and
𝐴𝑈𝐺 − 2 have variable wavelength ranges which were modified throughout
the measurement campaign based on impurities of interest.

The NBI is located in module two of W7-X. Light is collected by 400 µm
optical fibres at three ports looking at the beam lines: the 𝐴𝐸𝐴21 port that
is located on the left side of the NBI box (counter-clockwise in W7-X; the
𝐴𝐸𝑀21 port that is located above the NBI box; and the 𝐴𝐸𝑇 21 port that
is located on the right side of the NBI (clockwise in W7-X). The diagnostic
system was set up with these three viewing angles in order to carry out three
dimensional flow velocity measurements based on the observed Doppler shift
of the measured spectral line from the different angles [75]. The location of
the three ports as well as their LOSs in relation to the two operating NBI
beam lines, 𝑆7 and 𝑆8 are shown in Figure 3.1 with the carbon divertor
and wall tiles displayed in the background.

The light collecting optical fibres in each port are arranged in an optical
head at the inside of the port, near the plasma. They are set behind lenses
so that the beam lines are imaged onto the fibres. The intersection of the
LOSs and the beam lines provide the spatial points of the carbon profiles
later in the analysis. Figure 3.2 shows the LOS layout of each port as they
are located within the plasma cross section, with flux surfaces from the
standard equilibrium plasma. Each point represents the intersection of a
LOS and one or both beams. The 𝐴𝐸𝐴21 optical fibres are arranged in
two main lines, 𝐴𝐸𝐴21 − 𝐴 and 𝐴𝐸𝐴21 − 𝐵 with 40 LOSs each, looking
through the centre of the neutral beams. There are two secondary lines of
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then led through the immersion tube, exit at the entrance of the port and
led to the laboratory from all three ports. There they are connected to a
patch panel, that has a set of optical fibres connected to it on the other side,
which lead to the spectrometers. The optical fibres of the spectrometers
are referred to as channels, and each channel corresponds to a LOS. The
channels of the five spectrometers were distributed among the LOSs of the
ports so that every spectrometer has a coverage of all LOS arrays in the
two main viewing systems.

The spectrometers 𝐴𝑈𝐺−1 and 𝐴𝑈𝐺−2 have a simple lens spectrometer
structure. After entering through the entrance slit, a lens directs the light
onto the grating, after which an other lens focuses the wavelength-split rays
towards the detecting camera. Both spectrometers have 45 channels. During
OP1.2b, both were mainly targeted to measure the intensity of secondary
impurities, such as 𝐵4+ at 494.46 nm from the transition 𝑛 = 7 → 6, 𝑂7+

at 606.8 nm from the transition 𝑛 = 10 → 9, 𝑁6+ at 566.94 nm from
the transition 𝑛 = 9 → 8 and 𝐴𝑟15+ at 436.52 nm from the transition
𝑛 = 14 → 13. Occasionally they were set to look at spectral lines of the
main impurity (carbon) and the two possible main plasma species (hydrogen
and helium), which were covered by the 𝐼𝐿𝑆. Having the 𝐴𝑈𝐺 − 1 and
𝐴𝑈𝐺 − 2 measure these spectral lines additionally allowed for much higher
spatial resolution profiles for specific plasma discharges, such as plasmas
with higher performance.

The 𝐼𝐿𝑆 is a high etendue spectrometer that was originally built as a
prototype for the ITER tokamak [76], and was later used as part of the CXRS
system at the ASDEX Upgrade tokamak [78] [77]. Its parameters are listed
in Table 3.1. Its high etendue allows for more light to enter the spectrometer
and be collected by the detecting cameras in a given time compared to typical
spectrometers, e. g. the variable wavelength 𝐴𝑈𝐺 − 1 and 𝐴𝑈𝐺 − 2, which
provides possibility for higher time resolution with sufficient signal to noise
ratio. It has three detecting systems, a CMOS camera that measures the 𝐶5+

line at 529.06 nm, a CMOS camera detecting the 𝐻𝛼 line at 656.028𝑐, and
a CCD camera measuring the 𝐻𝑒+ line at 468.58 nm from the transition
𝑛 = 4 → 3. This analysis obtains the carbon density profiles from the 𝐶5+

camera while using the intensities measured by the 𝐻𝛼 camera as well. The
data measured by the 𝐻𝑒+ camera was not analysed in this work. The 𝐼𝐿𝑆
has 54 channels, with 3 of them not connected to the plasma so that they
can be used for calibration. The typical exposure time of the 𝐶5+ and the
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Table 3.1.: Parameters of the ITER-like Spectrometer (𝐼𝐿𝑆) spectrometer
as were used for the Active Spectroscopy system during OP1.2b. [76] [77]

Focal length ≈ 1 m

F number 2.3

Slit width of 𝐻𝛼 detector 400 µm

Slit width of 𝐶5+ detector 600 µm

Slit width of 𝐻𝑒+ detector 500 µm

Slit width equivalent at fibre of 𝐻𝛼 detector 65 µm

Slit width equivalent at fibre of 𝐶5+ detector 100 µm

Slit width equivalent at fibre of 𝐻𝑒+ detector 75 µm

Resolution of 𝐻𝛼 detector 0.1 nm

Resolution of 𝐶5+ detector 0.1 nm

Resolution of 𝐻𝑒+ detector 0.07 nm

Grating 500 lines / mm

Grating area ≈ 92 mm 𝑥 200 mm

Grating order of 𝐻𝛼 detector 5𝑡ℎ

Grating order of 𝐶5+ detector 6𝑡ℎ

Grating order of 𝐻𝑒+ detector 7𝑡ℎ

𝐻𝛼 camera throughout the measurement campaign was 7.5 ms and 16 ms,
respectively. With shorter exposure times, the signal to noise ratio in the
measured spectra is higher, therefore the values were chosen to optimise
between a good time resolution and acceptable signal to noise ratio.

The optical layout of the spectrometer can be seen in Figure 3.3. It is
built in a way that the light is separated within the spectrometer into three
wavelength ranges corresponding to the three measured spectral lines. This
allows a unique analysis opportunity, as the LOSs, and thus the origin
location of the radiation in the plasma, is the same for all three detected
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Figure 3.4.: Spectrum measured by the 𝐼𝐿𝑆 𝐶5+ camera in black with
the no-plasma background level displayed below it. The difference is
the bremsstrahlung level. Both underlying backgrounds are subtracted
before further processing.

2.3. The horizontal axis is the wavelength, the vertical axis represents the
different LOSs.

3.1.2. Processing the measured spectra
An example spectrum measured by the 𝐶5+ camera is shown in Figure
3.4. The units of spectrum are the same as for the spectra measured by
the Passive Spectroscopy system as described in Section 2.1.2 with the
dimension 𝑁𝛾 sr−1 m−2 nm−1 s−1. The bremsstrahlung and the no-plasma
background were subtracted from the spectra, they are both displayed in
Figure 3.4.

The remaining 𝐶5+ spectral line consists of two components, a so-called
active and a passive part. The passive component is what the spectral line
would look like without the additional neutral source of the NBI. This is
directly measured during frames when the NBI is turned off and is exactly
the same radiation that the Passive Spectroscopy system detects. The active
component is the additional intensity that appears when the NBI is turned
on. The neutrals of the NBI transfer an electron to fully-stripped 𝐶6+ ions
via charge exchange, as shown in Equation 3.1, and the radiation of these
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The measured 𝐶5+ passive intensity immediately after the NBI operation
is noticeably higher than in the passive spectra before the NBI is turned
on. This means that the both components are changing while the NBI
is operating and none of them are measured independently in this phase,
which makes the separation of the two components not straightforward. The
life time of the measured excited 𝐶5+(𝑛 = 8) ions is ∼ 10−8 s, which is
negligible compared to the exposure time of the camera. This means that
from the measurement point of view, the 𝐶5+(𝑛 = 8) ions that were created
via charge exchange from NBI neutrals are measured immediately after the
NBI is turned on and disappear from the measured spectrum as soon as
the NBI is turned off. There could be 𝐶5+(𝑛 < 8) ions that get re-excited
later, to become 𝐶5+(𝑛 = 8) and be measured again, but the life time of
these ions is also of a similar order of magnitude. Thus, the increase of the
passive signal is not originating from 𝐶5+ ions that were created by NBI
neutrals. The origin of the increase of the passive signal is unclear. It could
be due to changes in the background plasma caused by the NBI or because
more carbon is released from the wall while the NBI is turned on.

To account for the increase in the passive component, that is not measured
directly, and to make sure that the component separation is realistic, two
methods were used depending on the length of the given NBI operation.
First, a double Gaussian (one Gaussian for each component) was fitted to
the measured spectra in the plasma core, as seen in Figure 3.5, in cases
where the separation of the two Gaussian is clearer due to the temperature
difference of the two components. The time evolution of the intensity of the
resulting two fitted Gaussian is shown in Figure 3.6. This shows gradually
increasing passive intensity during NBI operation that decreases marginally
when the NBI switches off to levels that are higher than the passive intensity
measured before the NBI. This additional increase appears after ≈ 30 ms
of NBI operation. Thus, for NBI blips with a length < 30 ms, the passive
component is estimated by interpolating the spectra immediately before
and after the NBI blip consisting only the passive component. The last
frames before the NBI is turned on, as well as the first frames after the
NBI is turned off, are averaged into a ”before” and an ”after” passive frame.
Averaging is needed to reduce noise. Then a linear interpolation is done
between the ”before” and the ”after” passive frame. This estimated passive
spectrum is directly subtracted from the measured spectrum for every NBI
frame. For NBI pulses with a length > 30 ms, this subtraction method is
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energy being divided between these single hydrogen ions. Once neutralized,
the beam consists of neutral hydrogen atoms of three different energies, from
full, half or third of the original acceleration voltage. These three hydrogen
populations are referred to as 1st, 2nd and 3rd energy components in the
following. As the beam penetrates the plasma, the radiation of the excited
neutral hydrogen atoms will appear in the measured spectra. As there are
three different energies and thus, three different velocities present in the
additional 𝐻0 population, the spectral line of the three energy components
have different Doppler shifts compared to the cold 𝐻0 line. Additionally,
the spectral line of each energy component is split into 3 separate lines due
to Motional Stark Effect. The middle line is referred to as 𝜎, the two side
lines are referred to as 𝜋+ and 𝜋−.

