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Abstract

The Wendelstein 7-X (W7-X) stellarator has recently successfully completed its
experimental campaign with the passively cooled test divertor unit (TDU) made of
graphite. TDU is the plasma facing component where the most intensive plasma-surface
interactions take place in a controlled manner and it provides particle and heat exhaust.
In addition to TDU the plasma vessel also consisted of other elements made of carbon
and the stainless steel wall. Still impurity influx into the plasma due to the plasma-
surface interactions is unavoidable. In addition the recessed areas can be also sources of
impurities. Specifically, the low-7Z oxygen and carbon were the main plasma impurities
at W7-X.

To tackle this issue boronization was applied — plasma-chemical in-situ deposition
of amorphous boron-containing hydrogen films on all plasma-facing components in a
helium glow discharge with 10% BoHg [1]. The application of boronization has lead to
one of the main achievements of the campaign: plasma operation at high core densities
of more than 10?° m™3 due to the reduced radiation-induced density limit. This work
mainly focuses on full characterization of the change of impurity influx at TDU, the
corresponding effects of boronization on the performance of W7-X and the underlying
mechanism.

Photon influx spectroscopy of line emission of the atoms and ions of carbon, oxygen,
boron and hydrogen allowed to deduce normalized (divided by hydrogen flux) influx
of oxygen, carbon and boron. Those measurements were conducted with the overview
spectrometer system during the complete experimental campaign. The photon emission
spectroscopy data was supported by a number of other diagnostics provided at W7-X.

In total three boronizations were applied during the second part of the TDU campaign.
After the first boronization the oxygen to hydrogen flux ratio (normalized influx of
oxygen) at the divertor substantially decreased by a factor of 10 and the carbon to
hydrogen flux ratio (normalized influx of carbon) decreased by a factor of 4 as obtained
from spectroscopy. In the same time, boron emission appeared in the spectra. Between
the boronizations oxygen and carbon normalized influxes increased but never reached the
pre-boronization values. With each subsequent boronization the oxygen level decreased
even more, reaching the lowest values after the third boronization which were more
than a factor of 100 lower than before the first boronization and the boron level was
increasing simultaneously.

Such a decrease in low-Z impurity concentration significantly extended the operation
window of W7-X in terms of line-integrated electron density (from 4-10° m~2 to more
than 1- 102° m~?) and diamagnetic energy (from 330 kJ up to 510 kJ). Zeg decreased from
4.5 down to values close to 1.2 as obtained from bremsstrahlung measurements. The above
mentioned changes in the line-integrated electron density, diamagnetic energy and Z.g are
given for the two reference discharges before and after boronization. Plasma conditions
did not significantly deteriorate between boronizations allowing device operation without
glow-discharge cleaning.



The decrease in impurity influx can be explained in terms of effective oxygen gettering
by boron in the remote plasma-facing components of W7-X, while at the strike line area
it is quickly eroded. Not only the freshly available boron plays an important role in this
processes, but also redeposited layers provide newly available boron atoms.

This thesis demonstrates boronization effects on the high performance of W7-X and
answers question about the underlying mechanisms. These findings are discussed in
the view of the future steady-state experimental campaign of W7-X, when steady-state
discharges of up-to 30 min duration are planned.
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Introduction

1.1 Magnetic confinement fusion: tokamaks and
stellarators

The thermonuclear fusion is a prospective source of energy for the future. The most

promising concept is the magnetic confinement thermonuclear fusion in which the hot

plasma is contained with the help of magnetic field. At the moment the most advanced

experiment is the ITER tokamak, which is supposed to start deuterium-tritium (DT)
operation in 2035. It’s most important goals are [6]:

1. Demonstrate significant fusion power production P &~ 500 MW for &~ 7 minutes.

2. This fusion power should be produced while the plasma heating is mainly provided
by a-particles.

D 'n + 14.1 MeV

‘He + 3.5 MeV

Figure 1.1: Deuterium-tritium fusion reaction.

After the successful achievement of ITERs goals the next step is the development
of the DEMO test reactor. This machine is supposed to be mostly based on the
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technical achievements of ITER. Its most important goal is to demonstrate net electricity
production of [300 - 500] MW [6].

In ITERs case it is important to demonstrate plasma ignition for the case of DT
fusion - the « particles are fully compensating the power losses from the plasma (see
Figure 1.1 for the reaction). This requirement leads to the so-called triple product
condition (or Lawson criteria [7]):

nprkeliTh > 3 - 1021 keV - s - m 3 (11)

where: npr - density of the DT fuel (ion density), kg - Boltzmann constant, T; - ion
temperature, 7 - global energy confinement time. 7z is defined as E;;’“””“ with Epigsma -
kinetic energy of the plasma and Pj.,; - heating power absorbed in the plasma. Such
a condition would require T; &~ [10 - 20] keV, npr =~ 10?*®> m™2 and 7 of a couple of
seconds.

From Equation 1.1 it is clear that the ion temperature and the fuel density are very
important parameters. Therefore, it is important to prevent presence of impurities in
the plasma, which causes fuel dilution. In case of the presence of the impurity with the
atomic number 7 and density n, the fuel density becomes:

npT :ne—ZZnZ (1.2)

In addition, the impurities radiate plasma energy causing its cooling. Therefore, avoiding
impurities in the core plasma is one of the most important challenges in the field of
fusion and is discussed in detail in the corresponding chapter.

Another important basic characteristic is the energy amplification factor:

Pfus
Pe;rt

Q= (1.3)

which is the ratio between the fusion power Pg and the external heating P,;. Taking
into account that in the future fusion power plants part of the produced electricity will
be used for plasma heating, the net produced electricity P net can be written as [6]:

P ext

Pel,net ~ nelptherm -

1
~ Piherm | el — ) 1.4
o ( 1 nextQ ( )

where 7, is the efficiency of heat to electricity production and 7.y is the efficiency of the
plasma heating. A net electricity production become possible when Q>10 - the so-called
"break-even’ condition. For DEMO this value must be much higher Q>>10.

Recently to the above mentioned approach in ITER for demonstrating plasma burning
conditions a new one has been added. It has been proposed by the MIT Plasma Science
and Fusion Center in cooperation with Commonwealth Fusion Systems to exploit the
recent developments in the high temperature superconductors to significantly accelerate
demonstration of Q>1 [8]. It was proposed to build a mid-size tokamak with By =
12.2 T (magnetic field on axis) in contrast to By =~ 5.8 T in ITER. Such an increase
in magnetic field would be possible by production of the toroidal magnetic field coils
made of rare earth barium copper oxide (REBCO), while ITERs coils used an older
low temperature superconductor material (NbgSn). A successful demonstration of Q
= 2 (the very conservative estimate) with up to Q = 11 would push the situation
towards development of the first demonstration fusion power plant ARC, providing
strong arguments for commercialization of fusion power production.

ext
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The SPARC (Soonest/Smallest Private-Funded Affordable Robust Compact) toka-
mak will have Ry = 1.85 m, a = 0.57 m, <n.> = 3-10% m™3, <T.> = 7 keV and
being able to produce H-mode (the high confinement mode) discharges with DT plasma
burning conditions for 10 s at the flat top part of the discharge. The high values of
Ptusion = 140 MW [9] will produce significant power loads on the divertor targets, with
heat fluxes Py, ~ 250 l\fn‘év Although the final material has not been selected yet, 2
options are considered: carbon and tungsten [10].

In both cases the extremely high values of Pg;, together with the importance of
keeping the low concentration of the impurities in the main plasma are putting PSI
processes and wall conditioning in the highest priority. It is planned to apply boronization
at SPARC as one of the tools for low impurity content in the main plasma. In addition, a
suitable set of diagnostic tools will be required for the PSI studies and plasma conditions
control. Both questions are studied in this work for the case of the Wendelstein 7-X (WT7-
X) stellarator and their importance is once again highlighted in the view of introduction
of the SPARC tokamak.

The most promising concept for fusion is magnetic confinement fusion. Specifically,
toroidal magnetic confinement system of the tokamak type has been selected for ITER
design. In this approach toroidal magnetic field (Et) is created with a set of toroidal
magnetic field coils. Just a toroidal field is not sufficient to confine plasma because the
inhomogeneity of the magnetic field would cause lose of the particles via drifts.

=

To counteract this problem a poloidal field component (B,,) can be added resulting
in a helical field B, + ép (see Figure 1.2). In a tokamak ép is created by induction of
plasma current [,,. The central solenoid is used as the primary winding and the plasma
itself as a secondary winding of a transformer. In addition, poloidal field coils are used
to generate magnetic field which together with I, generates radially inward j x B force

to cancel the radially outward forces [6].

Poloidal Plasma
field electric current

Toroidal

field

Resultant helical field
(Pitch exaggerated)

Figure 1.2: Tokamak field (taken from [11]). By, B, B; + B, - toroidal, poloidal and
the resulting helical magnetic field; I, - plasma current.
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In general, two basic parameters are used in tokamaks and stellarators (see subsection
1.3) to describe rotational transform of magnetic field lines. In a case of tokamak it is
called safety factor q, which is a toroidal angle the magnetic field line has to rotate to
make one full rotation in poloidal angle and is defined as:

_4a¢

=2 (1.5)

q
For stellarators the corresponding parameter is called rotatinal transform ¢, which is
angle of poloidal rotation of the magnetic field line after one toroidal rotation. The

relation between ¢ and ¢ is:
27

L= . (1.6)

Most of the magnetic field lines do not close-up on themselves, but form a complete
toroidal surface - magnetic flur surface. That means that

where m and n are the numbers of toroidal and poloidal rotations when the magnetic
field line closes on itself if q is rational. In this case the surface is called rational magnetic
flux surface. If q is irrational then the magnetic flux surface is called irrational. All
these surfaces are forming a set of nested magnetic flux surfaces with different q value.
Plasma pressure and current density for tokamaks is constant on the same magnetic
flux surfaces.

The field lines which do not cross the wall elements are called closed magnetic field
lines. The outermost magnetic flux surface formed by a closed magnetic field line is
called last closed magnetic flur (LCMF) surface or LCFS (last closed flur surface). In
general the magnetic field lines outside of LCFS are called open magnetic field lines and
cross the wall.

In a tokamak the inboard side of the toroid is characterized by a higher magnetic
field due to the higher density of the toroidal magnetic field coils and, therefore, is
called high field side (HFS). The outer side is correspondingly called low field side (LFS).
These terms are also applied to a stellarator.

1.2 Particle and energy exhaust: divertor

Even though the plasma is magnetically confined its impossible to completely avoid
PSI processes. In addition, plasma particle and energy exhaust must be managed too.
To provide such a function a specific configuration of the magnetic field at the edge
together with special wall areas are used.

One of the most advanced approaches is the poloidal divertor concept. In this case
the magnetic field at the edge is diverted with a help of external divertor coils and
short cut the open magnetic field lines to the specific wall elements - divertor targets.
The divertor targets can be located in a remote area from the main plasma reducing
transport of the impurities from the PSI zone into the main plasma (see Figure 1.3.a).
LCF'S passes through the X-point, where Bg = 0. Due to the cross-field transport of
particles and energy there is also so called private plasma region outside of separatrix
and below the X-point.

As is shown in Figures 1.3.a and 1.3.b particles from the main plasma cross LCFS
and then are rapidly transported along the open magnetic field lines to the divertor

4
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targets, which constitute plasma sink action. This layer outside of LCFS where the rapid
transport takes place is called the scrape-off layer (SOL). The sink action is caused by
sticking of the charged particles to the solid surface. Those particles then recombine at
the surface and are released back into the plasma as neutrals. Therefore, the divertor
targets act as particle source if there is no external fuelling. The released neutrals are
again ionized and transported back to the divertor targets resulting in the recycling
process.
The plasma transport inside LCFS is radially outward and described as [12]:

dn
FJ_ = _DJ_E — Upinch™ (18)
where: I'| - particle flux density, D, - cross field transport coefficient, vpinen - outward

drift velocity and n - density. Once the particles cross LCFS they are quickly transported

to the divertor targets with the plasma flow speed v = ¢, = \/IC(TZTﬁ . The resulting
force acting on the plasma is the pressure gradient force F:

d(pe + pz)

F=_
dx

(1.9)

As a result most of the PSI processes are happening at the divertor target in the area
called strike line.

a) b)

transport in the

_ private
main plasma

plasma

transport
at the edge

)

divertor targets divertor targets

neutrals

Figure 1.3: Poloidal divertor concept for a tokamak: a)Plasma cross section in a tokamak
with a poloidal divertor; b)A close-up look at the divertor target region.
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A more advanced concept is the island divertor concept used at W7-X. In this concept
a chain of magnetic islands exists outside of LCFS and is interrupted by the divertor
targets.

In order to obtain an island chain two conditions has to be fulfilled: a resonate
magnetic flux surface of a low-order ¢ and a Fourier component of the magnetic field with
n (toroidal mode number) and m (poloidal mode number) corresponding to ¢ = 7 [13].
In the case of Wendelstein 7-X (=1 is obtained at the LCFS and a Fourier component of
the magnetic field matches ¢ with n = m = 5 for the standard magnetic configuration.
This results in a chain of 5 islands surrounding the main plasma. Fot the other magnetic
configurations of W7-X ¢ can very from n/m=>5/6 (low ¢) to 5/4 (high ¢) with different
poloidal mode number m.

The Fourier components of the magnetic field with n = [1-4] are called error fields
and should be avoided. They cause a break of the symmetry and asymmetric heat
loads onto the divertor targets [13]. To cut this unwanted component of the magnetic
field 5 'trim’ coils (4 of them are shown in yellow on Figure 1.4) were used. The most
challenging technical issues were planar and non-planar magnetic coils (shown in brown
and grey in Figure 1.4) with the tolerance of 1 mm. Even small deformation of these
coils causes a significant shift (a couple of cm) of the islands and has to be corrected in
the calculations.

1.3 Wendelstein 7-X stellarator

In contrast to tokamaks, in stellarators the helical component of the magnetic field is
created with the aid of external magnetic field coils. The concept has been proposed by
Spitzer in 1958 [14]. This fact differs stellarators in terms of their positive features:

1. Without the need to generate toroidal plasma current with a transformer action
stellarators can operate in a steady-state regime.

2. The absence of the toroidal plasma current also puts away problems with the
related plasma disruptions.

Naturally, there are also related disadvantages:

1. Advanced stellarators require complicated modular 3D magnetic field coils, what
is a true engineering challenge. This was specifically shown for the Wendelstein
7-X stellarator.

2. The complicated 3D magnetic coils cause absence of the toroidal symmetry, making
stellarator magnetic topology inherently 3D and complex.

Those two factors had been keeping stellarator line of machines technologically behind
tokamaks. In the recent time these two disadvantages were successfully approached
due to significant progress both in theory and computational power and now could be
considered as manageable challenges. This has been proven as the Wendelstein 7-X
stellarator has been successfully commissioned and its magnetic topology has been
confirmed with the precision 1:100 000 [13].

This result became possible due to the stellarator optimization. The early stellarators
had a problem with particle confinement due to strong particle drifts. The main reasons
were inhomogeneity of the magnetic field (gradB drift) and its curvature (curvature
drift). These challenges were not present in the case of tokamaks, were due to the toroidal
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symmetry of the magnetic field the drifts were averaged and didn’t cause significant
issues. W7-AS was the first 'partially optimized’ stellarator to prove the concept [15].
The full effect of the optimization will be shown in W7-X, where a complicated set of
superconducting magnetic field coils together with improved heating and other properties
will allow W7-X to operate at the parameters close to those of a future fusion power

plant.

Figure 1.4: Schematic view of the Wendelstein 7-X stellarator (taken from [13]). A set of
4 nested magnetic flux surfaces is shown inside the magnetic field coils. The magnetic field
lines shown correspond to the green surface. Planar magnetic coils are shown in brown,

non-planar coils in grey and trim coils in yellow.

Parameter Value Unit
Plasma volume 30 m?
Major radius R 5.5 m
Minor radius a 0.5 m
Magnetic field 2.5 T

L 2r [5/6 - 5/4]

ECRH power 8.5 MW

Maximum pulse length ~ 100* S

Table 1.1: Main parameters of W7-X during the divertor campaign OP1.2. * - at 2 MW
heating power [16].

W7-X consists of a set of complicated superconducting magnetic field coils. 20 planar
and 50 non-planar coils are operating at 3.4 K and are located on the cryostat between
the outer and the plasma vessel [16] and are used to generate the main magnetic field.
In addition 5 trim coils outside of the outer vessel are used to cancel error fields of the
unwanted modes. A thermal shield is actively cooled at 70 K and it contains the plasma
vessel, the outer vessel and the superconducting coils.

In the last experimental campaign OP1.2b with the passively cooled divertor an
electron-cyclotron resonance heating (ECRH) was mainly used to heat the plasma.
It consisted of 10 gyrotrons working at 140 GHz both in X2 and O2 heating modes.
These gyrotrons were capable of providing heating power of up-to 8 MW. In the future

7
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operation campaigns their capabilities should be extended to 15 MW. Neutral beam
injection (NBI) system was also available with heating power 3.5 MW. In the future
campaigns it will be extended to 20 MW. Ion cyclotron resonance heating (ICRH) is
planned to be commissioned in the future providing 3.5 MW of heating power [17]. In
this work only the ECRH system was applied during the dedicated experiments.

In the last passively cooled divertor campaign the input energy limit was 200 MJ.
This resulted in the longest pulse of 100 s with the reduced heating power of 2 MW.
Most of the discharges were 20-30 s long but with higher heating power. Once the
actively cooled divertor is installed the input power will be extended up-to 18 GJ with
duration of 1800 s, what is the goal of W7-X [16].

The 10 gyrotrons of W7-X are divided into 2 groups with 5 gyrotrons in each
group. In Figure 1.5 the 5 gyrotrons of M1 are shown together with their quasi-optical
transmission path. The generated beams from each gyrotron path two polarizers P1
and P2 allowing introduction of the phase shift to switch between the polarizations.
After this single-beam section (SBS) beams are going through the multi-beam section
(MBS) between the M5 and M11 mirrors. After this the beams are separated again and
are directed into the plasma via 2 launchers with 3 beam lines with steering mirrors
each. In total there are 18 mirrors in each module. Such a configuration allows flexibility
regarding polarization and deposition region of power into the plasma.

Separation
of the beams

L gk’?{mns of mt;dul_e 7

. Combining of beams
— o] from SBS into MBS

Figure 1.5: Schematic view of the ECRH system at Wendelstein 7-X stellarator (taken
from [18]). 5 out of 10 gyrotrons are shown in module 1 of W7-X. P1 and P2 are the
polarizers; SBS and MBS stand for single-beam and multi-beam sections; M5-M11 -
multibeam mirrors.

ECRH is based on the resonance coupling of the microwave energy to electrons
at their second harmonic frequency at 140 GHz. That means that high collisionality
between electrons and ions is required for energy transfer from electrons to ions. This
collisionality increases with density. For the densities < 1.2-10%° m~3 (cut-off frequency)
the X2 polarization in the second harmonic can be used. For the densities between
1.2:10*° m~2 and 1.8-10** m~3 the O2 polarization was used. The physical cut-off
frequency 2.4-10%° m~3 of the O2 regime is not achievable due to technical reasons.

The deposition zone has size of 5 mm in the radial direction and 12 cm in the
vertical direction on-axis. Absorption in the X2 regime approaches 100% with 1 pass
through the plasma. In the O2 regime this value is only 70%. This requires a multi-path
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absoroption scheme, which was achieved by introduction of a molybdenum tiles covered
with tungsten at the high field side of W7-X to reflect the first path beam back into the
plasma. The second reflection was provided by a polished stainless steel tile. By passing
center of the plasma 3 times absorption of 90% was achieved.

Another usage of the ECRH system is wall conditioning. This question is discussed
in the corresponding subchapter 1.6.

In addition, the ECRH system can be used to drive current in the plasma. The so
called electron cyclotron current drive (ECCD) has been successfully used to mitigate
the toroidal plasma current I;,.. Two approaches are possible. The first one is to drive
an electric current with the same amplitude as I;,., but with the opposite direction. This
approach requires steady state ECCD of up-to 50 kA on-axis. The second approach is to
drive current only during the start-up phase of a discharge in the direction parallel to
Lior, but with a proper modulation to stop development of I;,,. Though this approach is
more favourable due to lower current and short duration, it has drawbacks in a form of
instabilities. To tackle the instability issue decreasing current density might be needed.

