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Abstract

Nuclear fusion is a promising way to produce sustainable electric power. One possible
way to achieve fusion in a power plant is the magnetic confinement of high temperature
plasmas, which is applied in tokamaks and stellarators. For the operation of such fusion
devices it is essential to know the parameters of the plasma-surrounding neutral gas for
the protection of plasma facing components, as the neutral gas facilitates the reduction
of heat loads due to line radiation and recombination processes. An important parameter
of the neutral gas is the flux density as a measure for the pressure, which is measured
by ASDEX pressure gauges at different locations inside the fusion device vessel. These
pressure gauges are hot cathode ionization manometers with a linear cathode arrange-
ment, optimized for the operation in the harsh environment of fusion devices with high
magnetic fields. The electron emitting filament of the ASDEX pressure gauges is subject
to a high mechanical load from the Lorentz force induced by the magnetic field of the
fusion device and the heating current of the filament. This mechanical load, combined
with the increased vulnerability of the filament material due to its high temperatures
during operation, leads to plastic deformation of the filament due to creep processes and
consequently causes a manometer failure.

To improve the lifetime of the filaments, a suitable combination of filament design
and material has to be found, which, paired with the appropriate Lorentz force direction
resulting from the heating current direction, should achieve a high resistance to creep
processes. This Bachelor’s thesis contributes to the search for a robust filament with an
experimental examination of the stability of tungsten filaments of two different shapes,
namely, the ear and meander design. For that, dedicated creep tests are performed, which
simulate the mechanical stress acting on the filaments inside a tokamak by mimicking the
Lorentz forces by means of a surrogate weight force in a dedicated laboratory experiment.
The creep tests are performed with filaments formed from a 0.6 mm thick wire made of
(18, which is tungsten doped with 1.8 % ThO,, and ET4N, which is tungsten doped with
0.4 % ThO, and 70 ppm potassium. Both force directions are considered by operating the
filament either at normal orientation or upside down.

The experiments showed that meander filaments perform better than ear filaments
in terms of their stability. The comparison of the G18 filament creep tests with their
ET4N counterparts showed a larger creep resistance of ET4N filaments compared to G18
filaments for small deformations. The ET4N meander filament with a downwards force
direction was by far the most creep resistant filament of all tested configurations.

The consequence for ITER and other fusion experiments is that, if no superior filament
design is found, the manometers should be equipped with ET4N meander filaments. These
filaments have to be operated with a heating current direction leading to a downwards-
facing Lorentz force on the filament.



Zusammenfassung

Kernfusion konnte in Zukunft einen grofien Beitrag zu einer nachhaltigen Energiepro-
duktion leisten. Tokamaks und Stelleratoren sind vielversprechende Konzepte fiir einen
zukiinftigen Kernfusionsreaktor. Sie basieren auf dem Prinzip des magnetischen Einschlus-
ses, in dem das Plasma mithilfe magnetischer Felder eingeschlossen und gehalten wird.
Das Plasma ist von neutralem Gas umgeben, welches eine grofie Relevanz fiir den Betrieb
eines Fusionsexperiments hat, da es das heifle Plasma vor dem Kontakt mit der Wand
durch Abstrahlung und Rekombinationsprozesse kiihlt und damit die Wéarmebelastung der
Wandkomponenten reduziert. Um das Neutralgas steuern zu kénnen ist eine Neutralgas-
druckmessung erforderlich, welche von ASDEX Manometern an verschieden Positionen
ausgefithrt wird. Diese Druckmessgerdte sind Ionisationsmanometer mit einer linearen
Elektrodenanordnung, optimiert fiir den Betrieb in einem Fusionsreaktor. Das Filament,
welches fiir die Emission von Elektronen im Manometer verantwortlich ist, steht unter
einer groffen mechanischen Belastung durch Lorentzkrifte, die durch den Heizstrom im
Filament und dem magnetischen Feld an der Manometerposition hervorgerufen wird. Die-
se Belastung kann zu einer Verformung des Filaments fiihren, welche durch die hohe Tem-
peratur der Filamente begiinstigt wird. Verformt sich das Filament iiber eine bestimmte
Grenze hinaus, fiihrt dies zum Versagen des Manometers.