Additionally, the radiation of the halo neutrals re-excited by collisions
appears around the main 𝐻𝛼 spectral line, this is displayed in yellow in
Figure 3.7.

All components of the 𝐻𝛼 spectrum are fitted by a Gaussian, making the
fit of the full spectrum consist 17 Gaussian.

The fitting of both the 𝐶5+ and the 𝐻𝛼 spectrum is done after converting
the wavelength axis from pixel to nm according to a wavelength calibration.
This calibration was done with a Ne lamp as it is described in Section 2.1.2.

3.1.3. Calculating carbon density profiles with cross
calibration

To calculate carbon density profiles from the intensity of the active com-
ponent of the 𝐶5+ spectral line (𝐼𝐶𝑋), the conventional way is to directly
convert the intensity values (photon count) into real density values with an
absolute intensity calibration and the need for a relatively complex model
of the attenuation of the neutral beam at all positions as it passes through
the plasma [79] [73]. However, there is another method to obtain absolute
carbon densities, without the need for processing an absolute intensity calib-
ration and without the need for using models to calculate the beam density
that is not directly measured. This method uses the intensity of the beam
energy components (𝐼𝐵𝐸𝑆

𝐸 , 𝐸 = 𝐸0, 𝐸0/2, 𝐸0/3) besides the intensity of the
𝐶5+ line [80] [81], and is easily available for the CXRS system at W7-X
given that the 𝐶5+ and the 𝐻𝛼 cameras share the same LOSs and optical
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𝐶5+∗ + 𝐻+ reaction to the specific 𝐶5+ level. It relates the population of
𝐶5+∗ to the population of 𝐶6+ and 𝐻0 at the given ion temperature (𝑇𝑖),
ion density (𝑛𝑖), beam energy (𝐸) and 𝑍𝐸𝑓𝑓, and is calculated according to
a collisional-radiative model. Figure 3.8 shows the changes of 𝑄𝐶𝑋

𝐸 in the
W7-X relevant parameter range. The charge exchange emission coefficients
were obtained from the OPEN-ADAS database [82] for the investigated
plasma configurations.

𝐼𝐶𝑋 = ∑
𝐸=𝐸0,𝐸0/2,𝐸0/3

𝐼𝐶𝑋
𝐸 = ∫

𝐿𝑂𝑆
𝑛𝐶(𝑙) ∑

𝐸=𝐸0,𝐸0/2,𝐸0/3
𝑄𝐶𝑋

𝐸 (𝑙)𝑛𝑏𝑒𝑎𝑚
𝐸 (𝑙)𝑑𝑙

(3.2)
The measured intensity of a given beam energy component is given by

Equation 3.3 and is proportional to the background plasma electron density
(𝑛𝑒), the density of the beam energy component (𝑛𝑏𝑒𝑎𝑚

𝐸 ) and the beam
emission coefficient (𝑄𝐵𝐸𝑆

𝐸 ), integrated over the intersection of the beam
and the given LOS. The beam emission coefficient describes the excitation
of the beam neutrals by collisions with electrons at a given beam energy,
ion temperature and ion density. These coefficients were obtained from the
OPEN-ADAS database [83] for the investigated plasma configurations.

𝐼𝐵𝐸𝑆
𝐸 = ∫

𝐿𝑂𝑆
𝑛𝑒(𝑙)𝑄𝐵𝐸𝑆

𝐸 (𝑙)𝑛𝑏𝑒𝑎𝑚
𝐸 (𝑙)𝑑𝑙 (3.3)

It is assumed that the plasma parameters 𝑛𝐶, 𝑛𝑒, 𝑇𝑒, 𝑇𝑖 etc. and hence
𝑄𝐶𝑋 and 𝑄𝐵𝐸𝑆, do not change along a given LOS within the intersection
volume with the beam. This assumption is realistic for most of the LOSs
except the for the channels of the 𝐴𝐸𝑀21 system close to the plasma core.
These channels look almost directly through the central flux surfaces, and
detect light from more flux surfaces within the intersection volume of the
measured light, meaning more significant changes of the plasma parameters
along the LOS. Channels that do not look directly through the core, cross a
small range of flux surfaces. In these cases, it can be assumed that plasma
parameters, including 𝑛𝐶 and 𝑛𝑒, do not change significantly along the LOS
within the intersection volume, and therefore they do not depend strongly
on 𝑙. This means that their average value weighted by the beam density
integrated over the intersection between the given LOS and the beam, shown
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by Equation 3.4 and 3.5, can be approximated by the carbon and electron
density at the intersection, respectively.

< 𝑛𝐶 >=
∫
𝐿𝑂𝑆

𝑛𝐶(𝑙)𝑛𝐸
𝑏𝑒𝑎𝑚(𝑙)𝑑𝑙

∫
𝐿𝑂𝑆

𝑛𝐸
𝑏𝑒𝑎𝑚(𝑙)𝑑𝑙

≡ 𝑛𝐶(< 𝑟 >) (3.4)

< 𝑛𝑒 >=
∫
𝐿𝑂𝑆

𝑛𝑒(𝑙)𝑛𝐸
𝑏𝑒𝑎𝑚(𝑙)𝑑𝑙

∫
𝐿𝑂𝑆

𝑛𝐸
𝑏𝑒𝑎𝑚(𝑙)𝑑𝑙

≡ 𝑛𝑒(< 𝑟 >) (3.5)

Under this assumption, and similarly assuming that the effective rate
coefficients 𝑄𝐶𝑋 and 𝑄𝐵𝐸𝑆 do not change significantly within the intersec-
tion volume, these parameters can be taken outside the integral, shown on
Equation 3.6 and 3.7.

𝐼𝐶𝑋 = ∑
𝐸=𝐸0,𝐸0/2,𝐸0/3

𝑛𝐶𝑄𝐶𝑋
𝐸 ∫

𝐿𝑂𝑆
𝑛𝑏𝑒𝑎𝑚

𝐸 (𝑙)𝑑𝑙 (3.6)

𝐼𝐵𝐸𝑆
𝐸 = 𝑛𝑒𝑄𝐵𝐸𝑆

𝐸 ∫
𝐿𝑂𝑆

𝑛𝑏𝑒𝑎𝑚
𝐸 (𝑙)𝑑𝑙 (3.7)

As the 𝐶5+ and the 𝐻𝛼 cameras have the same LOSs, the determination
of the intersection integral between the NBI and the LOSs can be eliminated.
From Equation 3.7, the integral density of a given beam energy component
(Equation 3.8) can be substituted into Equation 3.6, resulting in Equation
3.9.

∫
𝐿𝑂𝑆

𝑛𝑏𝑒𝑎𝑚
𝐸 (𝑙)𝑑𝑙 =

𝐼𝐵𝐸𝑆
𝐸

𝑛𝑒𝑄𝐵𝐸𝑆
𝐸

(3.8)

𝐼𝐶𝑋 = ∑
𝐸=𝐸0,𝐸0/2,𝐸0/3

𝐼𝐵𝐸𝑆
𝐸 𝑄𝐶𝑋

𝐸 𝑛𝐶

𝑛𝑒𝑄𝐵𝐸𝑆
𝐸

=
𝑛𝐶

𝑛𝑒
∑

𝐸=𝐸0,𝐸0/2,𝐸0/3

𝐼𝐵𝐸𝑆
𝐸 𝑄𝐶𝑋

𝐸

𝑄𝐵𝐸𝑆
𝐸

(3.9)

From Equation 3.9, the fraction of the carbon density and the electron
density is derived:

𝑛𝐶

𝑛𝑒
=

𝐼𝐶𝑋

∑𝐸=𝐸0,𝐸0/2,𝐸0/3
𝐼𝐵𝐸𝑆

𝐸 𝑄𝐶𝑋
𝐸

𝑄𝐵𝐸𝑆
𝐸

(3.10)
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The carbon density is derived by multiplying this fraction with the elec-
tron density. Here, the electron density measured by the Thomson Scattering
system is used. The resulting density is the 𝐶6+ density and will be referred
to as carbon density in the following, as the vast majority of the total car-
bon population in the confined plasma (for approximately 𝜌 < 0.8) is fully
stripped, due to the high temperature.

In some particular cases, like comparing the carbon content of W7-X
to that of other fusion devices, it is beneficial to investigate carbon con-
centration instead of carbon density profiles. The concentration is defined
to describe the ratio of carbon and all the fully stripped ions present in
the plasma. To calculate the carbon concentration from the fraction of the
carbon and electron density, it is assumed that carbon is the only impurity
present in the plasma. The electron density can be written as an addition of
all electrons that were stripped from the different fully-stripped ions (hydro-
gen and carbon ion in the presented case) present in the plasma, as shown
in Equation 3.11. 𝑛𝐻 is the density of the main hydrogen ions, 𝑛𝐶 is the
carbon density and 𝑍𝐶 is the atomic number of carbon.

𝑛𝑒 = 𝑛𝐻 + 𝑛𝐶𝑍𝐶 → 𝑛𝐻 = 𝑛𝑒 − 𝑛𝐶𝑍𝐶 (3.11)

The definition of carbon concentration (𝐶𝐶) is shown in Equation 3.12.
Deriving 𝑛𝐻 from Equation 3.11 and constituting it into the concentration
definition allows to express the concentration with the fraction of 𝑛𝐶 and
𝑛𝐸 as the only variable.