1.4 Plasma-surface interactions

Plasma-surface interactions (PSI) are inevitable in a fusion device. Therefore, it is
important to understand all the physical processes to be able to control and optimize
them. There are 3 basic scenarios when an ion or an atom approaches a solid state
surface (more details can be found in [19)):

1. The particle is reflected or back-scattered into the plasma with some energy loss.

2. The particle can be also implemented in the near surface, thermalized and then
released as a thermal particle.

3. The particle can also be trapped in the near surface for a longer period of time
and then again released as a thermal particle.

Since the most important elements in Wendelstein 7-X are carbon, hydrogen and oxygen,
the further discussion will be focused on the processes related to these atoms and ions. All
the ions in the plasma sooner or later reach the sinks and interact with the plasma-facing
components. In the case of W7-X those are C for the heat resistant components and Fe
for the remote surfaces. The projectiles are H® and H* as the plasma fuel. Unfortunately,
in addition to the plasma fuel there are intrinsic impurities present in the plasma: C°,
C*, 0% and O*.

When an atom or an ion of H, C or O reaches the surface it most likely gets
neutralized and the initial charge is not important. If the energy of the projectile is high
enough it can cause a momentum transfer to the atoms of the lattice of the plasma
facing component (PFC) material and cause its release from the surface. This process
related to momentum transfer is called physical sputtering.

Typically, the projectile experiences 2 collision in the lattice: the first one in the
deeper atomic layers which changes the direction of the projectile back to the surface
and the second one in the near surface layers causing the lattice atom to leave the
material [19]. This imposes that there should be some minimum threshold energy of the
projectile Fy,. Related values can be found in [19],[20]. For carbon as a substrate Ey, is:
Eun(H) = 27.3 eV. The values for D and O are Ey,(D) = 24.3 €V, E4,(O) = 100 eV. In
the case of W substrate and H projectiles the value is Ey, (H) = 480 eV. Obviously, the
heavier the substrate material is more resistant it is against physical sputtering.
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Figure 1.6: Physical sputtering yield of D for different materials of the surface (Be, C and
W) as function of the projectile impact energy Eg. The scale bar in the right corner shows
that the uncertainty can reach up to a factor of 2 depending on the surface roughness and
other parameters (taken from [19]).

It is straightforward seen that keeping the temperature of the projectiles low is
profitable to decrease physical sputtering. In addition, decreasing that temperature below
E4p, could eliminate the problem altogether, though the projectiles are nor monoenergetic
and there is always the high energetic tale in their distribution allowing those energetic
particles to sputter the substrate. Moreover, self-sputtering of the material with the
same projectile is very effective due to the equality of their masses.

In addition to the physical sputtering where the momentum transfer is the basis,
there is another sputtering mechanism where chemical potential of the particles play
the role - chemical sputtering. In this case even thermal particles can cause a chemical
reaction with the substrate and subsequent release of volatile molecules. Specifically, O°
and O™ are extremely challenging in a machine with carbon PFCs, since they easily react
with C by breaking the C-C bounds in the lattice and forming CO and CO5 molecules
which are released in the plasma. This process is described in the dedicated subchapter
1.5, since it played the main role in impurity formation in OP1.2 of W7-X. The yield Y
of such processes is close to 1, where Y is defined as:

v — number of atoms or molecules ejected

1.10
number of impacting particles ( )

In addition to O, H is also effectively interacts with C what results in C,H, formation
and its release into the plasma.

Sputtering yield in general depends on the impinging particle energy, angle and the
type of the particles involved. The surface roughness can alter the value significantly
too. Energetic dependence of physical sputtering is more pronounced, though the yield
of chemical sputtering also increases with the impinging energy. Self-sputtering yields
can even be higher than 1 and should be avoided.
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Figure 1.7: Chemical yield Y¢hemical of C by H for different energies of the impinging
H* ion: methane only (upper part) and the total value including higher carbohydrates
(bottom part), (taken from [21]).

Chemical sputtering also shows dependence on the temperature of the material. The
total chemical sputtering yield of C by H together with the methane channel as function
of material temperature is shown in Figure 1.7 for different energies of the impinging
hydrogen ions. It is clear that yield shows maximum at temperatures in the [600 - 700]
K range. In the case of the lowest HT energy of 10 €V Y hemicat = 0.01. For the high
energetic HT at 200 eV it increases t0 Ycpemical = 0.03. The most significant contribution
to the total chemical yield comes from methane. For the above two cases this fraction
is >0.5. In addition to CH,4 higher carbohydrates are present and the most significant
channels of the reaction are [19]:

CmHy . CH4 + 2(CQH2 + CQH4 + CQHﬁ) + S(CgHG + CgHg) (111)

The corresponding yield of physical sputtering Y pnys of Be, C and W as function of
the impact energy is shown in Figure 1.6. For the low impact energies <50 eV physical
sputtering is negligible to chemical sputtering for D hitting C. In the range of [50 - 200]
eV Ypnys increases from 0.001 to 0.01 and reaches those of Ycpemical for D on C.

In W7-X the highly loaded C materials get hot during the plasma operation and get
into the temperature range ~ [500 - 1000] K and are susceptible to chemical erosion by
hydrogen. Therefore, the interplay between these two processes is very complicated to
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1. Introduction

model and predict. The only way is to use emission spectroscopy as will be discussed in
Chapter 3.

In addition to the above described processes the co-deposition plays an important
role - it is a processes when the wall material is eroded and redeposited at a different
location. During redeposition it can also bury fuel with itself - so fuel is co-deposited. It
is one of the main mechanisms of D and T retention in devices with C walls. Chemical
sputtering is also possible, when a molecule is formed as an ejected formation.

In addition different defects can be present in PFC, like vacancies and voids. Fuel
(in this case hydrogen) can diffuse in the material, saturate of the surface, get trapped
or permutations can happen.
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Figure 1.8: Plasma-surface interactions. In addition to the main processes of our interest -
physical and chemical sputtering, a number of other processes are present in fusion devices
(inspired by a talk by Dr. S. Brezinsek).

1.5 Low-Z oxygen and carbon impurities

The radiation loss R and the mean effective charge Z for oxygen, carbon, tungsten and
iron are shown in Figure 1.9 as function of electron temperature. From this picture it is
clear that line radiation of O and C plays an important role for the electron temperatures
T < 500 eV. For temperatures higher than that both elements are fully ionized and only
Bremsstrahlung contributes to R. It might at first glance make an impression that those
two species radiate only at the edge of the plasma and do not cause much problems from
the point of view of energy loss. This will be shown to be false in the further subsections
and Chapter 3.

Tungsten and iron do not get fully ionized even for T, > 1 keV and significantly cool
the plasma. In addition, Bremsstrahlung depends on Z as Z? and makes it even stronger
plasma power radiator.

12
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Figure 1.9: Radiation loss function R for low-Z C and O which were the main impurities
in W7-X. In addition Fe and W are also shown, but their radiation was not a problem for
W7-X, since no W materials were in the plasma vessel and the stainless steel walls did not
cause Fe influx in the plasma (taken from [19]).

The second harmful effect of plasma impurities is their dilution of the fuel. Assuming
that impurities are completely ionized, their atomic number being Z and concentration
cz they lead to a decrease in fusion power AP, [19]:

AP, = Py(1 — Zcy)? (1.12)

Assuming c, = 3 %, for oxygen this reduction would be 42 % and for carbon 33 %.

The impurities released from the wall can penetrate deeply into the plasma.
Eventually, they are transported back to the sink, but they can accelerate and gain
much more energy causing increased physical sputtering. Therefore, it is important to
prevent influx of the impurities in the plasma.

It is a well known problem that oxygen is the main impurity problem in machines with
carbon wall materials. Baking and Hy-GDC (the glow discharge cleaning in hydrogen)
have shown not to be effective against this issue (see subchapter 1.6). Another solution
was found by J. Winter and it is well described in the overview work [22]. The solution
was to cover all the machine surfaces with a boron layer to getter oxygen. The further
description is based on [22] with additional references and appropriate tailoring to the
WT7-X case.

Water molecules located in the remote locations of the machine on the stainless steel
walls and are also absorbed in the graphite divertor of W7-X. During a plasma discharge
those molecules would be removed from the surface, ionized, dissociated and the oxygen
ions would be transported to the carbon divertor. Oxygen is easily desorbed from the
stainless steel walls because the atomic hydrogen reacts on the surface with the metal
oxides forming water molecules:

MO + H — M + H,0 1 (1.13)

On the surface of the divertor 1 oxygen atom was implanted per 4 carbon atoms. Due
to high chemical reactivity of oxygen with carbon they would be subsequently emitted
in the form of CO and COy molecules. The recycling coefficient of O with CO and CO,
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1. Introduction

formation was almost 1 [22]. Those 2 molecules have good chances to penetrate into
the plasma, get ionized, dissociated and repeat the cycle. This process is schematically
shown in Figure 1.10.

H+, HO O+, oo

__)
H,0 Plasma O pumped out
desorption after discharge

H20 CO, CO2
wall

Figure 1.10: Scheme of the oxygen recycling in W7-X (modified [22]).

1.6 Wall conditioning in fusion devices

The problem of low-Z oxygen and carbon impurities is approached with the help of
different wall conditioning techniques. In addition to the oxygen and carbon problem
(for devices with carbon walls) those techniques are also dealing with the problem of
recycling for plasma density control. Moreover, the tritium retention is the common
issue for the future fusion power plants.

This subsection is devoted to the techniques intensively used recently in fusion
devices and the planned techniques with the focus on W7-X, since this device has
already incorporated and it will additionally have the most important techniques. Since
all prospective devices will be equipped with superconducting magnetic field coils it is
important to distinguish between the techniques applicable when the magnetic field is

off:
« Baking
o Glow discharge cleaning
o Coverage of the wall surfaces with a low-Z material
and techniques applicable only with the presence of the magnetic field [23]:
« Radio frequency approaches
« Diverted magnetic configurations with nested flux surfaces

Baking is the wall conditioning technique based on the thermal detrapping of the
particles at the PFCs. Not only those at the surface, but also particles from the material
bulk can diffuse through the surface and then recombine into volatile molecules and be
pumped out of the device. This procedure is the first one after the venting of a machine
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1.6 Wall conditioning in fusion devices

and its mainly aimed at water and hydrocarbon molecules. In addition it can also tackle
the hydrogen or tritium retention problem. Baking typically lasts for a couple of days
and the temperature of the surfaces is 150° C for W7-X, 200 - 300° C for JT-60SA and
240 - 350° for ITER [23].

Baking is not sufficient to provide the required low pressure in the plasma vessel. It
was shown in [23] that the neutral pressure P follows the next time dependence:

poct 7 (1.14)

The relative change of the plasma pressure is therefore:

-1

p =X t (1.15)
This gives that effectiveness of baking quickly drops with time and another method
should be applied for further decrease in pressure.

The next step is typically the glow discharge cleaning (GDC). In this case a low
temperature T, ~ 10 ¢V and low density n, ~ 10'® m~3 plasmas are generated in a
hollow cathode discharge [23]. A set of anodes is located around the machine and the
wall is grounded and acts as a cathode. A voltage of [100 - 400] V emerges and due to
the secondary electron emission the electrons from anodes are accelerated in the sheath
and ionize the neutral gas molecules and atoms. Mostly hydrogen and helium are used.
In ITER 7 anodes will be used and the 1000 m? wall will act as a cathode.

Those ionized molecules and atoms are accelerated to the surface were due to the
chemical or physical sputtering they deabsorb impurities and the plasma fuel from
the surface. The effectiveness of this process depends both on the homogeneity of the
discharge and the ion current. Those two parameters can be tuned by an appropriate
number of anodes around the torus (10 for W7-X), voltage and neutral gas pressure.
More details can be found in [24].

H,-GDC is used to deplete the surface from mainly water and hydrocarbons. In
contrast, He-GDC is frequently used to deplete the surface from the retained hydrogen
either from a Hy-GDC or a normal plasma discharge in hydrogen to decrease fuel release
from the walls and make density control possible. In the case of a He-GDC the process
is well described in [23], where the neutral pressure of He and Hj is described by a set
of neutral pressure balance equations for the Wendelstein 7-X case:

. SHe ;

PHe = QH@ — PHe ; - (1 - RHeJr)pHekHene? (116)
. SHQ '3 7
Py, & =it + () Yot Prekipente — (1 — Rygg )pmahig, e, (1.17)

where ki, 5, are ionization rates, Que gas flow of He from external source, Sgen, vacuum
pumping rate, RHe+7H; recycling coefficient and Yy,+ removing yield of Hy by a helium
ion.

It is therefore important to optimize GDC discharges in a way that re-deposition
and retention are minimized. This is achieved by application of a pulsed scenario when
a =~ 10 s pulse is followed by a break to pump out the released particles and avoid the
above mentioned processes.

The low-7Z coverage of the wall surfaces has been recently done mainly with boron
and is discussed in depth in the following subchapter 1.7, since it was the main focus of
this work.
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1. Introduction

With the presence of magnetic field radio frequency approaches are used. The first
method is the electron cyclotron resonance heating (ECRH) conditioning. In this case
the electron cyclotron resonance or its second harmonic is used to locally absorb power
in a currentless discharge.

This immediately directs to the difference between ECRH conditioning in stellarators
and tokamaks. In a stellarator an ECRH conditioning discharge inherently has nested
magnetic field line structure and follows an experimental magnetic configuration.
The most intensive interaction area is also located at the divertor. To optimize wall
conditioning a cleaning discharge is typically pulsed and is refereed as an ECRH pulse
‘train’. An ECRH train consists typically of &~ 20 pulses of 3 s duration and ~ 35 s
period (as for W7-X [23]).

For the case of a tokamak absence of current infers absence of nested magnetic flux
surfaces. The deposition zones is controlled by the poloidal field coils. Its also important
to shorten the break down phase to minimize influence of the straight radiation onto
the wall.

For both stellarators and tokamaks mostly ECRH conditioning discharges in helium
are used to desaturate the wall from hydrogen. To decrease other impurities ion cyclotron
resonance heating and boronization are used.

The ion cyclotron resonance heating (ICRH) conditioning is foreseen for ITER as the
main wall conditioning mechanism with magnetic field. In this case power is absorbed
in the ion resonance. This method will be also used at W7-X [17].

1.7 Boronization

Plasma impurities have a significant influence on the plasma performance because they
radiate the energy of the plasma causing the radiative induced collapse and because
they dilute fuel in the main plasma. The most important source of impurities are
plasma-surface interaction processes. Therefore, it is important to control the influx of
impurities in the plasma together with the fuel recycling.

Among other wall conditioning techniques, coverage of the surfaces with low-Z
materials like boron proved to be very efficient to tackle the issue of low-Z oxygen and
carbon impurities. These low-Z species are specifically problematic for the machines
with carbon divertor targets and metallic walls [22].

Boronization was firstly performed at the TEXTOR tokamak [1] and showed
significant improvement in the machine performance. After that is was adopted by
another devices: ASDEX [25], Tore Supra [26], JT-60U [27], DIII-D [28], NSTX [29],
TFTR [30], MAST [31], Alcator C-Mod [32], TCA [33], W7-AS [34], REPUTE-1 [35]
and other devices. Lower impurity concentration will allow ICRH heating scenarios.
This subsection is devoted to the in-detail description of boronization mechanisms.

To cut this vicious cycle gettering of oxygen on the surface could be a solution. That
mean this surface had to be covered with an element which effectively getters oxygen.
In addition, it had to be a low-Z element to prevent plasma power loss and fuel dilution,
as explained previously. The most suitable element was boron with Z=5.

The boronization is a plasma-assisted chemical vapour deposition of thin films during
a glow discharge in either hydrogen or helium. Typically helium is used as a carrier
to provide lower hydrogen content in the deposited film. To the carrier gas a boron-
containing gas is added like BoHg (diborane) or BygHi4 (decaborane). Carbon containing
options like B(CHg3)3 or CoB1gH;y are less favourable since the deposited layers are more
susceptible to carbon erosion. The diborane and decaborane gases are highly toxic and
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1.7 Boronization

explosive so serious precaution measures have to be applied. As a result coverage of
the surface is not uniform depending on the GDC pattern in the machine. The specific
procedure in the case of Wendelstein 7-X is described in detail in Chapter 4.

As a result of a boronization the machine walls are covered with an amorphous
a-B/H film. The freshly deposited B on the walls effectively getters O. In addition, the
chemical erosion of C was shown to be smaller in this case. Obviously, once O is gettered
by B the chemical erosion of C by O is strongly suppressed. In addition to the newly
deposited layer, the re-deposited layer produces fresh B layers to getter more O. This is
also discussed in detail in Chapter 5 for the Wendelstein 7-X case.

It was shown in [22] with the X-ray-induced photoelectron spectroscopy (XPS)
method that B,O3 molecules are formed. It was also discussed that the diborane gas
can react with the metal oxides during boronization:

These processes decrease water release from the metallic wall.

Off course, if boronization is performed with the aid of a GDC it is necessary to
switch off the magnetic field of the machine. In the case of superconducting machines
like W7-X it was not the problem in the TDU campaign. In the future it might be
required to decrease the number of switching on and off the magnetic field to keep the
superconducting coils safe. As an alternative to the GDC scenario other techniques
could be used, like boron particle dropper or diborane puff during a discharge. The first
option seems to not be effective and the second one requires special safety measures.
Most probably boronization will be still performed in a helium GDC.

In the work of Refke et al. [36] a set of experiments was performed to study the
effect of boronization on the CO and CO; reemission under energetic oxygen (O") ion
bombardment onto different materials. Those materials were: pure graphite (EK98),
graphite with different B concentration (3%, 15% and 20%), graphite sprayed with a
B4C layer and the a-C/B:H layer on graphite after boronization. The emitted species
were detected with the help of residual gas analysis (RGA) at 45° to the incident OT
beam.

17



1. Introduction

0.8 —
3 keV O implanted at RT CO re-emission t

Reaction Yield [molec.fion]

Fluence [10°0 feni]

Figure 1.11: Reaction yield of CO formation for different materials during 3 keV O™
bombardment. The oxygen flux was at the order of 10'® m~=2 for all cases. The most
relevant materials are EK98 (graphite) and a-C/B:H, which show difference in the CO
yield of more than 10 times (taken from [36]).

The resulting CO yield is shown in Figure 1.11. In this figure only the yield of CO is
shown, but the yield of COs follows the same behaviour with the values lower by a factor
of ~ 6. The yield of boron oxides is very low and was not detected in the mentioned
studies.

As the OT fluence increases the reaction yield in Figure 1.11 increases until reaching
saturation at different values for different materials. For the case of pure graphite (EK98)
and the B doped materials it happens at ~ 3-10?° m~2. Before saturation oxygen is
trapped up-to concentrations of 1 oxygen ion per 4 carbon atoms. After saturation total
CO and COg yield is = 0.7. The pure graphite and boron doped graphite show only a
small difference in the total reaction yield and prove to be very challenging materials in
terms of O recycling.

In contrast, the pure graphite sprayed with B4C and the pure graphite covered with
a-C/B:H film after boronization show a significant reduction of CO and COs yield. In
the case of boronization the deposited film is capable of oxygen retention of up-to ~
6-10%° m—2. After this is starts to re-emit CO and COj at the yields of more than 1 order
of magnitude lower than in the case of pure graphite. This proves that boronization
is the most effective method to tackle the oxygen problem in a machine with graphite
divertor targets and buffles, like Wendelstein 7-X.
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Figure 1.12: Thermal desorption spectra of CO and COs molecules for different materials,
with the most important graphite EK98 and the a-C/B:H layer. The energy of the OT ion
was 3 keV and the oxygen fluence 1-10>!m~2 (taken from [36]).

In addition to the oxygen ion bombardment studies the thermal desorption spectra
(TDS) provides more information. Figure 1.12 shows these spectra in the range of
temperatures up-to 2000 K where all the mentioned samples were heated with the speed
of 11.5 K/s. The main part shows the CO desorbed flux and the in-built part shows the
CO, case. The energy of O was 3 keV and implantation was done at room temperature.