Um die Lebensdauer der Manometer zu verbessern muss ein stabiles Filament gefunden
werden, welches den Belastungen in einem Fusionsreaktor standhalten kann. Die Stabi-
litdt eines Filaments héangt iiberwiegend von drei Aspekten ab: Der Filamentform, dem
Filamentmaterial und der Richtung der Lorentzkraft, welche durch die Heizstromrichtung
beeinflusst werden kann. Diese Bachelorarbeit trigt mit einer experimentellen Untersu-
chung der Filamentstabilitdt zu der Optimierung des Filamentdesigns bei. Im Rahmen
dieser Arbeit werden die Bedingungen in einem Fusionsreaktor durch Belastungstests
nachgestellt. Dabei wird die Lorentzkraft mithilfe der Gravitationskraft durch ein ent-
sprechendes Gewicht simuliert. Die Belastungstests werden fiir die zwei meistverwendeten
Filamentformen, das sogenannte Ohrfilament und das M&aanderfilament, durchgefiihrt.
Die Filamente werden aus G18- und ET4N-Woframdrihten mit 6 mm Durchmesser her-
gestellt. Der G18-Draht ist mit 1.8 % ThO, dotiert, wihrend der ET4N-Draht neben
einem 0.4 % ThO, Anteil 70 ppm Kalium beinhaltet. In den Belastungstests werden beide
Kraftrichtungen getestet, wofiir das Filament entweder bei normaler Ausrichtung oder
kopfiiber betrieben wird.

In den Experimenten haben die Madanderfilamente eine bessere Stabilitidt gezeigt als
die Ohr-Filamente. Fiir kleine Verformungsbereiche haben alle ET4N-Filamente besser ab-
geschnitten als die entsprechenden G18-Filamente. Das stabilste Filament ist das ET4N-
Miéanderfilament bei einer nach unten gerichteten Kraft.

Fiir ITER und andere zukiinftige Fusionsexperimente bedeuten diese Ergebnisse, dass
die eingebauten Manometer mit ET4N-Méaanderfilamenten ausgestattet werden sollten,
solange kein besseres Filamentdesign gefunden wird. Dabei sollte der Heizstrom zu einer
nach unten zeigenden Kraftrichtung fiithren.
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Chapter 1

Introduction

Thermonuclear fusion for energy production on earth can only be achieved in an environ-
ment of very high temperature and density, which has to be created and sustained in a
plasma inside a fusion reactor [1]. One possible way to achieve such conditions is the mag-
netic confinement of the plasma, as used in tokamak and stellarator fusion experiments

[2].

Figure 1.1: Model of the tokamak fusion experiment ITER [3].

The most important representative of a tokamak fusion experiment is the international
project “I'TER”, under construction in the south of France, which is expected to be the
first fusion device that will be able to generate a self heating plasma [4]. A schematic of
ITER is shown in fig. (1.1). The tokamak experiment “ASDEX Upgrade”, operated by
the Max Planck Institute for Plasma Physics in Garching, is a fusion device smaller than
ITER, but with similar configuration so that ITER relevant physics can be studied in
great detail. This way, it significantly contributes to the development of a fusion reactor
concept [2, 5].

For the operation of such fusion devices it is essential to know the parameters of the
plasma and its surrounding neutral gas. The neutral gas inventory is important to know
and control in a fusion device, since plasma facing components must not be overloaded by
heat and particle fluxes from the plasma. This is in particular important for the divertor,
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a region below the plasma where the hot plasma is in direct contact to wall components via
magnetic field lines [6]. Only if a sufficient neutral gas inventory consisting of hydrogenic
neutrals or seeded impurities is present, the divertor can be protected from harmful heat
and particle fluxes [6]. In order to control these essential plasma regimes with high line
radiation fraction and a detached divertor, a fast, local and reliable measurement of
neutral gas properties is needed [7].

One important property of the neutral gas is the neutral flux density as a measure for
the gas pressure, which is monitored by several manometers distributed in the plasma ves-
sel, as shown in the poloidal cross-section of the ASDEX Upgrade tokamak (see fig. (1.2)).
These pressure gauges have to endure exposure to high plasma confining magnetic fields
with a strength up to 8 T, as it is the case in ITER [7]. Also, they need to be able to
operate in an environment with a strong neutron flux and radiation, while providing a
relative accuracy of at least 20 % [7]. The installation and operation of manometers out-
side the vessel to avoid magnetic fields and strong background noises is not an option due
to the additional requirement of a sufficient time resolution, which cannot be met when
using ducts to connect the gauges to the vessel [7].

@ Manometer orientation

Figure 1.2: Poloidal cross-section of the ASDEX Upgrade tokamak. The blue
dashed lines indicate flux surfaces and the magenta line represents the last
closed flux surface, which is the outer boundary of the confined plasma [8].
Vessel components are shown in grey and the ASDEX manometer location
and orientation in red.