𝐶𝐶 =
𝑛𝐶

𝑛𝐻 + 𝑛𝐶
=

𝑛𝐶

𝑛𝑒 − 𝑛𝐶𝑍𝐶 + 𝑛𝐶
= (3.12)

=
𝑛𝐶

𝑛𝑒 + 𝑛𝐶(1 − 𝑍𝐶)
=

𝑛𝐶

𝑛𝑒

1
1 + 𝑛𝐶

𝑛𝑒
(1 − 𝑍𝐶)

Apart from sharing the same LOSs and optical fibres, the 𝐶5+ and the 𝐻𝛼
cameras naturally have a different sensitivity due to their photon to electron
conversion, their dispersion, as well as sensitivities and other characterist-
ics of the optics after the wavelength separation of the detected radiation.
Because of the different sensitivities of the cameras, their signal and their
bremsstrahlung level differ from each other. Their no-plasma background

75



Chapter 3. Active Spectroscopy

also differs as the noise coming from the camera itself is different. Addi-
tionally, their individual settings were chosen to match the requirements of
the given spectral line. They have independent binning (process to separate
the signal of individual channels from each other), exposure time and other
observational settings. These differences would need to be addressed and
taken into account, if the absolute carbon density would be obtained through
absolute intensity calibration. For the previously introduced method, using
the measured intensity of the beam energy components, a cross calibration
is possible that eliminates all differences between the measured (𝐼𝐶𝑋

𝑚 and
𝐼𝐵𝐸𝑆

𝐸,𝑚 ) and theoretical absolute intensities (𝐼𝐶𝑋 and 𝐼𝐵𝐸𝑆
𝐸 ). This is needed

to acquire absolute carbon densities. The absolute intensities of 𝐶5+ and
𝐻𝛼 can be written as the product of the corresponding measured intensities
and the sensitivities of the respective cameras (𝜂𝐶𝑋 and 𝜂𝐵𝐸𝑆) as shown in
Equation 3.13 and 3.14.

𝐼𝐶𝑋 = 𝜂𝐶𝑋𝐼𝐶𝑋
𝑚 (3.13)

𝐼𝐵𝐸𝑆
𝐸 = 𝜂𝐵𝐸𝑆𝐼𝐵𝐸𝑆

𝐸,𝑚 (3.14)

𝜂 includes all parameters that would affect the sensitivity of the measure-
ment by the given camera. Taking it into account, Equation 3.10 is changed
to Equation 3.15.

𝑛𝐶

𝑛𝑒
=

𝜂𝐶𝑋𝐼𝐶𝑋
𝑚

∑𝐸=𝐸0,𝐸0/2,𝐸0/3
𝜂𝐵𝐸𝑆𝐼𝐵𝐸𝑆

𝐸 𝑄𝐶𝑋
𝐸

𝑄𝐵𝐸𝑆
𝐸

(3.15)

The bremsstrahlung light measured by the two cameras is used for quan-
tifying 𝜂, as its value depends on all the above mentioned characteristics
and settings of the given camera. The bremsstrahlung level cannot be ob-
tained from the exact wavelength of the spectral line, as the line itself
obstructs this region, therefore it is taken from the edge of the measured
spectra where there are no spectral lines. The wavelength difference from
the position of the line to the wavelength range where the bremsstrahlung
level is taken from is ≈ 5𝑛𝑚 for both the 𝐶5+ and the 𝐻𝛼 cameras. The
bremsstrahlung level changes with 1/𝜆2 within the given wavelength ranges,
which means the change in bremsstrahlung is ≈ 2% across the wavelength
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range of each measured spectrum. Based on this, the bremsstrahlung back-
ground is assumed to be flat within the spectral range of each camera. The
exact bremsstrahlung value for a given channel in a given time point is taken
by averaging ≈ 10 − 30 points from the chosen wavelength range near the
observed spectral line in the raw spectrum to eliminate the noisiness of the
signal. The theoretical acquired bremsstrahlung background of the 𝐶5+ and
the 𝐻𝛼 cameras is shown in Equation 3.16 and 3.17, respectively.

𝐵𝐶𝑋 =
𝑑𝐼𝐶𝑋

𝐵𝑆
𝑑𝑙

(3.16)

𝐵𝐵𝐸𝑆 =
𝑑𝐼𝐵𝐸𝑆

𝐵𝑆
𝑑𝑙

(3.17)

𝐼𝐶𝑋
𝐵𝑆 and 𝐼𝐵𝐸𝑆

𝐵𝑆 are the respective bremsstrahlung intensities that are
integrated over the wavelength (𝑙). Both theoretical bremsstrahlung levels
(𝐵𝐶𝑋 and 𝐵𝐵𝐸𝑆) can be expressed with the corresponding empirical levels
(𝐵𝐶𝑋

𝑚 and 𝐵𝐵𝐸𝑆
𝑚 ) and the sensitivity of the cameras, as shown in Equation

3.18 and 3.19, respectively.

𝐵𝐶𝑋 = 𝜂𝐶𝑋𝐵𝐶𝑋
𝑚 (3.18)

𝐵𝐵𝐸𝑆
𝐸 = 𝜂𝐵𝐸𝑆𝐵𝐵𝐸𝑆

𝑚 (3.19)

For further clarity, Table 3.2 lists the dimension of the theoretical and
empirical line intensities and bremsstrahlung levels.

The bremsstrahlung level itself depends on wavelength, so the cross calib-
ration is done using the Equation 3.20. 𝜆𝐶𝑋 and 𝜆𝐵𝐸𝑆 are the wavelength
of the two measured spectral lines.

𝐵𝐶𝑋

𝐵𝐵𝐸𝑆 =
𝜆𝐵𝐸𝑆

𝜆𝐶𝑋 (3.20)

To eliminate 𝜂𝐶𝑋 and 𝜂𝐵𝐸𝑆 from Equation 3.15, the calculation goes as
the following, using the Bremsstrahlung background of both cameras:

𝜂𝐶𝑋

𝜂𝐵𝐸𝑆
=

𝐵𝐶𝑋𝐵𝐵𝐸𝑆
𝑚

𝐵𝐶𝑋
𝑚 𝐵𝐵𝐸𝑆 =

𝐵𝐶𝑋

𝐵𝐵𝐸𝑆
𝐵𝐵𝐸𝑆

𝑚

𝐵𝐶𝑋
𝑚

=
𝜆𝐵𝐸𝑆

𝜆𝐶𝑋
𝐵𝐵𝐸𝑆

𝑚

𝐵𝐶𝑋
𝑚

(3.21)
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Table 3.2.: Dimension of the theoretical and measured intensity of the 𝐶5+

ion (𝐼𝐶𝑋 and 𝐼𝐶𝑋
𝑚 ) and the beam energy components (𝐼𝐵𝐸𝑆

𝐸 and 𝐼𝐵𝐸𝑆
𝐸,𝑚 ),

as well as the dimension of the bremsstrahlung background, theoretical
and measured by the 𝐶5+ camera (𝐵𝐶𝑋 and 𝐵𝐶𝑋

𝑚 ) and the 𝐻𝛼 camera
(𝐵𝐵𝐸𝑆 and 𝐵𝐵𝐸𝑆

𝑚 ). The dimension of the dispersion of the two cameras
(𝜔𝐶𝑋 and 𝜔𝐵𝐸𝑆) is also displayed. 𝛾 refers to the number of photons
emitted, while 𝑒− refers to the photoelectron count recorded by the
cameras. t𝐶𝑋

𝑓𝑟𝑎𝑚𝑒 and t𝐵𝐸𝑆
𝑓𝑟𝑎𝑚𝑒 refer to the time length of one frame of the

respective cameras.

ICX 𝛾 m−2 sr−1 s−1

ICX
m 𝑒− (t𝐶𝑋

𝑓𝑟𝑎𝑚𝑒)−1

IBES
E 𝛾 m−2 sr−1 s−1

IBES
E,m 𝑒− (t𝐵𝐸𝑆

𝑓𝑟𝑎𝑚𝑒)−1

BCX 𝛾 m−2 sr−1 nm−1 s−1

BCX
m 𝑒− (t𝐶𝑋

𝑓𝑟𝑎𝑚𝑒)−1 pixel−1
𝐶𝑋

BBES 𝛾 m−2 sr−1 nm−1 s−1

BBES
m 𝑒− (t𝐵𝐸𝑆

𝑓𝑟𝑎𝑚𝑒)−1 pixel−1
𝐵𝐸𝑆

𝜔𝐶𝑋 pixel−1
𝐶𝑋 nm

𝜔𝐵𝐸𝑆 pixel−1
𝐵𝐸𝑆 nm

In Equation 3.21, 𝐵𝐶𝑋
𝑚 and 𝐵𝐵𝐸𝑆

𝑚 are regarded integrated over the
wavelength as the corresponding theoretical backgrounds (Equation 3.16
and Equation 3.17). However, in reality the spectra are measured in pixel
(pixel𝐶𝑋 and pixel𝐵𝐸𝑆, respectively) and not in nm. Therefore, the disper-
sion of the given camera have to be used. The dispersion of the 𝐶5+ and
the 𝐻𝛼 cameras is displayed in Equation 3.22 and 3.23, respectively.