In the case of pure graphite the CO spectra shows one peak at ~ 850 K and the
COg one peaks at ~ 700 K. The sample with the a-C/B:H film shows a significantly
smaller (by ~ 6 times) peak at this temperature, but in this case an additional peak
appears at &~ 1600 K. The appearance of the additional peak was explained in terms
of increased BO, BO,, B5O,y, BoO3 decomposition at these high energies. Due to the
complicated chemical processes the released oxygen reacts with carbon causing the
second peak. There is no second peak for CO, since this molecule is not stable at these
high temperatures.

It is obvious that the positive action of the deposited a:C/B-H film can be
compromised if the film is heated to the temperatures higher than 1600 K. Nevertheless,
this is not the problem since all the PFC components of Wendelstein 7-X will be much
cooler. The divertor targets, specifically the strike line, are not the main O gettering
surface anyway, as is shown in Chapter 5. Therefore, this second peak does not impose
any problem for the future Wendelstein 7-X operation in the sense of the boronization
film oxygen gettering.

To conclude the study of Refke et al. [36], the positive impact of boronization was
caused by two reasons. Those two reasons are:

1. Increase in the O retention by gettering with the formation of boron oxides.

2. Decrease of CO and CO, formation.

19



1. Introduction

T
)
e
g
o)} Al—-target
-+
A
o=
- 111
o
j
o
A I1
)
o]
-
@] —
g
o

BC

B,C CvD

a
8203 |
T 1

T L L | T T 1T
200 198 196 194 192 190 188 186 184 182 180
binding energy [eV]

Figure 1.13: XPS spectra of the 1s core level of B for different samples and conditions. II
stands for B flushing, III for boronization - in both cases graphite sample was considered.
Al-target shows the case of an aluminium sample after boronization. The bottom part
shows spectra for the graphite sample after boronization without exposure to plasma
(taken from [37]).

The mechanism of gettering by boron oxides formation was studied in detail by
Wienhold et al. [37] after application of boronization in TEXTOR. An empirical equation
based on collection experiment was deduced to express oxygen retention O(r) [37]:

O(r) = S(r)OI + GB(r) + (AD(r) = 0), (1.19)

where S(r)OI describes ion sticking of oxygen based on the measurement of the OI line
emission at specific position, r - radial position in the SOL and S(r) ion sticking coefficient.
The second term describes oxygen gettering by boron, with gettering coefficient G and
boron rate B(r). The last term stands for oxygen absorption from air and is not point of
interest, since all measurements were done before plasma vessel opening.

It was shown that the gettering part had the biggest contribution in the equation
and the sticking part is negligible. The sample was analyzed with the help of the X-ray
photoelectron spectroscopy (XPS) for the core level 1s of B and is shown in Figure 1.13.
The upper part corresponds to the samples after boronization. II stands for B flushing
and III for ordinary boronization. In the case of II and III graphite samples were used.
Al-target was measured after ordinary boronization. The bottom part shows spectra for
a graphite sample after boronization which had not been exposed to plasma, so only
covered with a-B/C:H layer.

The bottom spectra shows a covalent B-C bound at ~ 189 eV. The top curves clearly
show an addition of a B-O nonstochiometric bound at ~ 191 eV. The B-O bound is very
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stable and forms once free B atoms are available. Therefore, redeposition processes play
an important role in oxygen gettering providing fresh boron atoms, which is shown in
Chapter 5.

1.8 This thesis

This work is focused on the impact of boronizations on impurity sources, performance
in Wendelstein 7-X and the underlying mechanisms. The boronizations were performed
during the last experimental campaign with the passively cooled graphite test divertor
unit (OP1.2b, July - October 2018). The boronizations allowed a significantly extended
operation window of W7-X with high core plasma densities and low impurity content.
Understanding effects of boronizations is essential in the view of the future experimental
campaigns which will have discharges of up-to 30 minutes length.

Chapter 2 is devoted to the edge and divertor diagnostics for impurity characterization
at W7-X. It begins with the subchapter devoted to the endoscope system, aiming at
plasma-surface interaction studies, UV-VIS-IR spectroscopy and tomography at the
plasma edge. The full description is given, including its optical layout, detector system
and the UV-VIS-NIR spectroscopy part. The specific contribution of the author of this
thesis (the author) was:

« Characterization of the imaging part in the sense of spatial resolution to meet the
experimental requirements.

o Application of a computer vision technique was used by the author to correct
image distortions present due to the assembly imperfections.

o Support of the assembly team, including the ZEMAX optical software procedures.

o Absolute calibration of the overview spectrometer system, the VIS and UV filter
cameras including the image intensifiers for the UV branch.

Additionally various diagnostics data were used to support the photon influx spectroscopy
results. The author either used the data from the repository server or coordinated with
the responsible scientists. The main diagnostics are described here: edge particle and
photon flux data was used from the divertor Langmuir probes, midplane multipurpose
manipulator and filterscopes. To understand influence of boronization on the impurity
levels in the core of the plasma the high efficiency extreme ultraviolet observation system
(HEXOS), bolometry and dispersion interferometry systems were used too.

Chapter 3 describes spectroscopy methods used in this work. Photon influx
spectroscopy was the main method to obtain normalized influx of boron, oxygen and
carbon before and after boronization. Helium beam emission spectroscopy together
with 2D tomography reconstruction is foreseen to obtain 2D T, and n. profiles at the
divertor region of W7-X. The current status of available collisional radiative models is
given and a line-integrated image measured experimentally is compared to the synthetic
picture obtained by modelling. Next a 2D tomographic method based on singular value
decomposition is applied to test synthetic images by forward and reverse reconstruction.
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A detailed overview of observed atomic, ionic and molecular spectra is given. Original
contribution of the author in this chapter is:

o Application of the photon influx spectroscopy to the divertor plasma of W7-X for
B, C, H and O for the TDU campaign results.

« Application of the SVD reconstruction method for 2D emission profiles of He
injected at TDU.

o A detailed overview of atomic and ionic line spectra of N, Ne, C, He, H, O together
with molecular bands of Nj, NH*, CN, CH, C,, Cs, CO, at divertor plasma as
observed by the overview spectroscopy system.

Chapter 4 is focused on the wall conditioning methods applied to W7-X before
boronization during OP1.2b. Baking, glow discharge cleaning, electron cyclotron wall
conditioning had been applied prior to boronization. Nevertheless, after decrease of
impurity levels low-Z oxygen and carbon prevented W7-X to operate at high core plasma
density. The boronization set-up is described together with the strategy used by the
author to study boronization effects on W7-X.

Chapter 5 is the most important part describing effects of the boronizations on
the impurity sources and performance in W7-X. This part originally produced by the
author and partly published in [2]. The photon influx spectroscopy measurements were
performed by the author with the help of the overview spectroscopy system. Additional
data were provided by the responsible scientists. Firstly electron temperature and density
profiles are compared before and after boronization. Then the change in low-Z impurities
carbon and oxygen radiation is characterized. Power loads on the divertor follow the
discussion. Morphology and chemical composition of the divertor surface were studied
to provide more information on the boronization mechanisms in W7-X. Lastly difference
of short and long-term boronizations effects are discussed.

Chapter 6 summarizes this work. Conclusions are made and an outlook is given.
Boronization has proven to be an effective method against the low-Z impurities oxygen
and carbon during the passively cooled test divertor unit campaign of W7-X. In this
campaign discharges of maximum duration 100 s in different magnetic configuration
were used providing frequent change of the strike line location which was favourable for
redeposition of boron. In the future campaign of W7-X an actively cooled divertor will
be installed aiming at a steady state discharge of up-to 1800 s duration in one magnetic
configuration. These new conditions will require further investigation for application of
boronization.
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Edge and divertor diagnostics for

impurity characterization at
Wendelstein 7-X

2.1 Endoscope system at Wendelstein 7-X

W7-X is aiming for a steady-state operation with high plasma performance. Therefore,
the question of plasma-surface interaction is of high importance because of the negative
effect of the impurities on the plasma performance due to divertor target erosion, cooling
of the main plasma and fuel dilution. There are also positive side of the externally
introduced impurities to radiate power in SOL or near the boundary of the main plasma
to reduce heat loads on the divertor target. In addition, puffing of He can produce
important information on the edge T, and n. profiles.

The 3D magnetic topology of W7-X significantly influences the PSI processes and,
therefore, this synergy between the 3D edge physics and PSI is an important field
of research. The magnetic topology significantly depends on the plasma effects like
bootstrap currents. This changes the impurity transport, the impurity sources on the
divertor and recycling.

To study these aspects a diagnostic set-up together with modelling have been
developed [38],[3]. It is important to be able to get edge impurity profiles together
with the corresponding plasma parameters. These parameters will be obtained with
an endoscope system - 2 sets of 2 endoscopes with the nearly perpendicular field of
view allowing 2D tomographic reconstruction of impurity line radiation. Each endoscope
will employ: filtered cameras for UV and VIS range; high resolution and overview
spectrometers in IR, VIS and UV range; IR camera for infrared thermography. A gas
injection system consisting of 5 nozzles is located in the field of view of the endoscopes.
The endoscope system is described in detail in the next subsections.
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Figure 2.1: Edge diagnostics to study synergy between the 3D edge topology and the
PSI processes on W7-X (taken from [38]). The right top corner shows the 3 poloidal
cross-section were the endoscope system (green and blue) and MPM (red) are located.
The connection of the diagnostics is shown with a magnetic field line (magenta) starting

at the MPM position for the standard magnetic configuration of W7-X.

The upstream plasma parameters can be measured with a multi-purpose manipulator
which can be equipped with different probe heads to measure T, n,, T;, for example with
the Forschungszentrum Jiilich (FZJ) combined probe [39]. It is also capable of carrying
samples for PSI studies or to inject gases for fueling or impurity transport studies
[40]. In the standard magnetic configuration of W7-X all the mentioned diagnostics are
connected along magnetic field lines allowing projection of all of them in one poloidal
cross-section for plasma parameters cross-usage.

The above described system is shown in Figure 2.1. In the top right corner a Poincaré
map of the standard magnetic configuration is shown. The line in magenta shows an
example of a magnetic field line connecting all diagnostics. The corresponding Poincaré
maps are shown in red, green and blue. The red cross-section corresponds to the location
of the multi-purpose manipulator and its plunge distance is shown in blue. The green
and the blue cross-sections show the location of the endoscopes and their field of views
are shown in the top left and the bottom right corners. The corresponding toroidal
angles ¢ are given for each location.
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2.1 Endoscope system at Wendelstein 7-X

2.1.1 Optical layout

(a) M30 module of W7-X. A set of 2 endoscopes in the J- and L-ports allows
observation of the edge plasma with nearly perpendicular fields of view. The
rotation of the first mirror of the endoscopes allows scanning of in the poloidal

direction (30°). In addition a sequence of 5 gas nozzles is mounted in the
horizontal divertor target (taken from [41]).

(b) The first installed endoscope during the OP1.2b TDU campaign (July - October 2018) of W7-X
was at the AEJ51 port and is shown in grey on the right. A closed magnetic flux surface is shown

in orange together with the combined probe position shown in red. The machine components are
semi-transparent grey.

Figure 2.2: Endoscope location scheme.

The main 4 magnetic configurations exploited during the experimental campaign OP1.2b
with the passively cooled graphite divertor at W7-X were: standard, low-¢, high-. and
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high-mirror. In this subsection the magnetic structure is discussed at the position of
the M51 endoscopes: toroidal angle ¢ = 302.9°. The Poincaré maps for the mentioned 4
magnetic configurations are shown in Figure 2.3. The figures were produced with the
help of field-line tracing tool developed for W7-X [42].

In Figure 2.3.a the standard configuration is shown. It is characterized by ¢+ = 5/5 at
LCFS. In the figure the 5 magnetic islands are clearly seen outside of LCFS, which is
shown in red. Those magnetic islands are completely independent. The upper 2 islands
are cut-out by 2 divertor targets and create the plasma-wetted area, were most of the
PSI processes take place. Specifically, this is of highest interest for the photon influx
spectroscopy.

In the case of the high-mirror and the standard configurations ¢« = 5/5 at LCFS,
providing 5 independent islands. The high-mirror configuration is special due to high
mirror ratio bg;=10%.

The low-¢ configuration is characterized by ¢ = 5/6 at LCFS with 6 magnetic islands
outside of LCFS. This configuration is also of interest for the endoscopes system due to
presence of strong PSI zone in its view.

The last main magnetic configuration is high-c with + = 5/4 at LCFS with 4
magnetic islands outside of LCFS. In this configuration the magnetic island in view
of the endoscopes system does not intersect the divertor target and does not provide
sufficient photon fluxes for the PSI studies.

All the above mentioned magnetic configurations are shown for the plasma current
(neo-classic bootstrap current) Ii,, = 0. During a plasma discharge I, can develop
which causes the strike line to widen and shift to the pumping gap between the divertor
targets. For tomographical purposes its important to know the exact position of the
flux surfaces for each [;,, when an image was recorded. For both the low-. and high-.
configurations the magnetic islands are interconnected with each other.
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Figure 2.3: Poincaré maps of the 4 main magnetic configuration of W7-X used in OP1.2b:
a)standard; b)high-mirror; ¢)low-¢; d)high-.. LCFS is denoted in red, while magnetic flux
surfaces of the main plasma and the islands are shown in blue. The black lines correspond
to the solid surfaces.

In addition to the Poincaré maps shown in Figure 2.3 it is important to know the
L. profiles at the vicinity of the field of view of the endoscopes, with R = [4.8 - 5.6] m
and Z = [0.4 - 1.1] m, which is shown in Figure 2.4. The colormap used in this figure
exploits the grey color for maximal values.

The structure of L. corresponds to the Poincaré maps. For the standard and high-
mirror configurations 2 islands are present in the vicinity of 2 divertor target plates (are
shown in blue). Moreover, the O-points can be clearly seen in Figure 2.4 in the center of
islands marked with grey according to the colorbar. The regions of the islands with the
highest values of L. €[100 - 1000] m correspond to the plasma-wetted areas. For the
standard configuration FWHM of the strike line ~ 15 cm.
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The low-¢ configuration provides even greater area with such a high values of L.
This reflects in the highest photon intensities measured during experiments allowing the
shortest integration times among magnetic configurations. The position of the O-points
are also clearly seen in the plasma, as for the high-mirror configuration.

high-mirror

standard

low-iota

Z [m]
Z[m]

(c) (d)
10'I 10-l 10"| 10I 107 10l 10I
Lc [m]
(e)

Figure 2.4: Connection length L. of the 4 main magnetic configuration of W7-X:
a)standard; b)high-mirror; ¢)low-¢; d)high-¢; e)colorbar for the (a-d) plots.

In contrast to the above mentioned configurations, the high-. configuration does not
have areas were magnetic islands are intersected in the vicinity of the field of view of the
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endoscope system. A small area is only seen at the vertical divertor target and provides
insufficient amount of information of the PSI processes.

A scheme based of reflective optics has been selected to provide high flexibility of the
endoscope and its resistance to neutron damage. In addition such a scheme mitigates
chromatic aberrations in the wide range of wavelengths: [350 - 7000] nm.

The optical path consists of 6 aluminium coated mirrors divided into the endoscope
head (mirrors 1-4 = M;-My) and into the mirror box (mirrors 5-6 = Ms-Mg). The first
mirror is placed into a rotatable casing after the aperture of 4x4 mm? size. This allows
high spatial resolution due to the narrow viewing angle (9° in poloidal and toroidal
directions) overcompensated by 30° rotation allowing observation of both divertor targets
together with the magnetic island by scanning.

In addition to the scanning function, the rotatable casing is also used as a shutter to
close the optical path and as a mirror to check for depositions and deterioration. These
functions depend on the position of the rotatable casing, when it either closes the optical
path from the plasma vessel or puts a dedicated reflecting mirror on the optical path to
reflect light coming from the back part of the endoscope. It should be mentioned here
that during OP1.2b of W7-X the shutter was open through the complete campaign and
after re-calibration no signs of decreased transmission has been observed. This indicates
that M; is well screened from transport of carbon or other impurities.

The M;-M, mirrors are located in the endoscope tube inside W7-X so vacuum
conditions must be fulfilled. Additionally, the internal surface of the tube is covered with
an anti-reflection coating. The vacuum-air barrier is provided by a double wedge-shaped
CaFy window to reflect ghost images and provide transmission in the wide wavelength
range. The Ms-Mg mirrors are located in the mirror box and serve to define focal length.

Camera unit
with filter wheels

Double vacuum window,
wedge-shaped

/ . Main flange with double
_~" wedge for adjustment

Detector box M1... M4 in

with beam splitters / cooled head
/
Feedthrough of media /
/
. 1m , Tube with baffles
| | and supplies

Figure 2.5: CAD scheme of the endoscope (taken from [41]).

The CAD drawing of the complete endoscope is shown in Figure 2.5, where
additionally the entrance slit is shown in front of the aperture. In Figure 2.6 the
optical path is shown produced by the ZEMAX software package. 3 field sources were
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selected in the object plane: x = 0 mm; y = (0, 35, -35) mm. The optical path is
optimized in sense of ghost images and spatial resolution.

object plane ; M, —_
T
| /
" / \

(a) Optical path from the object plane to the My mirror. 3 colors correspond to the 3 source fields:
x = 0 mm; y = (0, 35, -35) = (blue, green, red).

Vis dichroic filter  intensity splitter

_____ s O\ /

Mg / pyramidal mirror
CaF,

Vis dichroic filter intensity splitter

(b) Continuation of the optical path from the CaFy vacuum wedge-like window to the sensor planes.

Figure 2.6: Optical scheme of the J endoscope obtained with the ZEMAX software
package.

2.1.2 Detector system

At the back part of the endoscope the detector box is located. It contains an impressive
amount of cameras and fiber outputs for spectrometers (see Figure H)

1. 3 cameras for the VIS range

2. 2 cameras for the UV range (with an image intensifier)
3. 1 single fiber for the overview spectrometer

4. 2 fiber bundles for the UV spectrometers

5. 1 fiber bundle for the VIS spectrometer

6. 1 fiber bundle for the IR spectrometer

7. 1 camera for the IR range
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Figure 2.7: Detector box of the endoscope. 1.1, 2.1 - dichroic beam splitters deflecting
the UV range; 1.2, 2.2 - dichroic beam splitters deflecting the Vis range; 1.a, 1.b, 2.a,
2.b - intensity beam splitters; UV 1l.a.1, UV 2.a.1, VIS 1.b.1, VIS 1.b.2, VIS 2.b.1 - CCD
cameras in the corresponding wavelength ranges; IR2 - the IR camera; UV 1.a.2, IR1, UV
2.a.2, VIS 2.b.2 - fibre bundles for spectroscopy in the corresponding wavelength range
(taken from [41] and modified). UV: [350 - 550] nm, VIS: [550 - 950] nm, IR: [950 - 7000]
nm.

In total there are 11 optical branches per 1 endoscope. In order to divide the entering
light in these 11 branches an optical layout shown in Figure 2.7 has been chosen. The
incoming image was divided in 2 equal parts with a pyramidal mirror. At the tip of the
pyramidal mirror a fiber array of 19 fibers was located in order to guide the light to the
overview spectrometer system. In addition, one of the fibers was designed to be used for
self-calibration together with an in-built light source during an experimental campaign.

After the pyramidal mirror the light was split into 3 wavelength ranges: UV, VIS
and IR with the help of dichroic filters arranged by 45° to the beam. The first dichroic
filters 1.1 and 2.1 reflect the UV range allowing 2 UV cameras (1.a.1, 2.a.1) and 2 UV
fibre bundles (1.a.2, 2.a.2) to obtain the UV part of the image. The VIS part of the
spectrum was transmitted further.

Subsequently, the dichroic filters 1.2 and 2.2 reflect the VIS range and transmit the
IR range. 3 Vis cameras (1.b.1, 1.b.2, 2.b.2) and 1 Vis fibre bundle are sitting in this
part. The rest of the light is in the IR range and it proceeds to the IR2 camera and the
IR1 fibre bundle.

Two of five CCD cameras are aimed at the UV range. Specifically, weak lines such as
H,, Hy and CH Ger6 bands are in this region. In order to be able to observe these weak
lines an image intensifiers have been used. The same producer and model was chosen
as in the case of previous devices: ProxyVision - MCP-Proxifier. The most important
characteristics of the image intensifiers are given in Table 2.1:
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Type BV 2562 BZ
Photocathode bialkali
Phosphor screen P43
Control voltage 0-5V

MCP output voltage | 400 - 800 V
Highest sensitivity | 200 - 500 nm
Number of MCPs 1

Gatebility No

Table 2.1: Relevant properties of the image intensifiers used.