Ionization pressure gauges are already in use for fusion applications [7]. These manome-
ters measure the pressure by ionizing atoms with accelerated electrons, collecting the ions
at an electrode held at a low potential and derive the pressure from the electron and
ion currents. However, using conventional ionization pressure gauges, such as a Bayard-
Alpert gauge, is not an option for the measurement of the neutral flux density in the
fusion device vessel, as their cathode arrangement would lead to j X B - Lorentz forces
diverting the charged particles from their paths. A schematic of the electrode setup in a
Bayard-Alpert gauge is shown in fig. (1.3).
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Figure 1.3: Schematic of the cathode arrangement in a Bayard-Alpert pressure
gauge [9]. The filament (left) is heated and emits electrons which are accel-
erated by the grid (spiral). They ionize the volume inside the spiral and the
resulting ions are collected by the ion collector rod in the center of the spiral.

This led to the development of the ASDEX pressure gauge starting in 1976, a hot
cathode ionization manometer with a linear arrangement of its components, which is
shown in chapter 2. This design can be aligned with the local magnetic field to prevent
Lorentz forces diverting charged particles from their straight path inside the gauge. As this
pressure gauge design is better suited for conditions inside fusion devices when compared
to other types of manometers, the ASDEX pressure gauges are also used in other fusion
experiments, such as the stellarator Wendelstein 7-X [7, 10].

However, one disadvantage of this design is a high mechanical strain on one of the
components, the hot cathode, also referred to as filament. Due to the linear arrangement
of the manometer components, the filament has to be oriented perpendicularly to the local
magnetic field, leading to strong Lorentz forces acting on the filament. In combination
with the high cathode temperatures required for electron emission, this leads to a plastic
deformation of the filament due to fatigue and creep processes, causing manometer failure.
This has to be avoided or at least minimized in ITER and future fusion experiments, since
the pressure measurement from manometers is essential for the control of the plasma, and
the replacement of in-vessel components like this manometers are cumbersome due to the
mandatory use of remote handling [11].

After the discovery of this issue, the filament deformation was examined more closely
and different approaches were tested to improve its stability. One important aspect is the
filament design and its dimensions. This was addressed in ref. [12], where finite element
analysis was carried out to simulate temperature distributions in the filament and to
compare different filament shapes in terms of their stability for different wire diameters.
The simulations in ref. [12] predicted the “ear” shape, which is shown and discussed in
section 2.4, with a wire diameter of 0.8 mm to be the optimal filament design.
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The cathode material is also a very important factor for the stability. The most
common choice is tungsten, as this is the metal with the highest melting point of 3422 °C
[13] and is thus expected to endure stresses even at high temperatures. Additionally, the
work function of the filament is reduced by doping the tungsten with a second material
such as ThO, or Re, which lowers the required cathode temperature for electron emission
[12]. This consequently reduces the required heating current and thus, the Lorentz force
acting on the filament. Filament coating can also be an option to adjust the work function,
however it may dissolve after some operation time.

Some of the material comparisons are a part of ref. [14]. First, ref. [14] showed that
creep is the main cause for cathode deformation, while failure due to material fatigue
from repeated heating and cooling could not be observed. Additionally, ref. [14] included
some stress tests for material comparison.

Other approaches such as heating the filament with an alternating current or changing
the tungsten wire to a LaBg crystal, which has a low work function, have been tested as
well [10, 15].

In this Bachelor’s thesis, three open questions regarding the filament stability are ad-
dressed. First, the stability of the most common filament designs, the “ear” and the
“meander” design, is examined. This is achieved with creep tests simulating the mechan-
ical stress on filaments inside a fusion device. Second, the impact of the Lorentz force
direction on the filament stability is tested. The Lorentz force acting on the filament can
either face downwards or upwards, depending on the heating current direction in the fila-
ment. Third, the creep tests are performed for filaments made of two different materials.
One material is G18, which tungsten doped with 1.8% ThO, and the other material is
ET4N, which is tungsten doped with 0.4 % ThO, and 70 ppm potassium. The potassium
is supposed to improve its resistance to creep processes [16].

The manometer and filament design is explained in chapter 2, next to the causes of fil-
ament deformation and consequently, the manometer failure. In chapter 3, the creep test
and the experimental procedure are described, followed by the evaluation of the experi-
mental data and comparison of the filaments in chapter 4. Finally, chapter 5 concludes
the project with a summary of the results and an outlook.