𝜔𝐶𝑋 =
𝑑𝑙

𝑑𝑝𝑥𝐶𝑋
(3.22)

𝜔𝐵𝐸𝑆 =
𝑑𝑙

𝑑𝑝𝑥𝐵𝐸𝑆
(3.23)
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Equation 3.21 can therefore be changed in a way so that 𝐵𝐶𝑋
𝑚 and 𝐵𝐵𝐸𝑆

𝑚
are regarded integrated over the respective pixel:

𝜂𝐶𝑋

𝜂𝐵𝐸𝑆
=

𝜆𝐵𝐸𝑆

𝜆𝐶𝑋
𝐵𝐶𝑋

𝑚 /𝜔𝐶𝑋

𝐵𝐵𝐸𝑆
𝑚 /𝜔𝐵𝐸𝑆

(3.24)

Consequently, the fraction of the carbon density and the electron density
is calculated as follows:

𝑛𝐶

𝑛𝑒
=

𝐼𝐶𝑋
𝑚

∑𝐸=𝐸0,𝐸0/2,𝐸0/3
𝐼𝐵𝐸𝑆

𝐸,𝑚 𝑄𝐶𝑋
𝐸

𝑄𝐵𝐸𝑆
𝐸

𝐵𝐶𝑋
𝑚 /𝜔𝐶𝑋

𝐵𝐵𝐸𝑆
𝑚 /𝜔𝐵𝐸𝑆

𝜆𝐵𝐸𝑆

𝜆𝐶𝑋 (3.25)

The individual frames, and thus spectra, produced by the cameras repres-
ent the given impurity radiation that was detected in a time period equal to
the length of the exposure time. This needs to be taken into account during
the processing of the spectra. During NBI blips with a length comparable
to the exposure time of one of the cameras, it is possible that none of the
frames cover a time range where the NBI is turned on for the whole period.
This typically happens for blips that are < 30 ms. Even if one frame had
full NBI coverage in the middle of the blip, the other frames, which in this
case are usually the first and last frames for the given NBI blip, do not. Fur-
thermore, this is not necessarily consistent for each blip of a series of blips
throughout a plasma discharge, as the the start of a blip does not always
line up with the exposure time of the CXRS diagnostic. Example cases of
how the NBI blips and the frames can take place related to each other can
be seen in Figure 3.9. This is not an issue during NBI pulses > 30 ms, as
there are enough NBI frames recorded so that the first and last one can
be always disposed. In contrast, for blips < 30 ms, the measured light is
summed up between all frames that at least partly overlap with a given
NBI blip, creating one summed spectrum for each blip. This ensures that
for every blip all the radiation induced by the given NBI blip is recorded in
the summed frame for both the 𝐶5+ and the 𝐻𝛼 spectra, regardless of the
length of the camera exposure time.

However, summing up all frames of a given NBI blip introduces additional
problems. For NBI pulses without summing, the time unit of 𝐼𝐶𝑋

𝑚 and 𝐵𝐶𝑋
𝑚

is both (t𝐶𝑋
𝑓𝑟𝑎𝑚𝑒)−1, which therefore cancel out in Equation 3.25. The same

is true for 𝐼𝐵𝐸𝑆
𝐸,𝑚 and 𝐵𝐵𝐸𝑆

𝑚 , as their time unit (t𝐵𝐸𝑆
𝑓𝑟𝑎𝑚𝑒)−1 eliminate each
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(a)

(b)

Figure 3.9.: Examples for the relation between an NBI blip (green) and
the radiation detection by the spectrometer cameras (red) as a function
of time.

other. The fraction of 𝑛𝑒 and 𝑛𝐶 is therefore dimensionless, as intended.
However, when summing all frames of an NBI blip to obtain 𝐼𝐶𝑋

𝑚 and 𝐼𝐵𝐸𝑆
𝐸,𝑚 ,

their effective exposure time changes to 𝑡𝑏𝑙𝑖𝑝. These two eliminate each other
during the division in Equation 3.25. As a result, 𝐼𝐶𝑋

𝑚 and 𝐼𝐵𝐸𝑆
𝐸,𝑚 do not

carry the exposure time information any more that would otherwise be
eliminated by the bremsstrahlung cross calibration. This leaves 𝐵𝐶𝑋

𝑚 and
𝐵𝐵𝐸𝑆

𝑚 carrying their respective camera exposure time information after the
cross calibration. To make their time unit match and eliminate each other,
both measured bremsstrahlung intensities are divided by the exposure times
of the respective cameras, 𝑡𝐶𝑋

𝑒𝑥𝑝 and 𝑡𝐵𝐸𝑆
𝑒𝑥𝑝 .
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3.1.4. Comparison with carbon density profiles with a
different approach

The carbon density is calculated for this analysis with the previously de-
scribed cross calibration method. The conventional method, not using the
practicality of the 𝐼𝐿𝑆 spectrometer and its 𝐶5+ and the 𝐻𝛼 cameras would
require an absolute intensity calibration to convert the measured intensity
into density values. An absolute intensity calibration measurement was
done prior and after the measurement campaign with a calibration sphere
as described in Chapter 2.1.2, with the exception of the 𝐴𝐸𝐴21 system,
where an absolute intensity calibration was done only after the campaign.
However, the absolute calibration measurement was not processed by the
time of this analysis, nor was its accuracy confirmed. The accuracy of the
absolute calibration can be affected by erosion of or coating on the first
mirror of the port by the plasma, and thus the transmission of the optics
can degrade over the time of plasma operation. Additionally, the density of
the beam energy components is also needed for the conventional approach,
which would need to be derived from a detailed accurate beam model, which
was not available for W7-X at the time. The decision to calculate carbon
density with the cross calibration method for this analysis, was made due
to the reduced complexity of the calculation, and due to no reliance on an
absolute calibration or a beam model.

Towards the end of this work, another investigation has been done on a
topic of different focus that calculated the carbon density using the other
approach [84]. By the time this new analysis started, the beam modelling
code FIDASIM has been developed and tested also for W7-X plasmas [85].
FIDASIM predicts the active 𝐻𝛼 spectrum by calculating the density of
neutrals in quantum states 𝑛 = 1 − 6 within the neutral beam. It models
charge exchange reactions between neutrals and ions by solving the rate
equations. The predicted experimental beam emission spectra show good
agreement with the measured beam emission and therefore the density
of the beam energy components calculated by FIDASIM can be reliably
used for the carbon density calculation. The new analysis was also able to
use the processed and verified absolute intensity calibration of the CXRS
system. The absolute intensity calibration is now considered reliable due to
both the FIDASIM beam emission comparison and successful modelling of
Bremsstrahlung emission from 𝑍𝑒𝑓𝑓 profiles [86].

81





3.1. Methods

3.1.5. Contribution of the neutral beam halo to the
measured carbon intensity

The halo of neutral hydrogen around the beam line (see Section 1.2.3)
contributes to the active component of the 𝐶5+ spectrum. Charge exchange
can happen between these neutrals and fully-stripped 𝐶6+ ions, creating
another source of 𝐶5+ ions that are only present while the NBI is being used.
This radiation comes from a source of neutrals that is not accounted for in
Equation 3.2. The corrected equation taking into account the contribution
of the halo is shown in Equation 3.26.

𝐼𝐶𝑋 = ∑
𝐸=𝐸0,𝐸0/2,𝐸0/3

𝐼𝐶𝑋
𝐸 + 𝐼𝐶𝑋

ℎ𝑎𝑙𝑜 (3.26)

𝐼𝐶𝑋
𝐸 = ∫

𝐿𝑂𝑆
𝑛𝐶(𝑙)𝑄𝐶𝑋

𝐸 (𝑙)𝑛𝑏𝑒𝑎𝑚
𝐸 (𝑙)𝑑𝑙 (3.27)

𝐼𝐶𝑋
ℎ𝑎𝑙𝑜 = ∫

𝐿𝑂𝑆
𝑛𝐶(𝑙)𝑄𝐶𝑋

ℎ𝑎𝑙𝑜(𝑙)𝑛ℎ𝑎𝑙𝑜(𝑙)𝑑𝑙 (3.28)

𝐼𝐶𝑋
𝐸 is the intensity of the radiation from a given beam energy component

without the effect of the halo, as seen earlier, shown in Equation 3.27. 𝐼𝐶𝑋
ℎ𝑎𝑙𝑜

is the intensity of the measured radiation resulting from charge exchange
with halo neutrals, defined in Equation 3.28. 𝑛ℎ𝑎𝑙𝑜 is the density of the
halo and 𝑄𝐶𝑋

ℎ𝑎𝑙𝑜 is the charge exchange emission coefficient at the energy of
the halo neutrals. With the modified 𝐼𝐶𝑋 definition, Equation 3.9 is not
applicable any more. As a result, without considering contributions from
halo neutrals, the presented cross calibration approach overestimates the
carbon density. Additionally, since the halo is less localised than the beam
density, the radiation resulting from charge exchange with halo neutrals
makes the LOS integration region longer. However, the beam models from
FIDASIM show that this effect is relatively small and the assumption of
Equation 3.4 and Equation 3.5 remains valid.

To determine whether the radiation from the beam halo is negligible and
if needed, to account for it, the contribution of the halo neutral population in
the measured active component has to be estimated. This has been done on
other fusion devices with various simulations. For this work, an estimation
based on the beam modelling FIDASIM code [87] [88] is used. Besides
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the main beam neutral populations (beam energy components), FIDASIM
also simulates the density of the halo. According to estimations made for
W7-X [85], the 𝑛 = 2 population of the halo has a contribution to the
measured active 𝐶5+ signal that is comparable to the contribution of the
first energy component, the one with the highest density out of the three
energy components. Thus, the halo contribution has to be subtracted from
the intensity of the active component. The calculations of the simulated
halo density for W7-X plasmas were reliably available towards the end of
this work. The percentage of the halo contribution depends on the global
plasma parameters, such as 𝑇𝑒 and 𝑛𝑒, as well as the beam energy. Therefore
it has to be estimated for the investigated plasma scenarios individually. For
ECRH dominated discharges, the halo contribution is typically around 20%,
while for NBI dominated discharges, it can increase to around 30% or more
of the active signal.

The carbon densities shown in Section 3.2 all account for the contribution
from the halo according to the results of [84].

3.2. Investigation of carbon transport in the
plasma core

The carbon density profile derived from the measured 𝐶5+ spectra with the
method described in Section 3.1.3 are investigated and presented in this
section. This is done for different plasma scenarios, in order to assess how the
carbon behaviour depends on different heating methods in the plasma core.
The two primary heating scenarios investigated are plasmas heated by only
ECRH (with short NBI blips that do not contribute to the heating of the
plasma, only provide a possibility for CXRS measurements) and purely NBI
heated plasmas. A carbon transport analysis is done for these cases. Mixed
heating and pellet induced high performance scenarios are also examined
without a thorough transport analysis.
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3.2.1. Carbon transport in ECRH dominated plasma
scenarios

Plasmas whose dominating heating method is ECRH and which only had
NBI blips with a length < 30 ms for diagnostic purposes, are investigated
in this section.