The principal scheme of a micro channel plate (MCP) intensifier is shown in Figure 2.8.
Photons coming from a weak light source impinge on a photocathode and release electrons
(Figure 2.8.c). In this case the photocathode is bialkali (model P43) and optimized for
the UV range [300 - 550] nm. The electrons released from the photocathode are passing
a cellular structure of microchannels where they are guided and accelerated due to the
applied electric field and electron multiplication occurs (Figure 2.8.b). The multiplied
electrons then hit a luminescent screen and the produced visible light is then transferred
to the CCD chip by a taper made of optical fibers to provide scaling between the MCP
screen and the CCD chip. Such a configuration provides high spatial resolution with the
gain factor of up-to 10

anode
photocathode
micro-
channels
(c) CCD detector

Figure 2.8: MCP scheme (taken from [43]).

The image intensifiers have been calibrated in the same geometry as the Pike cameras
[44] and the overview spectrometer. An Ulbricht sphere was used as a light source. For
high control voltages grey filters have been used and their transmission have been
included in the calculation. The UV 1.a.1 image intensifier was calibrated with an Hg
filter and the UV 2.a.1 image intensifier with a CIII interference filter. The accelerating
voltage is tuned by applying the control voltage to the device interface. This control
voltage was scanned in the range [0 - 5.0] V with the 0.5 V step.

The results of the gain calibration are shown in Figure 2.9. The markers show
measured values and the dash line show linear fit of the gain in a semilogarithmic scale,
from which gain can be calculated for values of the control voltage which were not
measured. Such linearity of the gain in semilogarithmic scale is caused by the dependence

of electron gain on the control voltage u, which is:

Gain oc 10 constant (2.1)
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A deviation from this linearity is only observed for u > 4.5 V. In the feasible range of
control voltage [1.0 - 4.5] V the dependence is linear can be easily interpolated.
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Figure 2.9: Measured gain of the image intensifiers at the cameras UV 1.a.1 and UV
2.a.1 (as shown in Figure 2.7).

The most important part of the detector box of the endoscope system is the filter
camera module (FCM). FCM consist of the next parts:

1. Filter wheel for the neutral density filters: 6 positions (1 empty)

2. Filter wheel for the narrow band interference filters: 6 positions (1 empty)

3. 3 CCD cameras for the VIS branch

4. 2 CCD cameras with image intensifiers coupled with a taper for the UV branch
5. Motors to provide rotation of the filter wheels, control electronics, tuning knobs

The most important part of FCM in terms of data acquisition and transfer is the
camera. Specifically, the F-145B Pike by Allied Vision monochrome camera was used.
Its maximum image resolution is 1388 x 1038 pixels at 30 frames per second rate. The
interface is IEEE1394b FireWire via a fiber connection. The sensor was of Type 2/3
SONY ICX285 progressive scan CCD. The pixel size of the detector was 6.45 pum [44].
The control of the filter wheels as well as the MCPs was done via the control unit of the
camera.

To avoid confusion it is important to note that the camera was using a 14-bit analog-
to-digital converter with a 16-bit output raw data format. Since the information on the
output data format was rather hidden in the data sheets it is important to mention that
the output raw data file is a binary file where the value of charge counts in each pixel
are represented by a 2-byte value. This values is stored according to the Little Endian
format, were the lower byte goes first. In addition, the last 2 bits of the lower byte are
always 0 due to the 14-bit ADC. Therefore, to correctly read the data it is needed to
shift the value by 2 positions right and then swap the bytes. The 2-byte values in a raw
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file are represented in a form of a 1D array which has to reshaped accordingly to the
resolution of the image.

2 filterwheels with 6 holders each

Connector 3 ‘ Image intensifier

Taper
CCD chip

.||

> |

Camera

Tuning of the x-y position

H Tuning of the z position

J Connecting flange and base plate

Figure 2.10: Schematic view of the filter camera module (FCM). The 2 filter wheels are
shown in blue. The other important elements are denoted in the figure [produced by A.
Charl].

Model Acow [nm] | FWHM [nm] | Line
010FC06-25 | 410.06 1 T ()
010FC06-25 426.30 1 CII
020FC34-25 430.70 2.0 CH
010FC08-25 | 433.90 1 I (L)
010FC08-25 465.03 1 CIII
015FC10-25 | 486.00 15 T ()
020FC35-25 516.50 2.0 Cy
030FC36-25 601.50 3.0 Hy
015FC12-25 | 656.10 15 T ()
015FC12-25 667.82 1.5 Hel
015FC12-25 706.52 1.5 Hel
015FC12-25 728.13 1.5 Hel
020FC37-25 909.48 2.0 CI

Table 2.2: List of the interference filters installed on the AEJ51 endoscope during
the experimental phase OP1.2b. Acw - central wavelength, FWHM - full width at half
maximum.
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Position | Filter 1 | Filter 2 Filter 3 Filter 4 Filter 5 Filter 6
VIS 1.b.1 | empty | Hel 728.13 | Hel 706.52 | Hel 667.82 | CI 909.48 | H, 601.5
VIS 1.b.2 | empty | Hel 728.13 | Hel 706.52 | Hel 667.82 | CI 909.48 | H, 656.10
VIS 2.b.1 | empty | Hel 728.13 | Hel 706.52 | Hel 667.82 | Hy 601.50 | H, 656.10
UV l.a.l | empty Cy 516.50 | CII 426.30 | CIII 465.03 | CH 430.70 | Hz 486.00
UV 2.a.1 | empty Hs 410.06 | CII 426.30 | CIII 465.03 | CH 430.70 | H, 433.90

Table 2.3: Position of the interference filters installed on the AEJ51 endocsope during
the experimental phase OP1.2b in the corresponding filter wheels. Numbers after lines are
Acw in [nm]

2.1.3 Endoscope image correction and resolution

It is of high interest that the image distortions caused by imperfections of the assembly
and the modeling can be counter-acted with the help of computer vision algorithms.
Specifically, the OpenCV library was used in this work [45].

The algorithm provided by OpenCV employs a pinhole camera model. In this model
the transformation between the object (in general 3D) space and the camera 2D (pixel)
space is performed by the perspective transformation [46]:

s-m' = A[R|t|M' (2.2)
where s - scaling factor, m’ - image vector in pixels, A - camera matrix containing
camera (optical system) internal parameters, [R|t] - is rotation and translation matrix
and M’ - object matrix. The camera matrix needs to be calculated once and then is
used for all configurations. In contrast, the rotation and translation matrix must be
calculated for each imaging geometry - for example for every angle of the first mirror of
the endoscopes.

The above mentioned matrices can be written in a more explicit way:

X

u Jo 0 ce| [rn T2 T3 b v
s|lv| =10 fy Cy 91 T92 T3 tg 7 (23)

1 0 0 1 31 T32 T33 t3 1

where image vector (u, v) is in pixels, focal lengths vector (fs, f,) and principal points
vector (¢, ¢,) are also in pixels.

So far only the perspective transformation has been discussed. Now the distortion part
comes into the equations. Two types of the distortions are considered in OpenC'V: radial
and tangential. The radial distortion appears on the image as curvature of otherwise
straight lines and it increases with the distance from the optical axis. Therefore, it only
depends on the radial distance from the image center r = /2% + y2:

o' = z(1+ kyr? + kor* + ksr®) (2.4)

Y = y(1 + kyr? + kor* + ksr®) (2.5)

where 2/ and ¢y’ are the corrected values and ki, ks and k3 - are radial distortion
coefficients. If k; > 0 then it is distortion of a ’barrel’ type (lines are curved outside of
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the image) and if k; < 0 then it is distortion of a ’cushion’ type (lines are curved inside
of the image).

The tangential distortion comes from misalignment of the mirrors and appears on the
image as if some parts were closer or more far away even if the object is perpendicular
to the optical axis. This is corrected via introduction of the p; and p, parameters:

v’ =+ (2prxy + pa(r? + 22%)) (2.6)

Y =y+ (p(r* +2y°) + 2pozy) (2.7)

Therefore, the task of OpenCV is to find the distortion coefficients (ki, ko, k3, p1, p2)
and the intrinsic camera parameters (f,, f,) and (c,, ¢,). Then the final position of the
corrected image (u, v) in pixels are:

u=f, (:p(l + kyr? o+ kgr® + ksr®) + 2pray 4 po(r? + 2x2)) + ¢, (2.8)

v=f, (y(l + k1r? 4 kar* + k3r®) + 2pozy 4+ pi(r* + 2y2)) + ¢y (2.9)

To calculate the distortion coefficients and the intrinsic camera parameters it is
required to take an image of a chess-board pattern. Such a pattern was measured in the
focal plane of the AEJ51 endoscope for the visible camera (VIS 2.b.1) and is shown in
Figure 2.11a. The algorithm knows that the lines are parallel and the squares should
be of the same size in the object plane. It detects the corners where two black squares
touch each other (color dots in the figure) and then by numerical methods finds the
needed parameters.

The corrected image is shown in Figure 2.11b. It is clear that almost all distortions
in the original images have been corrected. With this method all obtained images at
W7-X must be corrected using the parameters obtained by OpenC'V.

(a) Initial image and the rectangular pattern (b) Corrected image

Figure 2.11: Usage of the OpenCV library to correct image distortions: a) The uncorrected
chess-board pattern together with the identified black squares intersections (in color); b)
The corrected image.

One of the most important characteristics of an optical system is its ability to resolve
image details at specific values of contrast. To quantitatively describe a system a common
approach is to use the modulation transfer function - MTF.
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The most suitable explanation is to use a sequence of completely black and white
rectangles (line-pairs) in the object space. When width of these line-pairs is high then it
is easily distinguished by the optical system and those line-pairs clearly appear in the
image. Once their size decreases - so the inverse value of spatial frequency (w [lp/mm],
number of line-pairs per mm) increases - the image becomes blurred and the contrast
decreases. So MTF combines spacial resolution and contrast abilities of the system and

is defined as:
-[max(w) - Imin(w)
Imax(w) + Imin(w)

For the endoscope system the minimal spatial resolution was defined as 2 lp/mm
in the focal plane on the optical axis at 90% contrast. That means that the spatial
resolution is 0.5 mm.

To quantify MTF experimentally a simple but an effective approach was used. A slit
of tunable width was put in the focal plane of the AEJ51 endoscope. Behind the slit an
Ulbricht sphere was used to back-illuminate the slit with a homogeneous light. A set of
slit widths d was selected: 0 mm (to measure background), 0.05 mm, 0.25 mm, 0.5 mm,
0.75 mm, 1 mm, 1.25 mm, 1.5 mm, 1.75 mm, 2 mm, 3 mm and 4 mm. These values of d
(except d = 0) correspond to a set of values of the spatial frequency w: 10 Ip/mm,

2 Ip/mm, 1 lp/mm, 0.7 Ip/mm, 0.5 Ip/mm, 0.4 Ip/mm, 0.3 lp/mm and lower values
could not been resolved.

The measured profiles of the slit were averaged over its height and the background
was subtracted. Afterwards this profile was overlapped 10 times with its self with a shift
which corresponds to the FWHM of the profile. After this, according to Equation 2.10
the values of MTF were calculated with the first order approximation.

A more proper explanation of the MTF can be found in [47], where transfer function
is well explained. The basic idea is that a continuous object f(x,y) is transformed with
the help of impulse response h(x,y). The impulse response characterizes transformation
of a point (delta function) in the object plane into a 2D distribution in the image plane.
Basically, it is the point spread function (PSF). This transformation can be written in
the form of a 2D convolution:

MTF(w) =

(2.10)

9(z,y) = f(z,y) ® h(z,y) (2.11)
In the case of harmonic forms in the object plane the transformation can be written as:
Gle,n) = F(en) - H(e,n) (2.12)

where: (e,n) - spectral frequencies for (x, y), F(e,n) - object spectrum, G(e,n) - image
spectrum, H(e,n) - transfer function, a Fourier transformation of h(x,y).
When H(e,n) is normalized to be H(0,0), than it is called the optical transfer function
- OTF:
OTF(e,n) = |H(e,n)| - e©E" (2.13)

The absolute value of OTF is the required characteristic MTF. Considering only one
spatial coordinates, as it was done before, MTF can be written as:

FT(g(x))‘

FT(/(x)) (2.14)

MTF(e) = |
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where FT stands for Fourier transform. The equation above basically corresponds to:

Mimg(e)

MTF(e) = Moy (€)

(2.15)

For the case of the simple model described above, Myp;(€) =1 and MTF(e)~Ming(€).
This approximation is a good first estimate.

Intensity

RS T

slanted edge

gray values in pixels

are projected onto a normal
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projected edge spread
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distance

Figure 2.12: Illustration of the slanted-edge method of MTF calculation.

The real calculation of MTF can be very effectively optimized using the open-source
program MTF mapper [48], which is based on the slanted-edge method described in [49]
and [50] by the developer. The main advantage of the method is its robustness against
image distortions.

The slanted-edge method is based on the idea of imaging a slanted-edge and projection
of the obtained values between black and white parts on a normal to this edge. This
projection is called edge spread function (ESF) - see Figure 2.12. Then a sequence of
steps is applied to ESF, as explained in [49]:

By computing derivative of ESF the line spread function (LSF) is obtained.

The edges of LSF are apodized.

Fast Fourier Transform is performed on LSF.
o« MTF is calculated as magnitude of the FFT coefficients.

All results are shown in Figure 2.13. The values calculated by Zemax and MTF
Mapper give very close values up-to the frequencies of 3 Ip/mm. For higher frequencies
the measured values starts to decay faster than those calculated by Zemax. The simple
slit approach gives values with much smaller contrast and those values can be considered
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as the lowest possible. That means that the measured MTF values for the frequency of
2 Ip/mm is in the range of [0.8 - 0.94], which contains the requested value of 0.9.
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Figure 2.13: Values of the MTF function of the AEJ51 endoscope for the visible camera
(VIS 2.b.1) without interference filters (polychromatic). The results of Zemax calculation
are shown for the point in the center of the image in the wavelength range from 350 nm
to 550 nm for both sagittal and tangential components. The values obtained with MTF
Mapper were chosen from the location on the image close to the optical axis and are shown
for both sagittal and tangential components. The values obtained with the slit approach
are shown too.

2.1.4 UV-VIS-NIR overview spectroscopy

The ultraviolet-visible-near infrared overview spectroscopy system played a major role
in characterization of boronizations at W7-X during OP1.2b. In contrast to OP1.2a (the
first part of the TDU campaign, 2017), when it was temporary connected directly to a
viewing port [5], in OP1.2b (the second part of the TDU campaign, 2018) the overview
spectroscopy system was connected to the AEJ51 endoscope.

The overview spectrometer is a set of 5 Czerny-Turner spectrometers mounted in
a desktop casing together with a power supply unit and an USB2 hub. The model of
the spectrometers is Avantes AVASPEC-ULS2048L-USB2-RM and each in the casing is
referenced as a channel or simply ch/, where I is number of the channel. The desktop
mount is shown in Figure 2.14. Each channel is dedicated to a specific wavelength range:

e chl [297 - 459] nm
o ch2 [452 - 590] nm
« ch3 [583 - 698] nm
 ch4 [680 - 889] nm
o ch5 [789 - 1121] nm
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Different channels have different sensitivity and for spectral overview it is possible
to select different integration times for each of them. Unfortunately, for boronization
characterization it was important to get spectra in the full wavelength range synchronized
in time which required uniform integration time along channels. For the standard
magnetic configuration such a choice provided integration times from 100 ms to 500 ms
which was sufficient for the flat top discharges.

The spectral resolution is [0.19 - 0.48] nm. The input of each channel is an SMA
adapter and a slit of 25 yum x1 mm. A lens is used to focus the input light onto a CCD
line with 2048 pixels of 14 pmx200 pum size.

The channels were connected to a 800 pm WF CeramaOptec 80 m long fibers going
from the laboratory into the torus hall of W7-X. In the torus hall these fibers were
connected to the next fibers of 5 m length leading directly to the tip of the pyramidal
mirror in the detector box of the endoscope.

Figure 2.14: Desktop mount of 5 Avantes AVASPEC-ULC2048L-USB2-RM spectrometers
with the power supply and the USB2 hub. Arrows point at the 5 SMA connectors for each
channel (spectrometer). 5 free slots could be used for additional spectrometers.

Since the pyramidal mirror is located in front of the focal plane of the endoscopes it
provides spectrum for the complete field of view of the endoscope without spatial
resolution. 5 central holes of the pyramidal mirror were used for the overview
spectrometers optical fibers during OP1.2b.

The field of view (FoV) of the overview spectrometer is shown in Figure 2.15. It
corresponds to the position of the first mirror of the endoscopes fixed at 0° and provides
information for photon influx spectroscopy by observing the strike line and collecting all
photons coming from C and H and from their first ionization stage; in case of B and O
their second ionization stage can be tracked. Presence of divertor Langmuir probes in the
vicinity of the overview spectrometer’s FoV provided unique possibility to characterize
impurity influx in the standard, high-mirror and low-iota configurations of W7-X.
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field of view of the
spectrometer

Langmuir probes

Figure 2.15: Field of view of the overview spectrometer (green) for the standard magnetic
configuration of W7-X. The strike-line location is shown only for the magnetic island in
the field of view (red, “vacuum” case). The Poincaré map is depicted in blue. Positions
of the TDU Langmuir probes are shown in yellow dots. Horizontal and vertical divertor
target plates are shown in grey [2].

2.1.5 Endoscope calibration

The new endoscopes for W7-X are highly improved versions of the observation system
developed for the TEXTOR tokamak. The procedure of radiometric (absolute) calibration
is similar in both cases. Therefore, the corresponding procedure described in [51] has
been tuned for the case in hand and is described below.

The goal of radiometric calibration is to get information on how to transform the
measured counts in the sensor cells into the photon flux density coming from the specific
region of plasma in the machine. That means that we deal with three spaces [51]:

o The object space V, C R3,
« The sensor space Vi C R? and
o The image space V; C Z2
The measured values are denoted as I(\,77) where 77 is:

1 = (mAzx, nAy) (2.16)

m, n € Z - column and row number in the image.

In that way values in each pixel (image space) are proportional to the average photon
flux density <i(A, 77)> following on the sensor (image space). The proportionality
coefficient consists of: pixel area AzAy, exposure time tey, and the spectral response of
the sensor scep(A) - Equation 2.17.

I(A,71) = scep(A) - texp - Az - Ay- <0 > (A7) (2.17)

. )\ = ]_ texp (m-‘r%)A:L‘ (n—'—%)Ay
<i>OAF) = ——
i > (A7) teprxAy/o /( “1Ax /(
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Figure 2.16: Setup of the endoscope for radiometric calibration in the Torus hall of
W7-X. The AEJ endoscope can be seen on the left. The complete optical path (including
the optical fibers leading to the laboratory) were completely the same as during the
experiment. The Ulbricht sphere can be seen on the right and its opening is located in the
focal plane of the endoscope.

The <i(A, 71)> value is averaged over the exposure time and sensor size after
integrating the photon flux density in the sensor space - i(A, t, 75) in Equation 2.18.
The value of the latter depends on three parts: the emission of photons in the object
space (can be either plasma in the device or another source), the geometrical field of
view of the endoscope - so the observation volume AV (7}) imaged on the pixel in the
image space with 7; and the spectral transmission of the endoscope.

In its turn the emission of photons in the object space or number of the photons
emitted per dt from V(77) can written as:

ONy (AV (7))

¢ a:AQ/ / 7 1) dtdV 2.19
ot Pl te JAV () €T ?) (2.19)

where €, 4 - local plasma emission coefficient for the p—q transition. In this case the
grey value at g at i-th pixel is:

GVplasma (Ao, ) = S()\o)/

tpla

7o, t)dtdV 2.20
[ (220)

where s(\g) - spectral response of the system at A\g. Since the left hand side of Equation
2.20 is measured by a camera and the space-time integral of the local emission coefficient
of the plasma is the desired unknown one would need to know s()\g), which is constant
of the optical system:

8()\0) = SCCD()\O)Tsys()\O)[TND()\O) = I]T(Ao)AQ (221)
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In the equation above Tyys(Ag) - transmission of the system at Ao, Txp - transmission of
the neutral density filter at Ao (since no ND filter was used during calibration it = 1),
T(Ao) - transmission of the interference filter.