Chapter 2

Manometer design and working
principle

2.1 Manometer electrodes

(a) Photograph of a pres- (b) Schematic of the manometer setup,
sure gauge [17]. adapted from [18].

Figure 2.1: Photograph of a manometer measuring head (a) and a schematic
representation of the single components (b).

In this chapter the structure and working principle of an ASDEX pressure gauge is ex-
plained. First, the design and purpose of its components is discussed, followed by an
explanation of the manometer measurement principle. After that, the manometer fail-
ure due to filament deformation is described and finally, the last section of the chapter
concludes with a detailed description of the filament properties.

Fig. (2.1a) shows an open manometer head and fig. (2.1b) a schematic of the major
manometer components. The manometer electrodes are mounted on the base plate with
ceramic isolations. The general working principle of the manometer is the following: The
filament emits electrons which are accelerated by the acceleration grid. A portion of
about 20 % to 25 % are collected by the acceleration grid, leading to an electron current
at the electrode. Collisions of neutral atoms with the electrons can create ions, which
are collected by the ion collector if the ionization occurs between the ion collector and
the acceleration grid. Using the electron current at the acceleration grid and the ion
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current at the electrode, a neutral flux density can be derived, which is a measure for the
pressure. To measure offsets in the ion signal, the control electrode is switched between
two potentials, which in one case aligns with the potential across the manometer and in
the other case is set very low to repel emitted electrons away from the manometer.

The filament is a tungsten wire formed in such a way that it has an approximately
lem long straight wire section at its center, as can be seen in fig. (2.2). The straight
section is parallel to the base plate and the other electrodes and is located at a height
of about 7mm above its fixations. There are different filament shapes that can satisfy
these conditions, the two most used designs, the “ear” and the “meander” filaments, are
presented in the following section. Fig. 2.2 shows, as an example, a meander filament.

Figure 2.2: Dimension and position of the filament straight section, window
of the control electrode behind the filament at approximately the same height
with slightly larger dimensions, adapted from [17].

During manometer operation, the filament has to emit electrons, requiring high wire
temperatures for thermal electron emission, as the electrons will overcome the work func-
tion of the material and exit the filament. Such temperatures can be reached by leading
high currents through the cathode, as this produces ohmic heat due to the wire resistance.

Control electrode Ion collector

Filament 3 Acceleration grid i
250 3 | ‘ —m— Normal operation| |
! 1 ! —m— Choppin 1
200{ | | ppIe |
> 1501 : e’ turning point -
=) ! ‘ ! X !
1004 | 3 | max :

: ! : —70V
I NS *
O : T : T l T T T ‘

-6 -4 -2 0 2 4 6 8

x (mm)

Figure 2.3: Potential curve across the manometer axis for two different states
of the control electrode. Control electrode at 150V during normal manome-
ter operation (black) and at 0V to chop the electron current for background
measurements (red) [18].
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The emitted electrons are accelerated towards the center of the manometer by the
acceleration grid, which is at a potential of 4250V, while the filament is operated at
+70V. The acceleration grid is an electrode with thin, vertically arranged bars in a large
window. This construction allows for about 75% to 80% of the emitted electrons to
pass through, while the other 20 — 25 % are collected by the grid, leading to an electron
current at the electrode [18]. Since the operation of the manometer requires a stable, pre-
set electron flux, the heating current is feedback-controlled by the electron current [18].
The emitted electrons then start oscillating between the filament and the ion collector,
as the ion collector is set at a potential of 0V and therefore repels the electrons back
towards the acceleration grid. Since the filament is at a potential of 470V, the electrons
cannot reach the ion collector. The maximum distance z,,x ~ 5.4mm the electrons can
move away from the grid towards the ion collector is given by the position at which the
potential reaches +70V, as shown in fig. (2.3). When the electrodes are surrounded by
neutral gas, the electrons can collide with the atoms and ionize them. The portion of
ionization processes which occurs between the acceleration grid and the ion collector,
which is called ionization volume, can be detected, as the created ions are repelled from
the acceleration grid and collected by the ion collector, resulting in an ion current at the
electrode [18]. Since the ionization rate is a function of the neutral gas and the electron
density, the neutral gas flux density can be determined by means of the ion current for
a given electron current. The measurement of the ion signal and the electron current
therefore constitutes the raw data output of the manometer, which can be processed
further to derive the pressure, as is shown in the following section.