The 𝐶6+ density profile shape is consistently flat within 𝜌 < 0.9 dur-
ing all ECRH dominated discharges analysed. A flat profile is defined if
𝑛𝑐𝑜𝑟𝑒

𝑛𝑒𝑑𝑔𝑒
≈ 1. As neoclassical models for W7-X plasmas typically predict im-

purity accumulation with peaked impurity density profiles (see Section 1.4),
flat carbon density profiles indicate that there is an anomalous compon-
ent present in the plasma. An additional transport force is needed to keep
the profiles flat, to counteract the neoclassical convection that would drive
profile peaking. An impurity transport study was previously carried out on
W7-X based on high-Z impurity injections that showed around an order of
magnitude higher diffusion than the neoclassical level in the ECRH domin-
ated discharge 20180906.038 [89]. Simulations were done for [89] with the
impurity transport code pySTRAHL [64] (see Section 1.5), and such high
diffusion was needed to match the simulated injected impurity density with
the measured ones. The detailed results of the transport properties suggest
that the driving force of the anomalous impurity transport is turbulence.
This is broadly consistent with other studies which show that heat trans-
port is dominated by turbulence in W7-X plasmas [54] [90] [91]. No strong
anomalous convection velocity was found during the study, which agrees
with the turbulent transport theory [92]. The diffusion profile was found to
scale with the ECRH power level in [89]. This study serves as a basis for
the anomalous diffusion of carbon in the following transport investigations.
The anomalous diffusion profile established in [89] is scaled according to
the ECRH power of the investigated discharges in Section 3.2.1 and Section
3.2.3.

Figure 3.11 shows the neoclassical and scaled anomalous diffusion profile
for the ECRH dominated phase of an example discharge. The neoclassical
diffusion, along with the neoclassical convection velocity, for carbon is cal-
culated by the neoclassical transport simulation code Neotransp. Neotransp
uses tabulated mono-energetic transport coefficients calculated by the DKES
transport code [93] [94] for the specific magnetic equilibria used in W7-X.
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Discharges with changing ECRH power level allow the examination of
ECRH power dependence of the confined carbon content. Figure 3.16a shows
the the ECRH power of discharge 20180927.042 that has four power steps,
𝑃𝐸𝐶𝑅𝐻 = 1.2, 1.8, 2.4, 3.9 MW, with 𝑛𝑒 = 8 ∗ 1019 m−3 throughout the
whole discharge. There are at least four NBI blips of 20 ms length during
each power step. The background plasma conditions do not change within
one ECRH power step, as shown in Figure 3.16b. The core carbon density of
each power step is shown in Figure 3.17 as a function of ECRH power, with
the density of each blip within a given step being averaged. As the ECRH
power is increased the carbon density also increases. This is in accordance
with expectations regarding the the plasma facing elements, as more heating
power means more heat load on the carbon wall and divertor. This increases
the carbon source (see Section 1.4), and therefore the density of the confined
carbon in the plasma.

The presented electron density and ECRH power scans are consistent. Con-
sidering the electron density of discharge 20180927.042 (𝑛𝑒 = 8 ∗ 1019 m−3),
it should correspond to a carbon density of ≈ 7.3 ∗ 1017 m−3 in the case
of 𝑃𝐸𝐶𝑅𝐻 = 4.3 MW in the density scan. Extrapolation of a linear fit on
the ECRH power dependence of Figure 3.17 results in a measured carbon
density of 7.1 ∗ 1017 m−3 at 𝑃𝐸𝐶𝑅𝐻 = 4.3 MW. The difference of these is
small compared to the range of carbon densities seen over the scans.

To provide some context, the carbon concentration observed in the AS-
DEX Upgrade tokamak is considered in comparison to the W7-X carbon
concentration. For 𝑛𝑒 = 5 ∗ 1019 m−3, the typical carbon concentration
observed at the ASDEX Upgrade is 𝐶𝐴𝑈𝐺

𝐶 ≈ 0.2% [96]. The carbon concen-
tration observed at W7-X at similar electron densities is 𝐶𝑊7−𝑋

𝐶 ≈ 3.2%
according to Figure 3.15. The wall and divertor of ASDEX Upgrade is tung-
sten, as opposed to the carbon wall of W7-X, so 𝐶𝐴𝑈𝐺

𝐶 being around one
order of magnitude lower than 𝐶𝑊7−𝑋

𝐶 is a realistic difference.

3.2.3. Carbon density behaviour in NBI heated plasma
scenarios

To investigate the effects of the NBI on the impurity conditions in plasma,
discharge phases purely heated by NBI were analysed. Their carbon density
profiles, as well as transport simulations based on these profiles are presented
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is a relatively low heating power. The NBI is kept on after 𝑡 = 3 s. The
plasma terminates at 𝑡 = 4 s. The overview of the heating conditions of the
discharge is shown in Figure 3.18a.

Figure 3.18b shows the electron temperature (𝑇𝑒) throughout the dis-
charge measured by the Thomson Scattering diagnostic, and the ion tem-
perature (𝑇𝑖) obtained from the carbon spectrum measured by the CXRS
diagnostic. The carbon spectrum provides the temperature of the fully
stripped carbon ion (𝑇𝐶). It is assumed that the temperature of the thermal
𝐻+ ions (𝑇𝑖) and the other fully stripped ions present in the plasma is the
same because the equilibration time of the main ions with the impurities
is much shorter than the ion-electron equilibration time of both main ions
and impurities. The time trace of the electron density (𝑛𝑒) measured by the
Thomson Scattering diagnostic and the carbon density (𝑛𝐶) derived from
the CXRS signal (the result of the presented analysis) is displayed in Figure
3.18c.

𝑇𝑒 is above 𝑇𝑖 during the ECRH heated phase (there are no active CXRS
measurements for this phase, as the NBI was not turned on, but 𝑇𝑖 is also
available from the XICS diagnostic). This is commonly observed in ECRH
dominated discharges. A so-called 𝑇𝑖 limit is observed at 𝑇𝑖 ≈ 1.6 keV,
above which the ion temperature does not rise in standard ECRH plasma
conditions [98] [54]. For reference, temperatures of up to 𝑇𝑒 = 8 keV were
achieved throughout the campaign. In contrast, models with neoclassical or
moderate turbulent transport predict 𝑇𝑖 ≈ 3 keV. A possible candidate for
this limitation is ion temperature gradient (ITG) driven turbulence. This
has been found in all plasma scenarios with only gas fuelling (no pellet
injection) and ECRH heating. This dominance of the turbulence in the
heat transport is also consistent with the observed turbulence dominated
impurity transport in ECRH plasmas. 𝑇𝑖 is only observed to be able to rise
above this limit when the heating is dominated by NBI with a low level of
ECRH power added, or after the injection of a series of hydrogen pellets,
impurity pellets or boron powder [98]. It has been shown that the ITG
turbulence is suppressed in these plasma scenarios by the strong density
gradients. This makes these scenarios favourable for achieving higher ion
temperatures in W7-X. Higher ion temperatures are important for possible
future fusion reactions in a power plant, since for these reactions to ignite,
it is the main ions that need to be heated to the critical temperature (see
Section 1.1).
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When the ECRH is turned off in discharge 20181009.034, both temperat-
ures drop immediately to the same level, then start rising during the NBI
operation with a slow increase, while staying equal to each other. This sug-
gests that the electron and main ion temperature is strongly coupled during
the pure NBI phase, considering that the NBI heats both the electrons and
the main ions. 𝑛𝑒 is constantly rising during the phase heated only with
ECRH, the edge density stagnates after the heating power switch, while the
core density continues to rise. Thus, the 𝑛𝑒 profile becomes more and more
peaked in the core as the NBI is heating the plasma, as shown in Figure
3.19. The 𝑛𝑐 profile is not measured during the first phase, although it can
be assumed to be similar to the first time point of the NBI phase. This is a
safe assumption, because by that time, not more than a typical blip length
has passed since the ECRH was turned off, and it has been established in
previous investigations that 𝑛𝐶 does not change significantly within 30 ms
of NBI operation (length of a blip). At this time point, the 𝑛𝐶 profile is flat
as seen in Figure 3.20. After the NBI is turned on, the core 𝑛𝐶 starts rising
at a slightly slower rate than the core electron density.

After around one second of pure NBI heating (𝑡 ≈ 2 s), the behaviour
of all the presented plasma parameters change to some extent. The rise in
𝑇𝑒 and 𝑇𝑖 stops, 𝑇𝑖 stagnates and 𝑇𝑒 decreases slightly. There seems to be
a change in the electron and main ion particle and heat transport. This
transport change seem to be causing the change in the development of 𝑇𝑒
and 𝑇𝑖. The core 𝑛𝑒 peaking rate becomes marginally higher at 𝑡 ≈ 2 s
(due to changed electron particle transport), while the core 𝑛𝐶 peaking rate
strongly increases, making the core 𝑛𝐶 rise significantly faster than the core
𝑛𝑒. This difference in peaking rate is visible in the carbon concentration
profiles. These profiles remain nearly flat for 𝑡 < 2 s, as 𝑛𝐶 and 𝑛𝑒 peak at
similar rates, then at 𝑡 ≈ 2 s, the carbon concentration profiles also start
peaking significantly in the core. This change in behaviour after a given time
period of pure NBI operation (𝑡𝑜𝑛𝑠𝑒𝑡) is seen in other pure NBI discharges
as well. While in discharge 20181009.034 𝑡𝑜𝑛𝑠𝑒𝑡 ≈ 1 s, in other pure NBI
discharges this can range from 0.8𝑠 to typically 1.6 s, with one case having
𝑡𝑜𝑛𝑠𝑒𝑡 = 3.8 s. Neither are changes observed at the plasma edge, nor any
additional plasma events can be seen that would induce those changes in the
𝑛𝑐 and 𝑛𝑒 time evolution. The processes behind why the plasma behaviour
changes after 𝑡𝑜𝑛𝑠𝑒𝑡 and the 𝑡𝑜𝑛𝑠𝑒𝑡 variations between discharges is not yet
understood [98].
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The 𝑛𝐶 profiles from these time points are shown in Figure 3.20. They
correspond to the highlighted time points in Figure 3.18. As seen from the
time trace of the core 𝑛𝐶 in Figure 3.18, the carbon density profiles stay
flat in the beginning of the NBI phase. Then the density starts continuously
rising for 𝜌 < 0.5. At 𝑡 ≈ 2 s (𝑡𝑜𝑛𝑠𝑒𝑡 ≈ 1 s), the rising rate increases and
a more defined peak becomes visible in the core. The density stays the
same for 𝜌 > 0.5 during the NBI phase. It is important to note that the
spatial points at 𝜌 > 0.7 in the density profile are less reliable than the rest
of the profile, as the temperature of the 𝐶6+ ions (active component) is
comparable with the temperature of the 𝐶5+ ions present at the plasma edge
(passive component). Thus, the separation of the two components becomes
less reliable.