It is obvious that s(\g) can be found with a help of a light source with the known
photon emission density and then Equation 2.20 can be solved. An Ulbrich sphere was
used as such a source with the known spectral radiance L, with the units:

_— 2.22
cm? - st - nm ( )

(L] = [ W ]
The Ulbricht sphere provided homogeneous emission at its opening. A care was taken
that the halogen lamp was powered by an appropriate voltage and current, as stated in
its calibration certificate from the corresponding authority. In addition time of lamp
usage was below of the values stated as the next re-calibration term.

Now s(Ag) can be written as:

GVear( Mo, 73) E(\o) Tnp (o)
s0) = = e A Do AAT) T ou (o) = 1 (2.23)

where Agg(\g) is an effective transmission of the interference filter at Ay, which can be
substituted with the FWHM of the interference filter with the central wavelength at Ag;
Txp(Ao) - transmission of the neutral density filter.

Once s(\g) has been obtained the number of photons from the AV (7;) imaged onto
a pixel with measured GV, (Ao, 7):

GV,(Xo, 7)
4 / / RtV = 420 2.24
a tp AV(F}) €P7q<r ) T S()\()) ( )

The values of s(\g) for the AEJ51 endoscope are shown in Figure 2.17:
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Figure 2.17: s()\g) - spectral response of the AEJ51 endoscope for all cameras and all
narrow band interference filters mounted during OP1.2b of W7-X.
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2.2 Edge particle and photon flux measurements

2.2.1 Divertor Langmuir probes

As it will be shown in the section describing the S/XB method for the impurity influx
deduction, knowing of the T, and n, values at the strike line is essential. A set of
Langmuir probes located on the 3" and the 4" fingers (see Figure 2.18a) was used
for this purpose. In the TDU campaign of W7-X the probes [52] were installed in the
modules M51 and M30 of the device, which are connected by magnetic field line in the
standard magnetic configuration of W7-X (see Figure 2.1, green and blue cross-sections).
The initial design predicted their location close to the location of the FZJ endoscopes
field of view. Specifically, in this work the values of T, and n. obtained with the probe
n0.10 of the finger no.3 were used to get corresponding values of the S/XB coefficients.

The probes represent a set of graphite tips located in the graphite tiles of W7-X
on the same level as the tiles. The tips are biased relatively to the vessel to obtain
current-voltage (IU) characteristics. The space between the tip and the tile is filled in
with ceramics to isolate the tip from the tile from a possible shortage. The obtained
[U-characteristics are than objects to a suitable physics model which fits the data best.

Specifically, at the beginning of the data processing the simple Langmuir (SL) model
was used [53], which provided values of T, reaching up-to ~ 120 eV which caused a
doubt in its correctness, since such high values are not typical for the boundary plasma
even at the strike line location. After this new models were investigated in the work
cited above and finally a model was selected which fit the experimental data in the best
way and this model caused the values of T, to drop ~ by a factor of 2.

The initial SL model provided:

I =1, <1 — exp <V ;er>> (2.25)

[sat = Acolljsat = Acollzniecs (226)

ZT. +T;
Gy = 4| Lo T (2.27)
my

44



2.2 Edge particle and photon flux measurements

inner wall shield

" strikeline

outer wall shield

(a) CAD scheme of the TDU probes (b) Photo of the TDU probes unit

Figure 2.18: TDU probe system at W7-X: a)lmage from an infrared camera showing the
3rd and the 4th finger of the horizontal part of TDU where the probes are located. The
strike lines are shown in orange; b)Photo of the TDU fingers with the probe tips (taken
from [53] and [54]).

where: I, is the ion saturation current, V is the biasing voltage, V¢ is the plasma
potential, Aoy if the effective collection area, Jg, the saturation current density, c; is
the ion sound speed, Z - the ion charge (assumed to be 1 for hydrogen plasmas), m; -
ion mass and 7 = 3 is the coefficient responsible for the adiabatic cooling of the ions.

As explained in [53], the SL could not provide reliable values of T, mostly due to
violated assumption about constant negligible value of the sheat thickness. In the cited
work it was shown that the Weinlich-Carlson sheat expansion (WSE) model should be
used, since it takes into consideration formation of a pre-sheat with the thickness ~ the
ion gyro radius due to the Bohm requirement of the ion speed ¢, when they enter the
sheet. In this model the predicted sheat thickness is [53]:

s = 222 [(6% — 62)] + 34 — 6.} — 93] (2.28)
where: ¢y, ¢y, @pe are the dimensionless potentials of the mean probe, the wall and
the Debye sheat correspondingly. With this lg,ea; the collection area was corrected
appropriately.

Another important improvement of the initial SL model was introduction of the
virtual asymmetric double probe model [53]. The necessity of it comes from the fact that
at the presence of magnetic field the volume from which a probe gathers electrons and
ions is now limited by a cone. This cone is aligned along the magnetic field and its radius
depends on how strong the perpendicular transport is. Therefore, it is necessary to
present single probes as virtual double probes which gets significant part of the current
from the wall. In practice it meant introduction of an additional fitting parameter 3,
which is ratio between the area of the electrode to the general characteristics (an effective
area Acop) of the double probe. The resulted model was denoted as DWSE, were the
D-prefix stands for ’double’.

In the work cited above all different models were compared and it was shown that
in terms of the reduced xi-squared x? = 1.7 the DWSE fits the IU characteristics in
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the best way. The first important sign that the model was correct were the values of T,
smaller by ~ a factor of 2 in comparison to the values obtained with the initial approach.
In addition a rigorous numerical study was done in [53].

2.2.2 Midplane multipurpose manipulator

In contrast to the divertor measurements with the TDU probes with fixed location the
multi-purpose manipulator allows measurements with different R. A changeable probe
head allows to choose an optimal configuration for the task at hand. In this work the
FZJ combined probe data was used. This probe was equipped with:

« Langmuir pins (P2, P4): T.(R), n.(R)

o Mach probes: plasma flow velocity

o Compensation coils

« 3D pick up coils: B(R) and fluctuations

 lon sensitive probe: T;

'3 f Field of view of the,/
i " reflectometer

J
— -

Figure 2.19: Location of the multi-purpose manipulator (MPM) with the combined
probe (left). Top view of the combined probe with all the pins numbered. Number of the
Langmuir pins are P2 and P4 (modified [55]).

T, and n, profiles were measured with the Langmuir pins (P2 and P4 in Figure 2.19)
in the triple configuration. T, was calculated using Equation 2.29 and n, with Equation

= (Upin = Uptoat)
e . J—
T — pin float 99
¢ In2 (2.29)
Isat
= feat 2.30
" 049-e- Aeff ( )

The assumption included in the calculation is that the effective charge A.sp = 1.
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2.2.3 Filterscopes

The filterscope data was used to obtain photon fluxes of line radiation from different
locations at W7-X. The system was firstly used at W7-X for the limiter campaign OP1.1
(December 2015 - March 2016) [56] and it is based on the previously developed one in
the Oak Ridge National Laboratory (ORNL) [57]. Later it was successfully applied at
various fusion experiments [58], in particular at the TEXTOR tokamak [59].

Filterscope AEK10 LOS ¢=[-4.8°,-10.1°] Filterscope AEL30 LOS ¢=[126.5°,130.8°]

Z(m)

“a.5 5.0 55 6.0 6.5 7.0 4.0 45 5.0 55 6.0 6.5 7.0
R (m) R (m)

(a) AEK10 port (b) AEL30 port

Figure 2.20: Field of view of the filterscope system and the corresponding Poincaré plots
for the standard magnetic configuration (taken from [60]).

Visible line emission from the plasma was focused with a help of a lens on the outer
side of the port on an optical fiber. The lens was focused at the corresponding surface
which was checked with a laser beam to be sharply imaged on the surface. The size of
the base of the viewing cone was ~ 5 c¢m in all cases. Light was transmitted via the
optical fiber to the laboratory where it was split in 4 channels each allowing simultaneous
observation of 4 spectral lines of interest with the same field of view. The fiber was
connected with a fiber optic bulkhead connector and focused by a lens on a spectral
narrow band filter. The filtered line was then detected with a photomultiplier tube
(PMT).

In OP1.2b in total 18 lines of sight were available with 14 of them "looking" through
the plasma. These remaining 14 lines of sight were looking at different locations around
the machine giving 56 PMTs in total. All channels have been absolutely calibrated by
placing an Ulbricht sphere 1 m in front of the lens. The transmission of the vacuum
window is included later. In case the signal is too strong a neutral density filter was
applied.

A wide variety of narrow band filters was available during OP1.2b. Ha, HB and H~y
hydrogen Balmer line filters were available to study hydrogen recycling. CI, CII, CIII,
CIV and CH filters were aimed to study carbon erosion and influx. Hel and Hell filters
could be used to deduce He confinement time 75 5, [56]. In addition, Arl, Arll, ArIII
and NII lines would allow to study injected impurity behaviour. Finally, BIT and OII
filters were installed to study wall conditioning. Despite this wide variety of options,
only 2 channels had suitable combination of the field of view and the bandwidth filter
for the boronization study. Specifically, the field of view from the AEK10 port allowed
CIII (C**, 465.4 nm) and OIIT (O", 441.9 nm) line emission measurement. This field of
view was aiming at the carbon shield. The second field of view was from the AEL30
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port and it only allowed the CIII line measurement. The latter field of view was aiming
at the stainless steel wall. These situation is shown in Figure 2.20, where the Poincaré
maps of the standard magnetic configuration are shown for the vacuum case in red. The
black lines are the corresponding fields of view of the used filterscope channels.

2.3 Core impurity measurements

2.3.1 HEXOS

Not only ultra-violet, visible and near infra-red ranges provide all the important
information about impurities in a plasma. Extreme ultra-violet range [1 - 200] nm
contains important emission lines of the higher ionization stages of impurities. Those
include B, C, O and metals coming due to the PSI processes as well as He, Ne, N,
Ar coming from external injections for the diagnostic purposes or to study impurity
transport in the device. He as a fuel for helium plasma discharges or helium GDC can
also be measured.

For the above mentioned purposes the high-efficiency extreme ultra-violet overview
spectrometer (HEXOS) data was used at Wendelstein 7-X [61]. The requirement of high
intensity and high spectral resolution was reached by the selection of a single reflective
diffraction grating as the main optical element to decrease signal losses. The grating is
holographic allowing maximum intensity at the 1% order of diffraction together with
minimum intensity coming to the higher orders.

The specific measurement range is from 2.5 nm to 160 nm. This range is split into
4 subranges (4 spectrometers) to avoid undesirable effects at the edges of the grating.
The field of view of these 4 spectrometers is shown in Figure 2.21 for the basic vacuum
magnetic configurations of Wendelstein 7-X: standard (EIM), high-mirror (KJM) and
high-iota (FTM). This field of view looks through the complete plasma in the triangular
cross-section of W7-X allowing observation of the lower ionization stages of the impurities
coming from the near edge region as well as higher ionization stages coming from the
hotter regions of plasma. The usage of an MCP (micro channel plate) together with
NMOS linear image sensor [62] allowed high operation frequency of the kHz order of
the spectrometer.
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Figure 2.21: Field of view of the HEXOS VUV spectrometer used for the higher ionization
stages of the impurities studies (taken from [63]).

2.3.2 Bolometry

To study influence of the impurity line radiation it is important to measure total radiative

tot

power of the plasma P'?,. By knowing this value it is possible to get the change in P

after the boronization and observe time evolution of the radiative fraction f..q, which is:

P
frad - PtOtd . (231)

heating

It is of highest interest to know f,.q when the plasma density reaches it highest values
simultaneously increasing impurity radiation to a point when all power is lost via
impurity radiation - so called radiation induced density limit (RIDL).

To measure PLo; the bolometry system data has been used at W7-X [64]. The future
steady-state operation of W7-X requires the system to withstand high thermal heat
loads and stray not absorbed radiation from the electron cyclotron resonance heating
system. To tackle this issue a metal film resistive sensor is used. It is 4 pym thick with an
additional 50 nm layer of carbon coating to improve its absorption in the visible range.
Such a configuration allows frequencies up-to 4 kHz which is useful close to RIDL, where
fiaq increases abruptly.

The bolometry system is located in the triangular poloidal cross-section of W7-X
and it consists of two sensors (cameras):

1. Horizontal bolometer camera (HBC) with 32 lines of sight
2. Vertical bolometer camera (VBC) with 40 channels

Such a configuration allows to view the complete plasma cross-section (see Figure 2.22).
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Figure 2.22: Field of view of the bolometry system (taken from [64]). Horizontal bolometer
camera (HBC) - left, vertical bolometer camera (VBC) - right.

2.3.3 Dispersion interferometry

The dispersion interferometry (DI) system at W7-X was designed as the main tool for
real-time density feedback control. As a result it provided the line-integrated electron
density [ n.dl with high temporal resolution of up-to 50 kHz. The data provided by
this system was of highly importance in this work. This method was pioneered on the
TEXTOR tokamak [65]. This subsection is based on the work of Brunner et al. [66]
dedicated for W7-X’s implementation.
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D ] —-—U—I}@

FDC modulator plasma FDC wo-filter  detector

(a) Principal scheme of the dispersion interferometer. FDC stands for frequency
doubling crystal.

(b) Laser optical path of the dispersion interferometer between the AEZ31 and AET31 ports of
W7-X, ¢ =170.5°.

Figure 2.23: Dispersion interferometer scheme (taken from [66]).

The basis of the DI system is the dependence of the refractive index of the plasma
on its density [66]. The scheme describing the principles of its work is shown in Figure
2.23a. A 20 W COs, laser provides continuous light at A = 10.6 pm (frequency wy). This
light then passes through a frequency doubling crystal (FDC) AgGaSes where a second
harmonic w; = 2wy is generated. Both beams then pass through a modulator and cross
the plasma. After the plasma the beams again go through a FDC and the wy part is
filtered out. The remaining beams reach the diode detector. The important property of
such an optical arrangement is cancellation of the vibrational distortions in the system.
Light path of the laser beams is shown in Figure 2.23b in orange, where the right arrow
points in the direction to the optical system and the left arrow points to a corner cube
reflector, where the beams are reflected. Therefore, they path the plasma twice. For the
standard magnetic configuration (vacuum) the length of the plasma region along the
beam is ~ 1.33 m. The resulting signal can then be written as [66]:

Lig = I) + I + 21/ I I5 cos(p sin(wy,t) + ¢p), (2.32)

where I; and I, are the intensities of the second harmonic beams generated by the 1%
and the 2" FDCs, wy, - modulation frequency, p - modulation depth and ¢p - plasma
induced phase shift. The main information on the line-integrated electron density is
hidden in ¢p, since the refraction index of plasma depends on light wavelength. Taking
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into account the refractive index of plasma:

2mne?

n(w)=1- (2.33)

Mew?

it was shown in [65] that after obtaining ¢p the line-integrated electron density can be
obtained from:

é :dp/n(mﬂ (2.34)
P dncdegm. ) € '
To calculate ¢p the cos part of Equation 2.32 was integrated and presented as:
tA cos(psin(wmt) + ¢p)d(wmt) = 7(Jo(p) cos dp + Ho(p) sin ép) (2.35)
27
/cMmN%ﬁ+@M@m:ﬂ%@wprmmm@ﬁ (2.36)

where Jo and Hy are the 0" order Bessel and Struve functions correspondingly. Having
the above two integrals it is possible to calculate ¢p with the help of inverse tangent
function. This function was implemented with the help of field programmable gate arrays

(FPGA).
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Spectroscopy at the divertor region of
Wendelstein 7-X

3.1 Photon influx spectroscopy

Emission spectroscopy is one of the most important diagnostic tools for the plasma
edge characterization. One of the main advantages is that it is non-perturbative. On
the other hand calibration of a set-up might be an issue due to coating of the optical
elements during plasma operation or connection issues of an optical fibers. Nevertheless,
it is a well established method. Its basis and application for the experimental campaign
OP1.2b of W7-X are discussed below.

A spectral line of an element is described by the emission coefficient e. It is the
number of emitted photons by a specific transition from excited level i to level k£ by an
element with density n} in the excited state into 47 solid angle:

€= inZAik (3.1)
47
In this equation A;; is the spontaneous transition probability. With the assumption of
equilibrium between electron excitation from the ground state and radiative deexcitation
one could write:
ny Z Ajj; = nane < Opxgle > (3.2)
k<=i
In this case ny4 is density of elements in the ground state and Y-, __; A;x is probability
of all transition from the level ¢ into lower levels k. < opyve > is the excitation rate
from the ground state into the excited level by electron collisions. If one took n% from
the previous equation and substituted it into the result would be:

€= EnAne < Opxgle > (3.3)

An observable value would be the line integrated intensity:

T h 8
Loy = hl// ’ e(r)dr = F—V/ ’ nA(T)ne(1) < Opxgle > dr (3.4)

1 47 T1
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where I' is the corresponding branching coefficient.

An important step is needed in order to connect particle flux with the observed
integrated intensity. Lets assume that the flux of atoms into the plasma ®(r) is equal to
the number of ionization events. That means all atoms are ionized along the observation
path or in the observed volume:

dq’(;r(r) _ _d(”(fTUA) — na(r)ne(r) < orwe > (3.5)

The integrated value along all attenuation length or over all attenuation volume is:

Dy = /T2 na(r)ne(r) < o, > dr (3.6)

T1

Having Equation 3.4 and Equation 3.6 an equation connecting the observable I;, and
the wanted ®, can be written:

Loy fn na(r)ne(r) < owe > (r)dr
Chv 72 na(r)ne(r) < opxgte > (r)dr

Dy = A (3.7)

Assuming that the space integrals over na (r)n.(r) have the same form in the nominator
and the denominator together with a weak dependence of the excitation rate coefficients
®, can be rewritten as:

4£Itot < 01V, > — 4 Itoti

Oy = _
AT T hy < opgte > hw XB

(3.8)

The 5 factor is widely noted as S /XB where S=< o1v, >, X=< 0py, > v, and B=T.
The S / XB is referred as "ionizations per photon" coefﬁ01ent

The S/XB coefficients for different lines of B, C, H and O are functions of T, and n,.
Therefore, it is valuable to study how the error in determination of the above mentioned
values influences the S/XB ratios. In Figure 3.1 ratios of [S/XB(BII)]/[S/XB(H,)],
[S/XB(CII)]/[S/XB(H,)] and [S/XB(OI)]/[S/XB(H,)] are shown for the average values
of <T,> = 75 eV and <n,> = 7.6-10'® m~2 with a range of £5 eV and 4-0.5-10'® m—3
corresponding to the divertor probes data.

The outcomes are that such a range of error of T, and n, result in the biggest error
of the normalized boron influx of 13%. The same error for carbon is 10 %. The smallest
error is for oxygen: 5 %. The results are positive since oxygen was the main point of
interest. Moreover, since n, and T, have an inverse dependence on each other a change
in one of them would be counteracted by the other one keeping the point of interest in
the "dark blue' region in Figure 3.1.
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Figure 3.1: Scan of the ratios of the S/XB coefficients around <T.> = 75 eV and <n.>
= 7.6-10"® m~3: a)BII/H,, b)CII/H,, c)OI/H,.

The values of the S/XB coefficients were obtained from [67].

3.2 Helium-beam emission spectroscopy

The reciprocial Langmuir probes require a complicated setup for operation. In addition,
the movement of the probe head disturbs the plasma and its operation is frequently
complicated. The divertor Langmuir probes measure plasma parameters only at the
divertor target and can not provide profiles inside the plasma. Taking the above
mentioned limitations of Langmuir probes another method can be used for quick T,
and n, profiles measurement: helium-beam emission spectroscopy (He-BES).

In He-BES neutral helium is injected into the plasma from, typically, a sequence
of nozzles (the Thermal Helium Beam diagnostic during OP1.1 and OP1.2b of W7-X)
to allow spatial information measurements. Due to different processes in the plasma
the helium atoms get excited and subsequently emit line radiation. These processes can
be simulated with the help of collisional-radiative models (CRM) - a system of rate
equations for the excited states of helium. Using the solution of CRM together with
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3. Spectroscopy at the divertor region of Wendelstein 7-X

the radiative transitions coefficients the emissivity e(7, Te, n., A) of a specific line is
obtained. Among different spectral lines 3 are selected. From these 3 lines 2 line-ratios
which are sensitive to T, or n, are used.

Recently in the work of Zholobenko et al. [68] the corresponding approach has been
applied to the case of W7-X and is described in detail below. Additional details can
be found in the technical report [69]. Following explanation is based on the work of
Zholobenko et al.

The modelling of the He-BES at W7-X was done with the help of the EMC3-EIRENE
code. With the help of the 3D EMC3 part the plasma background is defined. That
includes 3D grid of T,, T; and n, produced for specific input conditions, like power
entering SOL Pgor, and electron density at the LCFS nECF S. After this the EIRENE part
is used to model the neutral particle transport of the puffed thermal helium particles
until they get ionized.

After the solution of the neutral particle transport problem the built in CRM model
in EIRENE is used to get the population density of the excited states of He. The system
of linear differential equations has the form:

dn(p) _
dt
- (Z Alp—q)+>_ Clp— q)ne + S(p)ne) n(p)+
q<p q#p
+Y (C(g — p)ne + A(g — p)) n(q)+
q#p

+ (a(p)ne + B(p) + Ba(p)) nine
where:
e A(p—q) - the spontaneous transition probability from level p to ¢
« C(p—q) - rate coefficient for electron impact de-excitation from level p to ¢
e S(p) - rate coefficient for electron impact ionization

e a(p), B(p), Ba(p) - rate coefficients of the 3-body, radiative and dielectronic
recombination

« n(p), n(q) - density of atoms in the p- and g-state

Electron impact excitation and ionization coefficients were updated from the newest
cross-sections available. The singlet-triplet mixing of the wave functions was studied
and it was shown that for the case of W7-X a constant correction can be included due
to small magnetic field at the edge (B < 3.7 T). Additionally, dilution of the He-beam
due to collisions with p* together with transport effects of 2'S and 23S was taken into
account.

The solution is n(7,p) - population density in state p. Now it is possible to write the
expression for volumetric emissivity €(7, p — ¢) - number of photons released per unit
volume per unit time for the p—q transition:

e(r,p — q) = n(F,p)Alp — q) (3.9)

The calculated volumetric emissivity can now be used to produce a synthetic image,
which is part of the corresponding diagnostics EIRENE module. The photon density
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3.2 Helium-beam emission spectroscopy

flux 1(7) is:

)= g S eds (3.10)
where ¢; - volumetric emissivity in the i-th cell of the EIRENE grid and As; is the length
of the line of sight in that cell.

Among the different transitions 3 of them are widely used to form 2 line intensity
ratios which are either sensitive to T, or n,:

R = 1(728.1 nm) _ n(3'S)A(3'S — 2'P)
Te 7 1(706.5 nm)  n(3%S)A(3%S — 239)

(3.11)

5 _ (6678 nm) _n(3'D)A(3'D — 2'P)
"o I(728.1nm) | n(3'S)A(3'S — 2'P)

The used transition are shown in Figure 3.2 together with other He levels for ne[l - 4].

(3.12)

g 1P lD 1F 35 3P 3D 3F

728.1

1s

-25
E [eV]

Figure 3.2: He levels for ne[l - 4] together with the 3 transitions used in He-BES.

In the above equations the transition from line intensities I to the volumetric
emissivity can be done assuming that the radiation is local. Obviously, that might not
be very precisely and the correction factor G(LOS) can be used to correct the ratios:

f €1(s)ds
f€2 (s)ds

(7 22as)

Therefore, the experimentally measured line intensities can be compared with the
modelling results. By including different processes it is possible to get understanding of

G(LOS) = (3.13)
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3. Spectroscopy at the divertor region of Wendelstein 7-X

all processes in the plasma and obtain T, and n, profiles. Such a precise comparison
requires significant effort and is only suitable for dedicated discharges.

For faster, but less precise values of T, and n, the measured line-ratios are compared
to the contour plots of the ratios as functions of T, and n.. Then the point on the
contour map is found by minimization of:

Rmeasured 2
Te,ne
D(Te’ne) = Z (1 - R(T n )modelled) (314>

Te,ne

Te,ne

100
T./ eV

200

Figure 3.3: Emissivity ratios calculated with the updated version of the CR model in the
work of Zholobenko et al. The results are shown for the not metastable resolved case. The
solid line corresponds to Rz, and the dashed line to R, . The red mark illustrates result
of minimization of 3.14 and the corresponding values of T, and n. (taken from [69]).

The point found for such a minimization is shown in Figure 3.3 with a red circle.
Then the values of T, and n. are shown with red lines projections on corresponding axis.

In the work of Zholobenko et al. [69] an artificial image for the 706.5 nm Hel line
emission is given for a W7-X discharge in the standard magnetic configuration, what is
shown in Figure 3.4a. The image is simulated for the Pgor,=10 MW, <n.>1cps = 5-10"
m~3 (electron density at LCFS) edge plasma parameters.
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3.2 Helium-beam emission spectroscopy

View M51 | 3535, 706nm. Colorbar = lo I[Photons/s/cm? /rad

136
13.2
128
50
% 50 100

Pixel

(a) Artificial camera image of the 706.5 nm line of Hel for a W7-X discharge in the standard
magnetic configuration as obtained by the diagnostics module of EIRENE. Pgor,=10 MW,
<ne>pers = 5101 m™3 (taken from [69]).

S%i J51,706.5 nm, log 2/SI‘] 17.0

16.8

600
7008 16.6
o .
= 800] 16.4
900 16.2
100900 600 1000 1200

16.0
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(b) A composite image of a sequence of helium puffs from the 3 (24, 3*4 and 5'") nozzles at the M51 module
of W7-X for the 20181010.021 discharge.

Figure 3.4: Comparison of the artificial camera image of a simultaneous helium puff
from the all 5 divertor nozzles in the M51 module of W7-X with the measured helium puff
during the 20181010.021 discharge of W7-X.

Figure 3.4b shows a similar measurement during the 20181010.021 discharge in the
standard magnetic configuration of W7-X as a composite image of 3 separate puffs from
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3. Spectroscopy at the divertor region of Wendelstein 7-X

the 224, 34 and 5™) nozzles in the M51 module for the 706.5 nm Hel line. The value of
<N >1,0Fs 5-10" m3.

A significant difference can be seen between 2 figures. Unfortunately, the developed
modelling code was not available for the scan of the plasma background parameters.
The edge parameters during the modelling do not correspond to those during the
measurement. A further investigation should be done in future once an access to the
developed code is restored by the responsible scientist in the modelling group.

3.3 Identified spectra

The 5-channel overview Avantes spectrometer provided the best available overview
spectra allowing simultaneous observation of all fuel and impurity emission lines in the
wide wavelength range. In the next experimental campaigns the endoscopes system
is aiming at observation of different impurity lines, including B, C, O, Ar, N, Ne. In
addition, He will be used for the T, and n, profiles calculation. Since the narrow band
interference filters have an FWHM ~ 1.5 nm it is extremely important to monitor the
vicinity of the central wavelength of the filters for parasitic emission of other impurities.

Furthermore, as will be shown in Chapter 5, the capabilities and the configuration
overview spectrometer were enough to characterize influence of boronizations on B, C
and O influx. Therefore, this subsection will be devoted for the recycling impurities Ar,
He, N, Ne and B, C, O spectra are discussed with more focus in Chapter 5.
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Figure 3.5: Emission spectra of different ionization stages of N together with the expected
ranges of the molecular bands. The spectra were obtained with the overview spectrometer
for the 20180920.050 discharge of W7-X in the standard magnetic configuration. No was
injected from the divertor nozzles (number 4 and 2) in the M51 module. The spectra
without Ny puffing was subtracted from the one during puffing to obtain only the lines
and bands of interest.

In Figure 3.5 a spectra of different ionization stages of N is shown for the range
of wavelengths [300 - 1000] nm. The spectra has been obtained during a N seeding
experiment when Ny was puffed in via the divertor puffing system (Thermal Helium
Beam diagnostic) through the 4™ and 2°¢ nozzles during the 20180920.050 discharge
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3.3 Identified spectra

in the standard magnetic configuration. The most intensive lines are at 399.4 nm
for the 2s?2p3p 'D — 2s22p3s 'P° transition and at 566.6 nm with 567.7 nm for
2522p3p 3D — 2s?2p3s 2P°. These lines could be used in the filter cameras for N
observation. The summary of the observed N lines is given in Table 3.1.

In addition to the atomic lines a couple of molecular bands were observed previously
at JET [70]. N3 band at ~ [416 - 425] nm for the B*S] — X2} transitions would be
observable if the puffed in Ny molecules could travel significant distance into the plasma
before ionization. Although Ny was puffed in the view of the overview spectrometer this
band was not observed giving a hint that Ny molecules are quickly dissociated. The
NH™ molecule band for the X2IT - a?%~ transition is located at & [460 - 470] nm. This
band comes from the reactivity of N with H, but it has also not been observed by the
overview spectrometer. This advises that Ny and N didn’t react with H.

In contrast to the previous bands the CN molecule band at ~ [384 - 389] nm for
the B2Y - X2¥ transition was observable by the overview spectrometer. This indicates
presence of chemical erosion of C by N [70]. Nevertheless, the sensitivity and resolution
of the overview spectrometer is not sufficient for quantitative analysis of the process. A
high resolution spectrometer is needed to study this question in the future.

Line Transition wavelength [nm]
N II 2s?2p3p 'D — 2s*2p3s 1P° 399.4

N III 2523p 2P° — 28?35 2S 409.7

NTIT | 252p(*P%)3p’D — 252p(°P°)3s'P° 1515

N 1T 2572p3d °F° = 2522p3p °D 500.1, 500.5
NII | 2s2p*(*P)3p °D° — 2s2p?(*P)3S °P 553.5

N II 25?2p3p °D — 2s5*2p3s °P° 566.6, 567.9

N II 25%2p3p 'P — 25?2p3s 'P° 648.2

NT | 2522p2(°P)3p 'S° — 2522p°(°P)3s 'D° | 742.4, 744.2, 746.8
NT | 2s?2p?(*P)3p *D° — 2s*2p?(°P)3s *P | 868.0, 868.3, 868.6
NT | 2s*2p*(°P)3p “D° — 2s*2p*(*P)3s *P 938.7, 939.3

Table 3.1: List of the identified N lines in the H plasma of W7-X in OP1.2b during a N

injection.
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Figure 3.6: Emission spectra of Ne obtained with the overview spectrometer for the
20180920.040 discharge of W7-X. Ne was injected from the divertor nozzles in the M51
module. The spectra without Ne puffing was subtracted from the one during puffing to
obtain only the Ne lines.

Line Transition wavelength [nm]
Ne II 2s22p* (°P)3p D° — 25?2p?(°P)3s 1P 333.4
Ne II 2s22p? (°P)3p P° — 2s?2p?(°P)3s 1P 369.4
Ne | 2522p°(°P5,)3p 2[1/2] = 25223 (2P )38 112 585.3
Ne I | 25?2p° (%P3 5)3p 2[3/2] — 2s%2p°(? P§ 5)3s 2[3/2]° 614.4
Ne I | 2522p° (%P5 ,)3p 2[5/2] — 25°2p° (P 2)3s 23/2]° 640.3
Ne I | 2s?2p° (%P3 5)3p 2[3/2] — 2s2p°(*P],5)3s 2[1/2]° 693.0
Ne T | 2522p° (%P5 5)3p 2]7/2] — 2522p° (PP% )35 2[5/2)° $38.8

Table 3.2: List of the identified Ne in the H plasma of Wendeltein 7-X in OP1.2b during
a Ne injection.

Neon spectra are important for the impurity seeding studies. Among the other lines
the Nel lines at 585.3 nm and 640.3 nm are the most intensive lines of Nel (see Figure
3.6 and Table 3.2). The 333.4 nm and 369.4 nm lines are suitable for Nell measurements.
No problem related to the line overlap with other impurities or fuel has been detected.

The spectra of carbon are specifically important for PSI studies, since W7-X is
equipped with a graphite divertor. A typical spectrum is shown in Figure 3.7, which
was obtained for the 20180920.013 discharge when methane was puffed in the field of
view of the overview spectrometer.

In addition to the C and C*N (N stands for the degree of ionization) lines (given in
Figure 3.7 and Table 3.3) a couple of molecular bands provide important information
about composition of the re-eroded layer. The chemical erosion of carbon by hydrogen
contains a couple of products:

H—-C= CH4 + 2<C2H2 —+ CQH4 -+ C2H6> -+ 3(C3H3 —+ CgHg) (315)
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3.3 Identified spectra

The above given molecules dissociate and emission of the molecular bands from the
dissociation products can be measured. The CH Ger6 band ([425 - 430] nm) comes
from methane molecules, the Co Swan molecular band ([515-517] nm) comes from the
ethane molecules and the Cs band (405 nm) comes from the propane molecules. The
corresponding transitions are shown in Figure 3.7.
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Figure 3.7: Emission spectra of C obtained with the overview spectrometer for the
20180920.013 discharge of W7-X. CHy4 was injected from the divertor nozzles in the M51
module. The spectra without methane puffing was subtracted from the one during puffing
to obtain only the C lines.

By measuring the Cy and CH bands it is possible to study re-deposition of the eroded
layers. In [71] these spectra were measured at the JET tokamak with carbon divertor
targets during a strike line sweep. The presence of these bands was related to chemical
erosion of a soft a-C:H layer. Sweeping provided scanning of the divertor target and gave
information on gross erosion and re-deposition zones. Unfortunately, such measurements
were not possible in the frame of this work, since only the overview spectrometer was
available.
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Figure 3.8: Emission spectra of He, H and O obtained with the overview spectrometer
for the 20180801.022 and 20181010.022 discharges of W7-X. The He spectrum (black
part) was obtained by injection from the divertor nozzles in the M51 module. The spectra
without He puffing was subtracted from the one during puffing to obtain only the He lines.
The complete spectrum for 20180801.022 was added afterwards.

Line Transition wavelength [nm)]
CII 2824f ?F° — 2s%3d D 426.7
H (i) 5 2 1341
O1II 2s?2p?(*P)3p ?D° — 2s?2p?(°P)3s P 441.5
C III 1s%2s3p 3P° — 15%2s3s 3S 464.7, 465.0
He IT 4—3 468.6
H 1 () 152 186.1
CII 2s2p(*P°)3p *P — 282p(°*P°)3s “P° 514.5
He I 1s3d °D — 1s2p *P° 587.6
H T (M) 352 656.3
CII 25%3p 2P° — 2s%3s 2S 658.3
He I 1s3d 'D — 1s2p 'P° 667.8
CII 2s2p(*P°)3p *D — 282p(*P°)3s 4 P° 678.4
He I 1s3s %S — 1s2p 3P° 706.5
He I 1s3s 'S — 1s2p 'P° 728.1
O1 2522p3(1S°)3p °P — 2522p3(*S°)3s 5S° 777.2
O1 2522p3(15°)3p P — 25%2p3(*S°)3s 3S° 844.6
CI 2522p3p 2P — 2s*2p3s 2 P° 909.5
C1 2522p3p "D — 25%2p3s 1P° 940.6

Table 3.3: List of the identified intrinsic lines in the H plasma of W7-X in OP1.2b before

boronization.

An overview of the spectra of the main impurity before boronization - oxygen,
together with helium and hydrogen are shown in Figure 3.8 and Table 3.3. The spectra
in Figure 3.8 was obtained by adding a spectrum during a He puff and a normal discharge

before boronization.
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The most important lines of oxygen are OI lines at 777.2 nm and 844.6 nm which
can be used for the photon influx spectroscopy measurements. The other strong line of
oxygen is the OII line at 441.5 nm. The main 3 lines of Hel for the helium line ratio
method are shown with the weakest intensity of the 728.1 nm line. The Balmer lines of
hydrogen are shown for the «a line 656.3 nm, 8 at 486.1 nm and ~ at 434.1 nm.

Although before boronization the device had a high oxygen content, which caused
chemical erosion of carbon with CO and CO, production, no molecular bands were
detected before boronization with the overview spectrometer. In [72] detailed information
can be found on the CO, CO, CO*, COF molecular bands spectra. The strongest band
of CO is the Angstrom band: B '3 - A I with the band heads in the visible range.
Observation of the CO™ are even more complicated to detect since the band heads are
located in the UV range and the UV spectrometer of the endoscope is needed. The
CO4 bands are in principle problematic to observe in the visible and UV ranges, since
the molecule is transparent in those ranges. The COJ molecule has the strongest Fox,
Duffendack and Barker’s system A 2II - X 2II with the head at 416.0 nm. It seems to
be detectable by the overview spectrometer, but for any analysis a higher resolution
spectrometer is needed, which will be available in the next experimental campaign of
WT7-X.

The molecular spectra of different B molecules could also provide information on
the boronziation mechanisms and B erosion. For the BH molecule the most intensive
are 3 systems: A I - X 21T (433.2 nm), b % - a 31T (366.2 nm), B '>" - A I (341.5
nm). Only signs of the first band were seen in the spectra immediately after the first
boronization. The 2II - *Y of BH" at 434.0 nm overlaps with H, line of boron and
is neither detectable nor usable. For the BO molecule the A 2II - X 2% is one of the
strongest. The 616.5 nm head was observable, but due to the low resolution it was only
observed right after boronization.

As a summary of CO, CO,, COT, COJ, BH, BH* and BO molecular spectra: their
bands are either not observable or very weak as measured by the overview spectrometer.
In the next experimental campaign of W7-X the high resolution spectrometers should
be used to search for this spectra. By applying strike line sweep and rotation of the first
mirror of the endoscope it might be possible to obtain important information on the
PSI processes.

More details on B, C and O spectra can be found in the laboratory report for spectral
studies at ASDEX [73]. In [74] a spectral study during OP1.2a has been done with
additional information on analytical approach on T, determination from line ratios of
recycling He.

3.4 2D tomographic reconstruction of emission pro-
files

Emissivity profiles of the fuel and impurities are of high interest at W7-X. Specifically,
2D emissivity profiles of H, O, C, B, Ar, He, Ne and N can provide important information
on plasma background. By comparing these profiles with simulation results it is possible
to better understand the mechanism of the impurity transport and the plasma-surface
interactions. The improved simulations then could be used to predict the consequences
of long pulse operation at W7-X and make operation optimizations etc.

Among other methods optical observations systems provide information about the
plasma without perturbing it. Having corresponding atomic system models important
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3. Spectroscopy at the divertor region of Wendelstein 7-X

plasma parameters can be obtained. With the help of cameras 2D profiles can be easily
measured. Unfortunately, these 2D profiles are line integrated - the signal at each pixel of
the sensor is an integral of emission along a line of sight going through different plasma
regions with different plasma parameters. The line integration results in disturbed data
in position, size and shape of the emission profile. It is the task of tomography to resolve
this issue and provide, in this case, 2D profiles in a poloidal cross section.

A camera sensor provides an image which is a 2D matrix of brightness I coming
as a result of integration of the emissivity of the plasma g along a line of sight (LOS).
It is an obvious idea (as it was also shown in [75]) to divide a poloidal cross section
of the plasma into "plasma pixels". In that case the emissivity of each plasma pixel is
denoted as gj, where je[1 - M] with M - number of "plasma pixels". Each "plasma pixel"
corresponds to a specific flux tube, which means that every LOS crosses those flux tubes
with a specific length Tj; (see Figure 3.9a). Assuming that every flux tube has constant
emissivity, brightness at each camera pixel can be written as:

N
Iy =Y _Tg;, (3.16)

=1

where N - number of camera pixels. In the matrix form Equation 3.16 can be rewritten
as:

I=Tg (3.17)
In Equation 3.17 the unknown value is g - the main goal of tomography. The values of I

are measured and the transfer matrix T is known for each field of view.
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(a) Basics of the tomographic reconstruction  (b) Additional fields of view due to the endo-
(taken from [75]). scopes’ first mirror rotation.

Figure 3.9: Main basics of the tomographic reconstruction: a)Brightness of the image
pixels I as product of the transfer matrix T and the emissivity profile g, view in the
toroidal cross section , b) Additional fields of view due to the rotation of the first mirror
of the J and L 51 endoscopes, poloidal cross section view.