Rising 𝑛𝐶 peaking in the core means that the carbon accumulates within
𝜌 = 0.5 during pure NBI heating. This is a similar behaviour as predicted
by models considering purely neoclassical impurity transport for W7-X (see
Section 1.4). The aim of the following analysis is to determine dominant
factors governing the carbon transport during pure NBI heating. It is in-
vestigated, whether neoclassical carbon transport can explain the observed
accumulation, and if not, what additional transport needs to be added to
simulate the measured carbon profiles.

Carbon transport simulations are performed with the 1D impurity trans-
port code pySTRAHL (see Section 1.3), where the transport coefficients,
diffusion and convection velocity, are input parameters. The convection ve-
locity is kept at neoclassical levels, as no strong anomalous convection was
found even in highly anomalous plasmas [89]. If purely neoclassical diffusion
does not suffice to describe the measured 𝑛𝐶 profile, an anomalous diffusion
is added based on the knowledge of the turbulent diffusion profile obtained
in [89]. The diffusion profile is scaled to match the simulated 𝑛𝐶 profiles
with the experimentally obtained 𝑛𝐶 profiles with the corresponding time
evolution.

One comprehensive simulation is constructed by pySTRAHL which mod-
els the investigated pure NBI discharges and their impurity transport regime.
The radial range of the simulation is set to 0 < 𝜌 < 1.2 including the edge
processes which bring the carbon inside the confined plasma region. Profiles
of experimental background parameters are used from the given discharge
in 100 ms steps of the investigated time range. Electron temperature and
density profiles are taken from the Thomson Scattering diagnostic, ion tem-
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to be at 𝜌 = 1.2. The carbon is modelled to be brought into the confined
plasma region by diffusion influenced by simulated SOL conditions. The
input pySTRAHL parameters that define the SOL and its processes, like
the carbon source rate, are only crudely modelled in this simulation. Given
the 1-dimensional nature of the code, the modelling of the SOL processes
cannot account for 3-dimensional effects that occur in the SOL. However,
this does not affect the analysis, as it focuses on the core carbon density
profile, the shape of which is assumed not to be influenced by the SOL
and edge processes. This assumption is made based on the estimation of
the number of carbon particles accumulating in the core per second by
integrating the carbon density over the surface area of the core flux surfaces.
The number of accumulating particles was compared to the carbon source
rate at the divertor. The carbon source rate was preliminarily estimated
for the investigated discharge [100] and it is found to be several orders of
magnitude higher (𝑁𝑠𝑜𝑢𝑟𝑐𝑒 ≈ 1022−24 s−1) than the estimated number of
accumulating carbon particles (𝑁𝑎𝑐𝑐 ≈ 1018 s−1). Additionally, no significant
changes are observed throughout the pure NBI phase in the carbon source
rate at the divertor. The observed carbon density stays at the same level
outside of half radius throughout the pure NBI phase, which agrees with
the constant source rate. The plasma volume is larger at the edge than
at the core, thus even minor changes in the edge density could result in
major changes in the core density, when observed in a flux surface based
profile. Therefore, even though the amount of carbon that accumulates in
the core is negligible compared to the source rate, it appears as a significant
amount in the observed carbon density profile compared to the edge carbon
density. Consequently, only the level of the edge carbon density is assumed
to depend on the source rate from the divertor and the impurity retention
ability of the SOL and the magnetic island structure. Therefore, the input
parameters regarding the edge are set so that the simulated carbon density
at 𝜌 = 1 is equal to the experimental carbon density at 𝜌 = 1, assuming
that this makes all the effects of the SOL on the confined carbon density
profile irrelevant.

Neoclassical diffusion and convection profiles for carbon are calculated
by the neoclassical transport simulation code Neotransp (see description
in Section 3.2.1). For the Neotransp calculations, the same 𝑛𝑒, 𝑇𝑒 and 𝑇𝑖
input profiles are used as for the pySTRAHL simulation, resulting in a
neoclassical carbon diffusion and convection velocity profile corresponding
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observed experimental case, or whether the neoclassical convection becomes
dominant, Equation 1.12 is considered. The diffusion and the convection
term is estimated from the experimental carbon density gradient driving the
discussed time range. At 𝑡 = 2.5 s, the diffusion term is found to be about
two orders of magnitude lower than the convection term (left and right side
of Equation 3.29, respectively). This weaker diffusive flux is not enough to
counteract the flux of the inward pointing convection, which allows the core
density to rise, making the density profile peaked.

𝐷𝑁𝐶
𝜕𝑛𝐶

𝜕𝑟
<< 𝑣𝑁𝐶𝑛𝐶 (3.29)

The simulated neoclassical carbon density profiles are shown in Figure
3.23a, the carbon density profiles calculated from the CXRS signal are shown
in Figure 3.23b for comparison. The neoclassical profiles show accumulation
in the core as expected from the neoclassical predictions for W7-X. The
peaking starts at 𝜌 = 0.5, which agrees well with the experimental profile
shape and peaking location. The growth rate of the peak is also comparable,
being only slightly larger in the simulation. The most significant difference
between the neoclassical and the experimental 𝑛𝑐 profiles is that the simu-
lated density slowly decreases for 𝜌 > 0.5, while it stays the same during the
experiment. This indicates that the neoclassical 𝐷 and 𝑣 are not sufficient
in this region.

As the radial location, where the peaking starts, is the same in the neo-
classical simulation as in the experiment, this radial location is presumably
determined by a quantity that is taken into account in the simulation. The
neoclassical convection velocity has a relatively high absolute value in the
core, then becomes weaker and approaches zero at around 𝜌 = 0.6 and then
switches sign at approximately 𝜌 = 0.8. The observed shape of the neoclas-
sical carbon density is determined by this, thus it presumably originates
from a plasma property the convection depends on. This property could be
the electron density, as its peaking also starts around this radial location,
the development of which might be related to the heating scheme of the NBI.
The radial region where the density starts slowly increasing is where the
level of inward convection is closer to zero, then the density starts peaking
strongly as the inward convection becomes stronger for 𝜌 < 0.6. Since the
convection points outwards for 𝜌 > 0.8, a valley is created between 𝜌 = 0.6
and 𝜌 = 0.9, as carbon particles are transported towards the edge on the
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core diffusion needs to reach neoclassical levels is correlated with 𝑡𝑜𝑛𝑠𝑒𝑡, and
therefore happens within 𝑡 = 𝑡𝑜𝑛𝑠𝑒𝑡 ≈ 1 s. To investigate which physical
process or quantity determines the rate with which the anomalous diffusion
decreases in the core after the NBI is turned on, the changes in the back-
ground plasma parameters are considered when the heating switch happens.
Changing from ECRH to NBI heating has a close to immediate effect on
both the electron and ion temperature, as they drop ≈ 10 − 100 ms after
the NBI is turned on, in accordance with the energy confinement time that
determines the heat transport. The core electron density is affected on a
longer time scale, as the particle confinement time is longer that the energy
confinement time, resulting in a slower particle transport. The peaking rate
of the core 𝑛𝑒 does not change significantly until ≈ 𝑡𝑜𝑛𝑠𝑒𝑡. This suggests
that the changes in the anomalous diffusion, and thus the reduction of tur-
bulence in the plasma core is correlated to the electron density, and not
to the temperatures. This would be conceptually consistent with observa-
tions of reduced turbulent heat transport in the presence of strong density
gradients [101]. Investigations of the turbulence theory and mechanisms is
beyond the scope of this work.

To validate the assumed neoclassical nature of the core transport, an
anomalous diffusion scan is done. The core anomalous diffusion is set to 100
different values within 𝑆 = 0 − 1, where 𝑆 is a scaling factor that is used for
the core anomalous diffusion seen in the ECRH phase. 𝑆 = 1 means 100%
of the anomalous diffusion required to explain the carbon density profiles
in the ECRH phase, and 𝑆 = 0 means no anomalous diffusion, thus fully
neoclassical transport. The time evolution of each simulated core carbon
density (for 𝜌 < 0.2) with different 𝑆 values is shown in Figure 3.28a. A
gradient of the 𝐶6+ density is calculated to be compared in the different core
diffusion scenarios. The average density is calculated for 𝜌 < 0.2 (𝑛𝑎𝑣

𝐶 (𝜌 =
0.1)) and for 0.7 < 𝜌 < 0.8 (𝑛𝑎𝑣

𝐶 (𝜌 = 0.75)) and the gradient is defined
according to Equation 3.30.