Now the task is to solve Equation 3.17, which is a system of linear algebraic equations
(SLAE). Numerically this means to find such g that the residual square R? —0, where
R? is defined as [75]:

R? = (I-Tg)™(I+ Tg) (3.18)

Depending on the ratio between M and N the system is characterized as:
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e M < N - underdetermined
e M > N - overdetermined

In case SLAE is underdetermined R? = 0 and there exist infinite number of solutions.
In this case the solution can be selected with the help of different methods [75]:

e linear or Philipps-Tikhonov regularizations
o Cormack inversion

e maximum entropy

o minimum Fisher information

In our case the system is overdetermined which allows to find a stable solution by least
squares fitting. Specifically, singular value decomposition (SVD) method is used. This
method had been used before on the JET tokamak [76]. By using SVD the transfer
matrix T in Equation 3.17 can be decomposed in:

T =UDV", (3.19)
where:
e U, V - unitary matrices, so U '=U* and V~1=V*
o D - a diagonal matrix with values being singular values of T

Therefore, Equation 3.17 can be rewritten as:
I=UDV'g (3.20)
and the solution for g is found by multiplying the above equation by V, D™ and U~
g=VD'U'I (3.21)

A real measurement was not possible during the experimental phase OP1.2b of W7-X
since only 1 endoscope was installed at W7-X and its first mirror was fixed. Anyway,
it was possible to make a mockup of an emissivity profile in the polodial plane and
produce an artificial image of the cameras. Then those artificial images were used to
feed in the SVD algorithm for the reconstruction.
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Figure 3.10: Test emission profile as a sum of 2 Gaussian distributions with the centers
at the O-points of the magnetic islands in the standard magnetic configuration in the M51
module of W7-X (further adoption of [77]).

The specific emissivity profile used is shown in Figure 3.10, where 2 Gaussians are
centered at the O-points of the magnetic islands intersected by the divertor targets in
the M51 module of W7-X. The applied approach is further development of [77].

The emissivity profiles were then projected onto the flux tubes in 3D and
corresponding camera images were build using Equation 3.16. After this an inversion
was performed with the SVD method. The results are shown in Figure 3.11, where the
upper row (a and b) are results when 2 endoscopes with 5 positions of the first mirror
in the M51 module were used for the above described procedure. The lower raw shows
results for 4 endoscopes in the M30 and M51 modules with 5 positions of the first mirror
for each endoscope.

It is obvious that if more camera views are used - more information is available for
the reconstruction. In addition, rotation of the first mirror can provide even higher ratio
of known to unknown variables in Equation 3.17.
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Figure 3.11: a) Fields of view of 2 endoscopes in the M51 module of W7-X for 5 different
positions of the first mirror (J - green, L - cyan ); b) Result of reconstruction with 2
endoscopes in the module M51; c) Fields of view of 4 endoscopes in the M30 module of
W7-X (J - blue, L - red ) and in the module M51 for 5 different positions of the first mirror;
d) Result of reconstruction with 4 endoscopes in the modules M30 and M51 (further
adoption of [77]).

The analogous procedure has been performed to test tomographical reconstruction
of radiation of impurities injected through the divertor nozzles. For example, helium 2D
emission profiles can be used to reconstruct 2D T, and n, profiles.

In this case a Hel emission profile was simulated by a Gaussian form, as suggested
in [78]. The results of the initial profiles and the reconstructed result are shown in
Figure 3.12. As in the previous case, more cameras would provide better reconstruction.
Although, that would require puffing of helium in both M30 and M51 module and
assumption of up-down symmetry between both modules. Once 2D profiles of all 3 Hel
lines for He-BES available the n. and T, profiles are deduced as described in subchapter

3.2.
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3. Spectroscopy at the divertor region of Wendelstein 7-X
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Figure 3.12: Simulated emissivity of He being injected with 1 (top left) and 4 (bottom left)
nozzles at the divertor target in the module M51 of W7-X. The results of reconstruction
are shown to the right of the corresponding initial profiles.
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Wall conditioning at Wendelstein 7-X
equipped with the passively cooled
divertor

It is a well known fact that the wall conditioning of plasma devices is essential for
achieving a cleaner plasma with lower impurity content. In its order it leads to a wider
plasma operation window in the sense of higher plasma density and deposited energy
due to reduced radiation-induced disruption. A number of techniques were used at
W7-X during the last operation phase OP1.2 to tackle this issue. The used approach
can be divided in two phases: before and after plasma operation of the machine. Before
plasma operation baking at 150 °C for approximately 11 days was used to reduce all the
impurities in the plasma vessel. After this glow discharge cleaning (GDC) in hydrogen
was used to further decrease water, carbohydrates and methane levels. A short GDC in
helium was applied afterwards to desaturate the wall of the machine from hydrogen.

After the start of the plasma operation both GDC in helium and hydrogen were used
intensively in the experimental campaign OP1.2a for the purposes described above. The
statistics of the duration of the GDC discharges in the operation phase OP1.2 are given
in Table 4.1, taken from [79]. It is important to note, that after the application of the
boronization in OP1.2b the use of hydrogen GDC was completely stopped. From one
point it was important to avoid hydrogen GDC due to its sputtering of the boron layer.
From the other point, a GDC in hydrogen has become redundant due to significant drop
in the main low-Z plasma impurities oxygen and carbon, which is the main focus of this
chapter. The duration of GDC in helium was neglibly small. Since strong wall fueling
was still an issue after boronization, electron cyclotron wall conditioning (ECWC) in
helium was still applied to desaturate the wall from hydrogen. In the future operation
phase ion cyclotron wall conditioning (ICWC) will be also applied [80, 17].
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Figure 4.1: Temperature of the divertor module 1v of the upper divertor target M51 of
W7-X (left axis) and partial pressure of CO, CO2 and H2O (right axis) on the last day
before boronization 20180801 (Sereda et al. [2]).

Experimental campaign OP1.2a OP1.2b
Before plasma operation

H,-GDC 2:58 h 9:35 h
He-GDC 0:36 h 1:50 h
During plasma operation
H,-GDC 13:46 h 1:03 h*
He-GDC 14:48 h 2:24 h*

Table 4.1: Statistics of the GDC usage in the experimental phases OP1.2a and OP1.2b.
* _ the GDC duration before boronization application, after its application the values are
negligible [79].

The temperature of the plasma-facing components was increasing during a day of
operation leading to significant increase in impurity release. An example is shown for
the last experimental day before boronization (20180801) in Figure 4.1. It is clear that
H50, CO and COs levels would increase for approximately one order of magnitude after
heating the divertor. The situation was analogous as in the first TDU experimental
campaign OP1.2a [81]. The location of the thermocouples is shown in Figure 4.2.
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Figure 4.2: Description of the target modules naming convention. The thermocouples
used in this work were located in the module TM1v. Figure produced by Marco Krause.

4.1 Baking

The first step of wall conditioning procedure of Wendelstein 7-X was baking, which was
performed after plasma vessel closure and initial pump down. The plasma vessel was
kept at 150 °C for one week [82]. Mainly water and hydrocarbons were removed due to
the thermal desorption. Another process was thermal de-trapping of particles. In this
case particles diffused through the bulk material and recombined at the surface [81] and
then were pumped out.

The quadrupole mass spectra is shown in Figure 4.3 for outgassing of the plasma
vessel at 28 °C before and after baking. The main influence of baking is release of water
and its pressure drop by one order of magnitude. CH,, CO and CO, decreased too, but
their decrease was not so profound as for water due to chemical erosion of C by O, as
discussed before. The heavy hydrocarbons decreased too, as seen for the mass to charge
ratios greater than 50.

Baking was not sufficient to provide the required low pressure in the plasma vessel
of W7-X after initial conditioning. As explained in Chapter 1, the relative change of the
plasma pressure is:

AP

5=

In the case of W7-X the effectiveness of baking quickly dropped after one week period

and it is the optimal time for this approach at W7-X. Moreover, heating of the all plasma

vessel required special protective measures for the diagnostics around the machine. These
measures basically put most of the device manipulations on hold for a week.

ot (4.1)
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Figure 4.3: Quadrupole mass spectra of the Wendelstein 7-X plasma vessel outgassing
before and after baking in both test divertor units campaigns of Wendelstein 7-X OP1.2a
(2017) and OP1.2b (2018). The mass to charge ratio constitutes the x-axis and the spectra
signal is given in arbitrary units (taken from [79]).

From Figure 4.3 it is obvious that in the second TDU campaign the relative decrease
in the impurities was smaller than in the first one. This difference is due to the fact that
most of the plasma-facing components were not changed between the two mentioned
campaigns providing partly cleaned components for the second campaign.

4.2 Glow discharge cleaning

After initial baking the next step is the glow discharge cleaning (GDC) in Hy or He. In
this case magnetic field is not required. The cleaning technique is based on a hollow
cathode discharge. For this a set of anodes is located around the plasma vessel and is
biased to = [200 - 400] V. The grounded plasma vessel serves as a cathode.

The electrons from anodes are accelerated in the sheath and ionize the neutral
gas molecules and atoms. Those ionized molecules and atoms are accelerated to the
surface were due to the chemical or physical sputtering they deabsorb the surface from
the impurities and plasma fuel. The effectiveness of this process depends both on the
homogeneity of the discharge and the ion current. Those two parameters can be tuned by
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4.2 Glow discharge cleaning

an appropriate number of anodes around the torus (10 for W7-X), voltage and neutral
gas pressure. More details can be found in [24].

Hy-GDC is used to deplete the surface from mainly water and hydrocarbons. In
contrast, He-GDC is frequently used to deplete the surface from the retained hydrogen
either from a Ho-GDC or a normal plasma discharge in hydrogen to decrease fuel release
from the walls and make density control possible. In the case of a He-GDC the process
is well described in [23], where the neutral pressure of He and H, is describes by a set of
neutral pressure balance equations for the Wendelstein 7-X case:

pH2 ~ _sz% + C(t)YHe""pHekHene - (]- - RH;" )szkHznea (42>

where ki, y, are ionization rates, Que gas flow of He from external source, Sge n, vacuume
pumping rate, Ry + 1y recycling coefficient and Yy + - removing yield of Hy by a helium
ion.

AU.
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Figure 4.4: QMS spectrometry of the cumulative Ho-GDC during OP1.2a of W7-X. The
red dashed lines correspond to the days with ECRH operation. The black dashed lines
show the time envelopes. m16 - CHy, m18 - HyO, m28 - CO, m40 - Ar and m44 - CO»
(taken from [81]).

These equations show that the wall is struck by He™ ions. In addition, H ions
come from the released Hy molecules which were ionized. As seen from Equation 4.2,
maximizing the vacuum pumping speed and minimizing the recycling coefficient can
improve the hydrogen removal from the vessel.

It should be noted, that since both Ho-GDC and He-GDC reach most of the plasma
facing components it is important to avoid these techniques after deposition of low-Z
films, since as they were deposited in a GDC they can also be removed with it due to
sputtering processes. In addition, erosion of metal is also possible and GDC discharges
should be minimized to avoid it. In the previous work of Goriaev et al. [83] the best
parameter were found for Ho,-GDC: working pressure 4.5x 1073 mbar, anode current of
1.5 A with voltage of 305 V. For the He-GDC the parameters were: working pressure
3.8x 1073 mbar, anode current of 1 A with voltage of 210 V.
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divertor

Figure 4.4 shows a cumulative result of the H,-GDC application in OP1.2a of W7-X
for CHy, HyO, CO, Ar and CO,. The red dashed lines correspond to the days with
plasma operation and the black dashed lines show the time envelopes.

4.3 Electron cyclotron wall conditioning

This subchapter begins with a quick reminder about the ECRH conditioning presented
in subchapter 1.6. In contrast to baking and GDC the radio frequency (RF) assisted wall
conditioning can be performed in the presence of the magnetic field. This is very important
for W7-X, for which the magnetic field was switched on in the morning of an operational
day and then only switched off in the evening after the performed experimental plasma
discharges. This hold for both the limiter and the TDU campaigns. The RF assisted wall
conditioning in the electron resonance is referred as electron cyclotron wall conditioning
(ECWC) and in the ion range as ion cyclotron wall conditioning (ICWC).

In the case of stellarators the RF cleaning can be done in a divertor configuration of
the magnetic field, since the nested magnetic surfaces exist even without toroidal plasma
current. This means that in the case of a stellarator the plasma is fully ionized and the
location of the plasma wetted area is the same as in a normal plasma discharge with
the same magnetic configuration [80]. Both electron and ion RF are possible, but in the
limiter (OP1.1) and the TDU campaign of W7-X only the electron RF were available at
the second harmonic X2 at 140 GHz frequency (for B = 2.5 T).
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Figure 4.5: QMS spectrometry of the ECWC discharge in hydrogen (20160209.004, left)
and the ECWC in helium (20160209.005, right) with a ’train’ of plasma pulses during
OP1.1 of W7-X. The red dashed lines correspond to the days with ECWC operation. The
black dashed lines show the time envelopes. m2 - Hs, m4 - He, m16 - CHy4, m28 - CO and
m44 - CO2 (taken from [84]).

It was found in [79] that the most effective scheme to desaturate the wall from the
retained hydrogen is a pulsed operation on an ECWC in helium. In this scheme a set of
~ 3.5 s pulses with a period ~ 20 s. A similar situation is shown in Figure 4.5, where
a hydrogen and helium ECWC are shown. In this figure the partial pressures of H,

He, CH4, CO and CO, are shown for two discharges. In addition, it is possible to use a
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4.4 Boronization set-up

pulsed operation in hydrogen to get rid of impurities, like a train of ultrashort pulses of
~ 3 ms without full ionization [85]. Such an approach was tested in OP1.2a and aimed
at more uniform H flux to the surface, but more detail study of its effectiveness should
be done.

Since the wetted area of an ECWC discharge is as in a normal plasma discharge,
an important improvement was usage of the control coils of W7-X. These coils allowed
sweeping of the strike line and, therefore, an increase of the wetted area. The increase of
hydrogen removal was 30% [79]. This technique is important since the strike line during
a normal discharge is moving due to the increase of the toroidal plasma current and
hydrogen is deposited across the divertor target.

4.4 Boronization set-up

The boronization procedure requires an approach with high safety standards due to the
high toxicity and explosiveness of the diborane gas. For this purpose the boronizations
were conducted on Saturdays were only a limited number of personnel was allowed to
enter the building. In addition, a full chemical safety suits were required due to the
safety regulations. During the first boronization 11 people were present in the control
room of Wendelstein 7-X with this number lowered to 8 during the third boronization
due to the optimized approach.
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Figure 4.6: Scheme of the boronization set-up during OP1.2b of W7-X.

The three diborane (BoHg) gas bottles were located in a dedicated gas supply cabinet.
The cabinet was equipped with a diborane sensors which in case of the pre-defined
diborane concentration would cause a diborane release through the gas evacuation
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4. Wall conditioning at Wendelstein 7-X equipped with the passively cooled
divertor

system. In addition, the same would be done if the pressure in the bottles would exceed
the pre-defined value and the gas would be released through the bursting disk release
pipe.

The diborane gas was feed in the vacuum vessel through 5 gas-inlet modules
symmetrically located around the plasma vessel of W7-X giving better conditions
for homogeneous distribution of the boron layer on all plasma-facing components of
the device. The boronization was performed in a He glow discharge (He-GDC) with 10
anodes located symmetrically around the plasma vessel. The diborane concentration
was 10% (limited by the governmental regulations) and the concentration of He was
90%. It total 3 boronizations were performed. The details about the date, duration and
the used amount of the diborane gas are given in Table 4.2.

date duration [hours:minutes| diborane used [N]]
04 August 2018 3:30 45
01 September 2018 5:30 85
29 September 2018 5:00 68

Table 4.2: List proving the date, the duration and the used amount of the diborane gas
for each boronization during OP1.2b of W7-X. NI stands for normal liter.

4.5 Strategy to assess boronization at Wendelstein
7-X

Its important to once again introduce the plasma facing components of Wendelstein
7-X:

1. 10 discrete test divertor units made of fine-grane graphite (FGG) - 25 m?
2. Baffle (FGG) - 33 m?

3. Poloidal closure made of stainless steel (SS) - 10 m?

4. Toroidal cloure (FGG) - 3 m?

5. Panels protecting pumping gap (SS) - 10 m?

6. First wall protection system: 50 m? of FGG and 70 m? of SS
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Figure 4.7: Plasma-facing components of W7-X (Sereda et al. [2]).

At the beginning of the campaign three boronizations were planed. The first
boronization was the most important one to study impurity levels and composition of
the plasma. In addition, it was important to study the radiation-induced density limit.
For this purpose two dedicated days were devoted to the boronization study. In order to
assess the boronization a matrix of plasmas (parameter scan) was planned.

To study the impurity levels a set of plasma programs with constant density and
increasing power in a form of steps was used, as shown in Figure 4.8. Three power levels
of 2 MW, 4 MW and 6 MW were planned. In addition, plunges of the multi-purposed
manipulator with appropriate probe heads were needed to obtain n, and T, density
profiles of the plasma. One plunge per power level is sufficient.

P [MW] MPM 3 n -]

A l A before Boronization 1 after Boronization

MPM 2

MPM 1 l

25 5.0 t [s] 5 t[s]

Figure 4.8: Strategy for the first boronization assessment: (a) - impurity levels and
composition, (b) - radiation induced density limit.

To study the radiation induced density limit another scheme was proposed, in which
the power level should be constant and the density level should be risen until the plasma
disruption. Such a density ramp would be possible either with a gas ramp or multiple
puffs, as shown in Figure 4.8. An MPM plunge would also be needed for plasma profiles.
A set of power levels would let comparison of different plasma conditions. Repetition of
equal discharges would also let full diagnostic scan, specifically for spectrometers and
filter cameras. The spectrometer settings should mainly allow observation of CI, CII,
CIII, OI, OII, H,, Hg, H,, Hs, BI, BII lines. In addition molecular bands of CH, H, and
BH are also needed. as discussed in Chapter 3.
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Another evidence of O -> C mechanism is the observation that the CO outgassing is
related to the hottest PFC regions [81].

Heat flux distributions per configuration

Il Standard

Il High-lota

Il low-lota
i I High-Mirror

Figure 4.9: Heat flux distributions for the main magnetic configurations on the divertor
targets of W7-X, as calculated for the “vacuum” case (Sereda et al. [2]).

Configuration family Number of Plasma exposure | Fraction of
discharges time [s] time [%)]
Standard (group 638 4809 53.1
EIM/EJM) [f/r]
High-mirror (group 234 1392 15.3
KJM/KKM)
Low-iota (group 169 1180 13.0
DAM/DBM) [f/r]
High-iota (group FTM) 315 1673 18.5
[£/7]
Total 1256 9054 -

Table 4.3: Statistics of the plasma exposure time for the OP1.2b experimental campaign
of W7-X, ’f” corresponds to forward and ‘r’ to reversed magnetic configurations (Sereda et

al. [2]).

Table 4.4 lists all reference discharges of the power step type used for the long-time
effects of boronization characterization.
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4.5 Strategy to assess boronization at Wendelstein 7-X

Discharge id | n. [-10"m™| | Pgcry [MW] | t, [s] | te [s] | configuration
20180801.021 2 2,3, 4 0.5* | 2.0* standard
20180807.011 2 2,3, 4 2.8 4.5 standard
20180814.030 6 3 2.0 6.0 standard
20180816.015 6 1,2,3 4.5 5.5 standard
20180821.005 3.5 2,25 2.9 3.3 standard
20180905.004 3.5 2,3,4 2.2 3.8 standard
20180906.006 2.5 2,3, 4 2.8 3.8 standard
20180918.006 3 2,3, 4 2.8 3.8 standard
20180919.005 3.5 2, 2.2 3.3 standard
20180920.004 3.5 2,3, 4 2.2 3.8 standard
20181010.005 2.5 2,3,4 24 3.8 standard
20181016.004 6 2,3,3.5 3.0 3.8 standard
20181018.003 3.5 2,2.5,3.5 4.5 8.5 standard

Table 4.4: List of the discharges used for long-time characterization of the influence of
the boronizations on the performance of W7-X. * - for the TDU data a similar discharge
20171207.013 was used.
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Effects of boronization

5.1 Electron temperature and density profiles

The edge profile of T, and n, were measured with the combined probe mounted on the
multi-purpose manipulator. Unfortunately, the pre-boronization data from OP1.2b was
not available and an equivalent discharge 20171026.027 from OP1.2a in the standard
magnetic configuration was used as a reference. At the moment of plunge Pgcry was
1.8 MW. For the post-boronization characterization the data was available for the
20180807.017 discharge with Pgcry = 2.5 MW. The measurements for the OP 1.2a
discharge were done with the triple Langmuir probe and for the OP 1.2b discharge with
the swept single Langmuir probe. The latter one was used since the former one had
been damaged at the end of the OP1.2a campaign.