∇(𝑛𝐶) = |
𝑛𝑎𝑣

𝐶 (𝜌 = 0.1) − 𝑛𝑎𝑣
𝐶 (𝜌 = 0.75)

0.1 − 0.75
| (3.30)

∇(𝑛𝐶) at 𝑡 = 2.5 s is displayed against the scaling factor in Figure
3.28b. No significant peaking can be observed for core diffusion coefficients
higher than ≈ 5% of the original anomalous diffusion. If the core diffusion
is between 0 < 𝑆 < 0.05 (set not to reach neoclassical levels), then there
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temperature shown in Figure 3.29b start rapidly rising as soon as the ECRH
is added again. After reaching a maximum at 𝑇𝑖 = 𝑇𝑒 = 1.8 keV, 200 −
250 ms into the mixed heating phase, they both decrease marginally, keeping
their level afterwards for ≈ 600 ms until the end of the discharge. This
makes this plasma phase a higher performance scenario in terms of the ion
temperature than the pure NBI or standard ECRH dominated phase. 𝑇𝑖 rises
above its limit (1.6 keV) observed in standard gas-fuelled ECRH discharges
with high heating power. The 𝑇𝑖 limit is presumably not present in pure NBI
cases, but 𝑇𝑖 is still observed to be around 1 keV, due to the combination
of high 𝑛𝑒 and low heating power. Apart from the presented mixed heating
scenario (low ECRH power and higher NBI heating power), 𝑇𝑖 > 1.6 keV
was achieved in pellet-fuelled ECRH dominated plasmas (see Section 3.2.6)
and gas fuelled ECRH dominated plasmas with very low heating power. The
electron density shown in Figure 3.29c also reacts immediately to the added
ECRH. The core density starts decreasing while the edge density increases,
making the 𝑛𝑒 profile less peaked. Both the core and edge 𝑛𝑒 changes are
small. The core density is still at relatively high level (≈ 1020 m−3) by the
end of the discharge.

The typical carbon density is shown in Figure 3.30 for the example time
point of this phase indicated in Figure 3.29, along with the example carbon
density profiles from the ECRH and NBI phase earlier in the discharge, as a
comparison. The carbon density stops increasing in the core after 𝑡 = 3𝑠, but
it keeps its maximum peak for around 250 ms. After this period, the core
carbon density flattens out, while a high gradient remains at 0.4 < 𝜌 < 0.5.
The density outside of half radius stays the same, as it did throughout
the whole discharge. The profile shape with the flat core and the high
gradient at half radius remains for 500 − 600 ms. Only the core density
level decreases marginally. The plasma is terminated at 𝑡 = 4 s for technical
reasons. There is no indicator to determine how long this density state and
the corresponding transport conditions would remain.

If the core of the plasma would remain dominated by neoclassical effects,
as during the pure NBI phase, the carbon density peaking in the core would
remain and would continue to rise. The disappearance of the peak suggests
that an anomalous component appears that flushes out the carbon from
the plasma core. It is likely that turbulence becomes dominant again in
the core. However, the carbon transport still seems to be dominated by
neoclassical effects in the region around half radius, without significant
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phase. No data was recorded in a scenario like this for longer than 1 s, so
it is unknown how long the shape of the carbon density profile, as well
as the corresponding transport properties, can be maintained. However,
as the scenario has some clear benefits, the energy, particle and impurity
confinement will be explored in detail for longer time periods in future
measurement campaigns.

3.2.6. Carbon density in pellet induced high performance
plasma scenarios

The criteria for self heating fusion operation states that the triple product
(see Section 1.1) should be above a critical value. The triple product is
therefore calculated for experimental fusion devices in order to assess how
efficient different plasma and heating scenarios are regarding plasma per-
formance. Up to now, the achieved triple product in all current and past
experimental fusion devices is below the required threshold. Nonetheless,
as research gains more and more understanding of fusion plasma physics,
the highest achieved triple product is generally increasing in newer devices
compared to older ones.

The highest achieved triple product of a stellarator is reported to be
achieved in W7-X during the measurement campaign OP1.2a in the pel-
let induced high performance phase of discharge 20171207.006 [67]. The
reported triple product value is ≈ 6.1 ∗ 1019 m−3 keV s. The previously
established record for stellarators was achieved at the LHD stellarator in
Japan at 5.2∗1019 m−3 keV s [102]. The record triple product value of LHD
was achieved in a significantly different plasma scenario than in W7-X, at
lower ion temperature that is not relevant for future fusion reactors.

The concentration of impurities in the plasma affects the plasma perform-
ance and therefore the triple product. The ion density is needed to calculate
the triple product, however, it is not directly measured. It is possible to
revise the definition of the triple product in a way, that electron density,
which is directly measured by the Thomson Scattering diagnostic, is used
instead of the ion density, as shown in Equation 3.31. In Equation 3.31, the
energy confinement time is also expressed by quantities that are directly
measured at W7-X, namely the diamagnetic energy (𝑊𝑑𝑖𝑎) and heating
power (𝑃ℎ𝑒𝑎𝑡𝑖𝑛𝑔).
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𝑛𝑖𝑇𝑖𝜏𝐸 =
𝑛𝑖

𝑛𝑒
𝑛𝑒𝑇𝑖

𝑊𝑑𝑖𝑎

𝑃ℎ𝑒𝑎𝑡𝑖𝑛𝑔
(3.31)

If no impurities were present in the plasma, the electron and ion density
would be the same, as all the electrons would originate from hydrogen iso-
topes. This maximises the triple product value for a given plasma, as equal
electron an ion densities mean that their fraction is exactly one. However,
with impurities present, electrons from impurity ions are added to the elec-
tron population of the plasma, which results in 𝑛𝑖 < 𝑛𝑒 and a lower triple
product. Therefore, the impurity content is needed for the calculation of the
triple product.

The amount of different impurities is taken into account in the effective
ion charge as described in Section 1.4 and again in Equation 3.32.

𝑍𝑒𝑓𝑓 =
∑𝑗 𝑛𝑗𝑍2

𝑗

∑𝑗 𝑛𝑗𝑍𝑗
(3.32)

The record triple product reported at W7-X was calculated with an
estimation of 𝑍𝑒𝑓𝑓 = 1.5. However, the density of intrinsic impurities was not
directly measured in the confined plasma during the reported measurement
campaign due to the lack of suitable diagnostics. Core impurity density
measurements were provided in the next campaign, OP1.2b, by the CXRS
diagnostic. In this section, a simple triple product estimation is provided by
taking the measured carbon concentration levels into account for the high
performance plasma scenarios.

Plasma phases that provide sufficient conditions for higher performance,
including higher 𝑛𝑒 and 𝑇𝑖, as well as 𝑊𝑑𝑖𝑎, can be achieved by continuous
hydrogen pellet injections into the plasma core [101] [40]. During the pellet
injection phase, the core electron density is heavily peaking and increas-
ing to sometimes ten times higher values than before the pellet injection
phase. Immediately after the pellet injection stops, a reduction in turbu-
lence [103] [104] and a rise in the ion temperature and the diamagnetic
energy is observed [105]. These properties provide the highest triple product
value obtained at W7-X. The high performance phase is usually maintained
for ≈ 0.5 s.

Two successful high performance discharges are chosen for the analysis of
the impurity content, 20181016.037 and 20180918.045. Both have a plasma
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parameter evolution similar to the reported record discharge from OP1.2a.
Therefore, both achieved similar triple products as the reported record dis-
charge. The time evolution of the electron density of discharge 20181016.037
is displayed in Figure 3.31b. In this discharge, two continuous pellet phases
were carried out, as indicated in the corresponding figures. However, only
the first pellet phase was followed by a high performance phase. Fifty-one
10 ms long NBI blips were carried out during discharge 20181016.037 with
≈ 90 ms between them to ensure that the NBI heating does not contribute
significantly to any plasma parameter evolution as that was not the inten-
tion of the investigated plasma experiment. The time between the NBI blips
acts as a limit of the time resolution of the impurity analysis, as only one
impurity density profile can be calculated for each blip.

Measurements were done with the CXRS diagnostic during these high
performance plasma phases on several impurities with the available range
of spectrometers. The measurements of impurities, apart from carbon meas-
urements by the 𝐼𝐿𝑆 spectrometer, were not yet fully analysed by the time
of this analysis, therefore no absolute density or concentration value is avail-
able for impurities apart from carbon. Simple investigations were done on
the intensity of oxygen measured by the 𝐴𝑈𝐺 − 2 spectrometer, to obtain
information of the general behaviour of its density during the plasma phases
in question.

Both carbon and oxygen show the same temporal behaviour during and
after the pellet injection phase. The time evolution of the carbon concentra-
tion at the plasma core and at the plasma edge is shown in Figure 3.31c. It
marginally decreases (≈ 20%) during the continuous pellet injection, which
is consistent with the expectation that pellets introduce additional hydrogen
into the plasma, making it less diluted assuming that the absolute amount
of impurities does not increase. After the pellet injection stops, the carbon
concentration strongly increases in the core, which means a lower achieved
triple product, providing an additional motivation to look deeper into the
behaviour of this discharge.

Due to a specific setting of the 𝐶5+ camera, the signal to noise ratio of the
carbon intensity is lower for the investigated high performance discharges
than for other standard ECRH or NBI heated plasmas. As a result, the
obtained carbon density profiles are noisier, especially for the data from
the High Field Side (HFS) where the beam attenuation leads to a further
decrease of the signal, making the separation of the active and passive com-
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flat throughout the whole plasma radius within 𝜌 < 0.9, as seen earlier in
the standard ECRH discharges. Immediately after the pellet injection phase,
as 𝑇𝑖 and 𝑊𝑑𝑖𝑎 are rising, the core carbon density starts rising as well. In
the next about 0.5 s, a gradient appears at 𝜌 ≈ 0.6, with the profile rising
inside this radial location while staying flat. The shape is similar to the
carbon density profile shape observed in plasmas with low levels of ECRH
added to pure NBI heating (see Section 3.2.5). Although the scenario is
considerably different, the mechanism for the carbon accumulation is likely
the same. In this case, the steep electron density gradient is at 𝜌 ≈ 0.6 and
leads to suppressed turbulence as seen in the heat fluxes [103] [104], so a
similar reduction of the turbulent diffusion impurity transport coefficient
in this region is expected. Approximately 100 ms before the core carbon
density reaches its maximum, it also rises outside of 𝜌 ≈ 0.6. This seems to
suggest that the amount of carbon that is present in the plasma increases
significantly. An increase in the outer flux surfaces (outside of half radius)
can only be caused by a significantly larger number of carbon particles
present, as the plasma volume covered by the outer flux surfaces is greater
than that of the core flux surfaces.

The highest performance phase lasts about 0.6 s, starting after the pellet
injection is terminated at 𝑡 = 1.1 s. The triple product is calculated at
𝑡 = 1.75 s, which marks the highest carbon concentration within the high
performance phase. Table 3.3 lists the relevant plasma parameters observed
at this time point.

The effective charge, first assuming that carbon is the only impurity in
the hydrogen plasma, is 𝑍𝑒𝑓𝑓 = 1.17, according to Equation 3.32. In this
case, the electron density is higher than in a pure hydrogen plasma scenario,
taking into account that fully ionised carbon ions contribute with six electron
to the electron population. This results in 𝑛𝑒 > 𝑛𝑖 and 𝑛𝑖/𝑛𝑒 = 0.97.

Thus, the resulting triple product for the described plasma is 𝑛𝑖𝑇𝑖𝜏𝐸 =
6.26 ∗ 1019 m−3 keV s, compared to 𝑛𝑖𝑇𝑖𝜏𝐸 = 6.46 ∗ 1019 m−3 keV s, which
would be calculated if the impurity content was ignored.

As, in fact, carbon is not the only impurity present in the plasma, this
overestimates the triple product. The analysis is extended to oxygen, the
second most common intrinsic impurity in the W7-X plasma. Because of
the lack of absolute oxygen density values, it is assumed that oxygen has
the same concentration as carbon. As in reality the density of oxygen is
likely lower than the density of carbon, this assumption underestimates the
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Table 3.3.: Plasma parameters of discharge 20181016.037 at 𝑡 = 1.75 s,
when the high performance phase took place. 𝑃ℎ𝑒𝑎𝑡𝑖𝑛𝑔 refers to the ECRH
power, 𝑊𝑑𝑖𝑎, 𝑇𝑖 and 𝑛𝑒 are measured by the magnetic diagnostic sys-
tem [5], the XICS diagnostic and the Thomson Scattering diagnostic,
respectively. 𝐶𝐶 refers to the concentration of 𝐶6+ ions measured by the
𝐼𝐿𝑆 spectrometer of the CXRS diagnostic.

Heating power (𝑃ℎ𝑒𝑎𝑡𝑖𝑛𝑔) 4.65 MW

Diamagnetic energy (𝑊𝑑𝑖𝑎) 1.14 MJ

Ion temperature (𝑇𝑖) 3.08 keV

Electron density (𝑛𝑒) 8.55 ∗ 1019 m−3

Carbon concentration (𝐶𝐶) 0.60%

calculated triple product so much that this presumably compensates for
any other impurity present in the plasma. With 0.6% carbon concentration
and 0.6% oxygen concentration, the effective atomic number is 𝑍𝑒𝑓𝑓 = 1.48.
The change in the electron density results in 𝑛𝑖/𝑛𝑒 = 0.93.

As a result, the triple product is 𝑛𝑖𝑇𝑖𝜏𝐸 = 6.00 ∗ 1019 m−3 keV s.
It can be concluded that core impurity density measurements support

the previously reported record triple product for stellarators in [67] that
assumed 𝑍𝑒𝑓𝑓 = 1.5 in the lack of such measurements at the time. The
calculated triple products for high performance plasma phases similar to
the reported record discharge are all above the previous record of the LHD
stellarator.
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Properties of carbon were investigated with two measurement systems at
the Wendelstein 7-X (W7-X) stellarator. The installation and calibration
of both systems, as well as the measurements themselves were carried out
during the scope of this work. The Passive Spectroscopy system measures
line integrated intensity of carbon ions and therefore, an inversion was
needed to obtain spatial information on the carbon density distribution.
The inversion process requires strong assumptions about the radial form of
the emission which may not be valid in all cases. The Active Spectroscopy
system (Charge Exchange Recombination Spectroscopy, CXRS) is able to
measure the carbon density profiles directly with the help of the NBI as a
local source of neutral particles for the charge exchange process. Without
the need for an inversion, the carbon density profiles can be derived with
more reliable assumptions. The need for absolute calibration to obtain real
carbon density values can be eliminated by cross calibration with a carbon
and a 𝐻𝛼 camera in the same spectrometer, which is the case in the Active
Spectroscopy diagnostic at W7-X. The calculation of carbon densities with
the cross calibration method has been established and validated for the
CXRS system at W7-X.

Both diagnostic systems measured the radiation of the 𝐶5+ spectral line
at 529.06 nm. 𝐶5+ ions are usually present in the confined plasma towards
the plasma edge, this is where the radiation measured by the Passive Spec-
troscopy system comes from. When the NBI neutrals penetrate the plasma,
𝐶6+ ions become 𝐶5+ via charge exchange and their radiation is additionally
detected by the Active Spectroscopy system, besides the passive emission.
As in the plasma core and over most of the plasma radius 𝐶6+ is the only
form of carbon that is present without NBI operation due to the high tem-
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peratures, only the Active Spectroscopy system is able to measure what
the Passive Spectroscopy and other diagnostic systems cannot. Hence this
system can be used to study carbon transport over a large fraction of the
plasma cross-section. Investigating the impurity transport in the plasma
core is crucial for understanding the impurity behaviour and for finding
conditions optimal for high plasma performance.

Through the analysis of the Passive Spectroscopy system, it has been
shown that a flux surface based one dimensional radial profile of the 𝐶5+

emission intensity can be obtained through inversion from the measured two
dimensional signal (neglecting the width of the lines of sight). Investigations
of the radial distribution of 𝐶5+ showed that these ions have two main
sources with distinct, separable radial locations (𝜌1 = 0.7 − 0.8 and 𝜌2 =
0.9−1). The two physical processes involved are charge exchange of 𝐶6+ ions
with thermal neutrals and electron impact excitation of 𝐶5+ ions. Neither
of these processes would be expected to produce emission at the observed
inner source position under local corona equilibrium assumptions. However,
radiation calculations by the STRAHL transport simulation code shows
that the inner source can be explained by electron impact excitation, if the
𝐶5+ ions are transported into the plasma more rapidly than the life time
of this ionisation stage at the observed temperatures. Such rapid transport
is consistent with high turbulent diffusion seen outside of half radius in the
analysis on carbon density from the Active Spectroscopy system in this work
as well as in other work [89]. This supports the conclusion that the inner
source of 𝐶5+ ions measured by the Passive Spectroscopy system is electron
impact excitation. The Passive Spectroscopy system remains important in
the future for following the behaviour of 𝐶5+ ions. It was also discussed how
the thermal neutral density might be derived from the 𝐶5+ results of the
Passive Spectroscopy.

The spatially resolved carbon density profiles measured by the Active
Spectroscopy system and the corresponding carbon transport properties
were analysed for different heating scenarios: standard ECRH dominated
and pure NBI heated plasma phases. Mixed heated scenarios with low level
ECRH power, as well as ECRH dominated plasmas with continuous hy-
drogen pellet injection were investigated in addition without a transport
simulation. The aim of the analysis was to investigate which physical pro-
cesses dominate the carbon transport in different plasma scenarios and to
understand the optimal conditions for favourable carbon, or more broadly,
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low-Z impurity transport.
Strong turbulent carbon transport is found in gas fuelled ECRH dom-

inated discharges with high diffusion levels. This work presented the first
evidence that in pure NBI heated plasma phases, the carbon transport
is dominated by neoclassical diffusion and convection in the plasma core,
creating strong and growing carbon accumulation. This accumulation can
negatively affect plasma performance, depending on the amount of accu-
mulated impurity particles. It was found that while turbulence is strongly
suppressed in the core, strong anomalous diffusion must still be present
outside of half radius in order to explain the observed profiles.

In plasmas heated with NBI and low levels of ECRH, the carbon transport
in the very core is observed to be turbulence dominated without strongly
peaked carbon density profiles. However, the turbulent transport seems to
remain reduced at radial regions around half radius. Similar carbon profile
shapes were found in pellet fuelled ECRH plasmas during the high per-
formance phase with ion temperatures and electron densities which provide
the highest achieved triple product values at W7-X. While turbulence is
suppressed in some radial regions, which seems to be favourable in achieving
higher performance plasmas, the carbon density profile is flat in the core
presumably due to core turbulent carbon transport. This is also favourable
for reactor-like plasmas, as it reduces dilution and radiation losses due to
impurities in the core.
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Outlook

The 𝐶5+ signal measured by the Passive Spectroscopy system could be ad-
ditionally important in a future diagnostic setup for measuring the passive
background component during NBI operation as a support for the CXRS sys-
tem. This would allow direct subtraction of the passive component from the
spectra measured by the CXRS, providing more accurate active and passive
component separation than the method used for the analysis presented here.

The estimation of thermal neutral density from Passive Spectroscopy data
presented in this work relies on neoclassical assumptions that may not be
valid, especially in ECRH dominated plasmas, but it demonstrates that the
neutral density could be determined with an absolute calibration, a full
STRAHL analysis and combination with the Active Spectroscopy. This is
particularly encouraging given that the neutral density is a critical quantity
that is not directly measured by any other diagnostic in the confined plasma
region at W7-X.

The carbon transport analysis based on the CXRS measurements could
be improved and extended in a few ways. To increase the flexibility of
the determination of anomalous diffusion profiles for carbon, a detailed
fitting could be done, where the anomalous diffusion profile is systematically
changed to fit the thus-calculated carbon density profiles to the experimental
profiles. Additionally, the transport simulation could be carried out for
experimental plasma phases with mixed heating to investigate the radial
transport ranges of the carbon density profiles with a flat core and a gradient
at half radius. Investigation of plasma experiments with carbon injection into
pure NBI heating ([57] [56]) are also of interest. The time scale of their effects
on the carbon density is short enough to enable a time dependent transport
analysis without the need for assumptions on the temporal evolution of the
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anomalous diffusion as seen in this presented work.
The presented mixed heating scenario is promising for achieving a stable

high performance plasma phase without strong impurity accumulation in
the plasma core. A mapping of different ECRH power levels added after a
few seconds long pure NBI phase with different NBI heating power levels
could determine the most favourable heating ratio for W7-X considering
core impurity transport (flat core density) and plasma performance (ion
temperature that is well above the ECRH induced 𝑇𝑖 limit).
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