The discharges where run at a similar heating power, this is reflected in the
measured edge temperatures. Considering the possible errors from the different modes
of measurement they are quite similar. In contrast to the edge temperature, the edge
density significantly increased after boronization - by a factor of 7. This correlates with
the increase in the core density - by a factor of 2.5. Even stronger change in density at
the edge can be explained in terms of higher oxygen concentration in this region (in
comparison with the core), as suggested by the oxygen radiation at the edge.

Furthermore the higher density did not cause higher radiative losses, due to the
reduced impurity influx into the edge plasma. This is another good example of the
effectiveness of the boronization, which allowed plasma operation at higher densities
in W7-X without causing a radiative collapse. The corresponding profiles are shown in
Figure 5.1.
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Figure 5.1: T, and n. edge profiles measured with the combined probe mounted on the
multi-purpose manipulator. The data was available for the standard magnetic configuration
in OP1.2a (20171026.027, Prcry = 1.8 MW) as a reference for the pre-boronization
conditions and OP1.2b (20180807.017, Prcru = 2.5 MW) for the post-boronization
characterization.

Another important question is the change of T. and n. profiles shape after
boronization. The main tool of n. density measurement was the dispersion interferometer
providing line-integrated results: [n.dl [m™?] along its line of sight. Its data was
immediately available after each discharge with high temporal resolution. In contrast
the Thomson scattering results needed more time consuming processing after discharges
by the responsible officers.

n. profiles for 2 discharges before (20171026.027) and after (20180801.021) boroniza-
tion are shown in Figure 5.2 (left). As for the edge measurements density in the main
plasma also increased, but by ~ a factor of 3. Before boronization the density profile is
rather flat. After boronization the form of the profile changed and showed peaking at
the plasma core and a steeper decrease approaching the edge.

Nevertheless, an averaged value of the line-integrated density obtained by division
by the length of sight of the dispersion interferometer (1.33 m) represents the core
value very well with the reliable range of 10%. This is illustrated by Figure 5.2 (right),
where n&® [m~?] obtained with the Thomson scattering is shown as function of the

line-averaged density / r;edl m—2].

84



5.2 Radiation of the low-Z impurities: carbon and oxygen
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Figure 5.2: n. profiles obtained with the Thomson scattering diagnostic for the reference
discharges (left). Core values of n. as function of the line integrated n. divided by the
integration length for the reference discharges before and after the first boronization
(right).

5.2 Radiation of the low-Z impurities: carbon and
oxygen

After the first boronization a substantial reduction of the line radiation of O and C was
observed. In Figure 5.3 emission spectra are shown for the reference discharges before
the first boronization (20180801.021) and after the first boronization (20180807.011)
with similar conditions. For both discharges a moment at the flat top with heating
power PECRH = 3 MW and line integrated density approximately 2-10* m~2 has been
selected. From Figure 5.3 it is clear that the most intensive OI (atomic oxygen) lines
at 777.2 nm and 844.7 nm have substantially decreased. The intensity of the CII (C'*)
line at 426.7 nm has also significantly decreased. The newly arisen BII line at 703.1 nm
is emitted by B*. No detectable signs of the molecular CH Ger6 band with the head at
430 nm were found on the last day before and the first day after the first boronization.
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Figure 5.3: Emission spectra measured at the divertor before (red, discharge 20180801.021)
and after (green, discharge 20180807.011) the first boronization of W7-X a) in the range
of 350 nm — 1000 nm and b) in the vicinity of CII, BII and OI lines (Sereda et al. [2]).
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5. Effects of boronization

The same qualitative behaviour is observed in the XUV spectra obtained by the core
spectroscopy. The line radiation of O dropped significantly, the C emission decreased
and a newly arisen B was seen, as expected, in the spectra (see Figure 5.4).
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Figure 5.4: Emission spectra in the range 2.6 — 160 nm obtained with HEXOS before
(red dashed) and after (green) the first boronization (Sereda et al. [2]).

Due to the substantially decreased line radiation of low-Z impurities O and C the
operational window of W7-X was significantly widened in terms of maximum plasma
density and stored energy.

Figure 5.5 shows two dedicated discharges of the ‘density ramp’ type before and
after the first boronization. Impurity normalized influx of O and C is shown before
and after boronization and newly arisen B is present after it. The first boronization
resulted in much higher densities. Before it was possible to get line-integrated electron
densities up to 4-10* m~2 and after values of 1.1-10?° m~2 were achieved. Simultaneously,
impurity normalized influx of O and C dropped approximately by a factor of 4 for C
and by approximately a factor of 50 for O right after the first boronization. One should
keep in mind that the density after boronization significantly increased and the values
in this case cannot be compared directly. Such a reduction in impurities normalized
influx resulted in increased line-integrated electron density. This increase also allowed
diamagnetic energy of the plasma to increase from approx. 330 kJ up to approx. 510 kJ
after boronization (see Figure @) The fraction of radiated power f.,q has decreased
too. It is known that the impurity concentration decrease leads to the increased critical
density [86]. Radiation power is mainly following the line radiation of oxygen [87]. In
addition, values of Z.g obtained from Bremsstrahlung radiation decreased from values
of around 4.5 for all densities down to low values of around 1.2.
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Figure 5.5: Normalized influx of low-Z O and C together with introduced B. Two
discharges are shown on the plot: 20180801.036 before the first boronization (red
background) and 20180807.013 after (green background) (Sereda et al. [2]).
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Figure 5.6: Diamagnetic energy, Z.g and radiation fraction of the plasma f;,q as a function
of the line integrated electron density before boronization (red, 20180807.013) and after

(green, 20180801.036) boronization (Sereda et al. [2]).

5.3 Power loads on the divertor
Another important aspect is the influence of boronization on power loads on the divertor

target. Since line radiation of oxygen and carbon has significantly decreased after
boronization the power radiation at the edge by those impurities has significantly
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5. Effects of boronization

decreased too. This decrease has lead to higher divertor power loads (Pg;,) on the
divertor targets. Figure 5.7 shows this result in more detail. The top and the middle
images are the divertor power loads for the discharges before (20180801.021) and after
(20180807.011) boronization at t = 4 s of the discharge. At this moment in both cases
Prcru and [ n, dl were the same. It is clear that after boronization the power loads
increased but quantitive analysis is complicated since a specific pattern depended on the
toroidal current. To estimate this change a plot of Pg;, is shown at the bottom of Figure
5.7. Values of Pg;, were built along the axis shown in magenta in the above images.

Indeed, Pg;, increased from the highest values of ~ 4 “ﬁlVQV to higher values of ~ 5 1\:}1{1\;&/
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Figure 5.7: Power loads on the divertor Pg;, before (20180808.021, top image) and after
(20180807.011, middle image) boronization. The plot of Pg;, on the bottom figure is along
the axis shown in magenta in the upper two images.

One of the important positive effects of the high densities achievement was its
influence on the heat distribution over the strike line. This influence is characterized by
the so-called peaking factor - a ratio between the maximal measured heat flux of the
strike line along the magnetic field lines to the average heat flux over the wetted area.
Obtaining line-integrated densities close to 10* m~3 allowed to decrease peaking factor
by 50 percent [88].

In addition, application of boronization allowed a new detachment regime with
much higher compression ratios of neutrals. After the boronization values up-to 30 were
obtained, which is a factor of 4 higher than before boronization [88]. In the reference given
above an heuristic explanation is suggested to explain this increase. It was suggested
that the significant decrease in oxygen and carbon radiation at the divertor allowed
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5.4 Morphology and chemical composition of the divertor surface

plasma to plug more in the divertor, as shown in Figure 5.8. On this figure yellow color
represents the hot core plasma and the red color the cold edge one. Furthermore, after
boronization the neutral source was located close to the divertor targets making them
more easily pumped out. This location also could provide better condition for neutral
screening, since the neutrals get ionized closer to the divertor targets and are transported
back to the surface.

Figure 5.8: Heuristic explanation of the new detachment mechanism after boronization.
For the details please follow the text (taken from [88]).

5.4 Morphology and chemical composition of the
divertor surface

Interpretation of post-mortem analysis of the plasma-facing components is rather
complicated due to the complex 3D nature of plasma-wall interaction in W7-X. Erosion
zones at the divertor target plates give no information about deposited boron layers
during boronizations. In contrast, the re-deposition zones can provide information about
chemical composition of the a-B/C:H layers because of boronizations and the a-C:H
layer due to natural deposition during plasma discharges.

89



5. Effects of boronization

Saanal o~ oo ] Pt protection layer

1 p m ?I;?JDI(\I: X :’\T;Dl:e =1 11::0 o \“\f;DE2 5.1 mm 1584.-1|J :2001: :‘:;‘;hx 3 E::i?‘lski ‘J quCH
= o = . Farachungezemrum
— X i Hm u p ®
0 —
e =
— =
—
-1 S — £
-2 e A
Z 2.
= 2
= .
_3 < 3
< =
— ol =
=) = T T
=4 3 = —
2l = =
'S = ra =
o < 2 -
Y -5 = - n;
© == L i -
% = 1(_,——' """"""
_6 & 2 —
= —
% = B ———=
5 : ;;__5
= =
_ i 3 7 3
7 T =
IR I 3T ?
8" C—n ¢ E S— B 5 O Fe
| | | | =
80 90 0 10 0 2

.10 0
weight fraction [%]

Figure 5.9: a) Scanning electron microscope (SEM) image of a re-deposition zone on the
TM2h6 A008 element of the divertor (its location is shown in orange in Figure 2.15), blue
line is the axis of the EDX scan. The red dashed line corresponds to the interface between
preceding and the last experimental phases; b) Concentration profiles of carbon, oxygen,
boron and iron (Sereda et al. [2]).

Figure 5.9a is a scanning electron microscope image of a focused ion beam (FIB)
cross-section of such a region. The blue line is the axis along which plots in Figure 5.9b
were plotted. Figure 5.9b shows concentration profiles of carbon, oxygen, boron and
iron profiles of a re-deposition zone at the divertor target (the location of the sample
is shown in Figure 2.15 in orange) obtained with energy-dispersive X-ray spectroscopy
(EDX).

Concentration profile of oxygen and boron clearly show 3 distinctive peaks which
can be related to the 3 boronizations of the campaign. Similar behaviour of both curves
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5.5 Difference of short and long-term boronizations effects

gives another evidence that oxygen is gettered by boron oxide formation. Simultaneously,
the carbon profile shows minimum for the same positions giving another argument that
the oxygen and boron peaks are due to the boronizations and not due to re-deposition.

Iron shows a peak at -6 pm in the FIB cross-section, which is related to the He glow-
discharge cleaning performed frequently before boronization. During these discharges iron
was eroded from the metal components by He ion impact on the steel and transported
to these deposition zones. Another interesting point is the porous structure at -2 ym in
the FIB cross-section and on the top of the sample. A divertor manipulator will operate
in the future operation phase of W7-X [89]. This manipulator will allow exposure of a
test sample during helium GDC and ECWC discharges to perform a deep investigation
regarding the assumption about porosity of the a:B/C-H layer.

These results show that in addition to the free B introduced with boronizations
another mechanism plays a significant role to provide newly available B atoms: erosion
and re-deposition (see Figure 5.10).

N

o0 ” Coating
[ITII LT e/

Figure 5.10: Boronization mechanism. The coating a-B/C:H layer is shown in yellow.
Oxygen gettered due to the boronization is shown in red, while the blue color shows
oxygen gettered due to re-deposition.

5.5 Difference of short and long-term boronizations
effects

Both short and long-time effects of boronization study is needed to understand the
mechanisms of impurity reduction and predict the necessity of further boronizations. The
normalized influxes of B and C at the strike line are shown in Figure 5.11a. Apparently,
B is quickly eroded there until a rather constant low level due to balance between its
erosion and re-deposition. This happens after the first 59 s of plasma exposure time (15
discharges) after boronization. Simultaneously, C behaves in the same way. The ratio
between C and B fluxes (Figure 5.11b) increases with every discharge and together with
Figure 5.11a it shows quick erosion of B and increase of C levels. Oxygen behaviour is
not shown here since its line radiation wasn’t detectable with the overview spectrometer
during the first discharges after boronization.
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Figure 5.11: a) B and C normalized influx as a function of a discharge number on the
first day after boronization. b) Ratio of C to B fluxes for the same operational day of
W7-X. Standard magnetic configuration (Sereda et al. [2]).

The temporal evolution of B, C and O normalized influx at the divertor and their
concentration in the main plasma over the complete experimental campaign are shown in
Figure 5.12a and 5.12b correspondingly. Right after the first boronization O normalized
influx at the divertor substantially decreased by a factor of 10. In contrast, the C yield
dropped by a factor of 4. After 1000 s of plasma exposure time in different magnetic
configurations O and C normalized influx didn’t show a significant increase. In contrast, B
eroded rather quickly at the strike line location and divertor. The average values obtained
with the Langmuir probe were Te ~ 51 €V and ne ~ 6.8-10'® m~3 for the discharges
used in Figure 5.12a. With the second and the third boronizations O normalized influx
at the divertor dropped even more up to a factor of 100. The reduction of the C emission
with each subsequent boronization is not so pronounced.
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Figure 5.12: Time evolution of the main low Z impurities O and C as well as B: a)
normalized influx, b) intensity of OVI, CVI and BV lines normalized to the line integrated
density. The values are plotted as a function of the total plasma exposure time in all
magnetic configurations normalized by the values before boronization. The vertical blue
lines show boronization occurrences (Sereda et al. [2]).

Photon fluxes of CIII (465.4 nm) and OII (441.9 nm) lines at the stainless steel
wall show qualitatively the same behaviour as shown in Figure 5.13. The conversion of
photon fluxes to impurity fluxes is rather complicated in this case since no diagnostics
are available at these locations to provide T, and n..

The results of mass spectrometry complement the spectroscopic data showing that
partial pressure of CO and COy decreased by a factor of 8 and 12 correspondingly
(Figure 5.14). A reduction in HyO content was also recorded, approximately by a factor
of 2. There was no change in CH, pressure in the outgassing phase immediately after
the first boronization.
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Figure 5.13: Time evolution of CIII (465.4 nm) and OII (441.9 nm) photon flux obtained
with the filterscope system normalized to the values before boronization as a function of

total plasma exposure time (Sereda et al. [2]).
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Figure 5.14: Mass spectrometry results for CO and COq before (20180808.021, higher
values) and after the first (20180807.011, lower values) boronization (Sereda et al. [2]).
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field of view of the
filterscope

Figure 5.15: Field of view of the used line of sight of the filterscope system at: a) AEK10
port (toroidal angle ¢ = [-4.8°,-10.1°]) looking at the carbon shield and at b) AEL30 port
(¢ = [126.5°, 130.8°]) looking at the stainless steel wall (Sereda et al. [2]).

This implies that the main mechanism of C erosion before boronization was via
formation of CO and COs at the divertor. After the boronization O levels significantly
dropped due to its gettering by B. The main zone of gettering is the recessed PFCs, since
B is quickly eroded at the strike line location. Additional mechanisms such as reduced
chemical erosion of C by H due to a:B/C-H layer play smaller role and could not be
quantified due to undetectable radiation of corresponding molecular bands. With every
subsequent boronization O levels were decreasing even further due to the appearance of
new B layers and, therefore, free B atoms which getter O via oxides formation.
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Summary, conclusions and outlook

The experimental campaign OP1.2 of the Wendelstein 7-X stellarator employing the
test divertor unit has been successfully concluded. One of the major achievements was
the device performance at the high plasma density reaching 1-102° m— and the high
diamagnetic energy Eg, = 510 kJ together with the low value of Z.fy = 1.2 for the
dedicated set of reference discharges.

Such a high performance has become possible due to significantly reduced main
low-7Z impurities: oxygen and carbon. This reduction was caused by boronization -
plasma-chemical deposition of a boron layer on all plasma-facing components, which
has been fully characterized in this work.

In total three boronizations were applied during the OP1.2b experimental campaign.
The most descriptive was the first boronization, after which the normalized influx of
carbon was decreased by a factor of 4 and the normalized influx of oxygen was decreased
by a factor of 10 as measured by the photon influx spectroscopy. The boronization
layer was quickly eroded during the first 15 discharges after the first boronization, as
suggested by the normalized influx of boron. Nevertheless, carbon and oxygen levels did
not significantly increased between the boronizations. Moreover, the normalized influx
of oxygen decreased with each subsequent boronization when newly introduced boron
atoms were available to getter oxygen. This resulted in the reduction of the normalized
influx of oxygen by a factor of 100 after the third boronization as compared to the values
before boronization.

In addition to the photon influx spectroscopy performed at the strike line location
the XUV spectra showed the same qualitative behaviour of boron, carbon and oxygen in
the main plasma. The filterscope system data was used to describe photon fluxes of the
CIII and OII lines coming from the graphite shield and only CIII photon flux coming
from the stainless steel wall both following previous observation.

Mass spectrometry data was used to describe behaviour of the volatile species CO,
CO,, HyO and CHy. The partial pressure of CO and CO, dropped by a factor of 8
and 12 correspondingly. The partial pressure of H,O dropped by a factor of 2. These
spectra give additional evidence that the main mechanism of carbon erosion before the
boronizations was due to its chemical erosion by oxygen with the formation of CO and
CO4 molecules.

After the experimental campaign a post-mortem analysis of a divertor tile at the
re-deposition zone provided concentration profiles of boron, carbon, iron and oxygen.
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Both carbon and oxygen show 3 distinctive features on these profiles: 3 peaks for oxygen
and 3 drops for carbon. These features are related to the 3 boronizations during OP1.2b
and provide an additional evidence of the boronization mechanism by gettering of oxygen
by boron. The boron profile contains 3 peaks, but only the last one is clearly stressed. A
peak of iron was found at the position corresponding to the period before boronizations
which was related to the He-GDC frequently performed before boronization, since due
to its mass helium can effectively sputter iron which is then transported to the divertor
target. The IR thermography showed an increase of the power flux density onto the
divertor target at the strike-lien location by = 25%.

To enable studying of the boronization effects the AEJ51 endoscope system was
used. During OP1.2b mainly the overview spectrometer system was used through the
complete campaign. Before and after the campaign it was absolutely calibrated in the
Torus hall of W7-X including the complete optical path.

A detailed spectral survey was performed by the overview spectroscopy at the edge
plasma and the most suitable atomic and ionic lines have been found for the photon
emission spectroscopy. These include spectra of H, B, C, O, N and Ne. Molecular bands
of CH, CO, CO,, BH and their ions could not be detected, possibly due to the not
sufficient resolution of the overview spectrometer.

Development of tomographic reconstruction approach was continued and extended
by He-beam injection simulations at the divertor plasma.

In the next experimental campaign the Wendelstein 7-X stellarator will be equipped
with an actively cooled graphite divertor. For this experimental campaign all 4 endoscopes
will be installed allowing tomographic reconstruction of the 2D emission profiles. In
addition, the high resolution spectrometers with the rotatable fibre bundles will allow
full observation of both vertical and horizontal divertor targets for molecular bands
observation.

These extended capabilities will provide needed instrumentation to study the PSI
processes and impurity influx into the plasma. Both challenges are important in the
view of a long pulse operation of Wendelstein 7-X.

In the second part of the TDU campaign of W7-X different magnetic configurations
of W7-X were used. This provided different locations of the strike line on the divertor
target. In the standard magnetic configuration the total plasma exposure time was 4809
s, high-mirror 1392 s, low-¢ 1180 s and high-t 1673 s while discharges were switching
between the configurations with the longest discharge of ~ 100 s. Such a regime provided
good conditions of erosion of the boron layer and its redeposition in other areas. In
contrast, in the future experimental campaigns W7-X is aiming at discharges of up-to
1800 s length in one magnetic configuration. That will lead to quick erosion of the
boron layer at the strike line and raises a question about the frequency of boronization
application.
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