The control electrode is an electrode with a small window at the height of the filament
straight section with a width slightly higher than 1cm, as can be seen in fig (2.2). The
electrode can be set to +150 V or 0 V, which in the first case aligns with the linear potential
increase between the filament and the acceleration grid, as can be seen in the black plot
of fig. (2.3). In this configuration, the electrons can pass the control electrode through the
window without being influenced. If the control electrode is set to 0V, as shown in the
red plot of fig. (2.3), the emitted electrons are repelled by the control electrode, leading
to a collapse of the electron flux at the other electrodes. This process is called “chopping”
and it is used to measure offsets of the ion collector signal due to background noise and
leakage currents. The background measurements cannot be carried out by turning the
filament off and on, as it can take a few seconds for the filament to cool down and stop
emitting electrons and likewise, a few seconds to heat up again and provide the required
electron emission current. The background measurements, however, typically have to be
performed at a rate of 2kHz, which leads to the necessity of the control electrode.

Figure 2.4: Photograph of a manometer head, covered by the protection cap
with a hole which has a diameter of approximately 10 mm [17].
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To protect the manometer components from fast charged particles during tokamak
operation, the electrodes are covered by a metal box with a small hole on the top, as can
be seen in fig. (2.4). This also makes the particle velocity distribution inside the pressure
gauge independent from the conditions outside the gauge, since entering particles have to
undergo many wall collisions leading to their thermalization, which is important for the
derivation of the pressure from the raw data output of the manometer [18].
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2.2 Measurement principle

In this section it is explained how the raw data output of the manometer, which is given
by the electron current at the acceleration grid I, and the ion current at the ion collector
1., is processed to derive the pressure. By means of the ion current and the electron
current, a neutral flux density F' can be derived as

L

F=__ T
(Ie_l—s-)'d’

(2.1)
where d is the manometer sensitivity [18]. The sensitivity is determined by a calibra-
tion measurement compared with an absolute pressure measurement, for example from a
baratron [18]. The unit of the flux density is 1/m?s, which can be understood by looking
at the general formula for the flux density

F:ﬁ// F@) -7 dA-d, (2.2)
A A J—o0,un>0

where A is the test surface, ' the velocity of the neutral atoms, f(¥)) their velocity
distribution and n the neutral particle density [19]. The condition v, > 0 means that only
v with a positive velocity component parallel to the surface normal vector are considered
to exclude particles which are moving away from the test surface [19]. Assuming a thermal
velocity distribution f (¢) of neutral particles in the manometer, the flux density becomes

kp-T
F=mn-y/ 2.3
ne\ o (2:3)

where kg is the Boltzmann constant, 7' the temperature and m the mass of neutral
particles [19].

Assuming that the neutral gas can be described by the equation of state for an ideal
gas, the flux density can be used to calculate the pressure when the temperature is known.
The connection is made by the particle density, as both the flux density and the pressure
are proportional to n. The proportionality p o n can be shown by the rearrangement of
the equation of state for an ideal gas

pV=N-kyT (2.4)
p=n-kg-T (2.5)

where V' is the volume and N the number of particles, whereby the particle density is given
by n = N/V. Replacing the particle density in eq. (2.5) with the rearranged eq. (2.3)

results in I
p:F~\/27T-m~k:B-T2il(—+d~\/27r-m-k:B-T. (2.6)

I.—1 +) ’
The main fuel for the present-day fusion experiments are deuterium nuclei, therefore,
many deuterium molecules Dy are present in the neutral gas [2]. For the deuterium
molecules, where the mass of a single deuteron DT is mp = 2.0136 u [20], eq. (2.6) can be
written as

I
—132.10Bke . T+
P &S (I—1,)-d

when assuming room temperature of 7' = 25°C.

(2.7)
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2.3 Filament deformation

(a) View of the open manometer (b) Schematic view of the fila-
head, adapted from [17]. ment.

Figure 2.5: Orientation of the filament relative to the magnetic field and the
resulting Lorentz force direction acting on the central part of the cathode for
an example heat current direction.

As mentioned in the introduction, a serious issue with the ASDEX pressure gauges is
failure due to deformation of the filament under fusion experiment conditions. The break-
downs are caused by the Lorentz force acting on the cathode, since the heating current is
perpendicular to the local magnetic field, as shown in fig. (2.5). The central part of the
filament usually suffers the most from the stress, as it is the hottest and therefore weakest
part of the filament. However, errors such as bad contacts at the filament fixations or
deviations from the ideal shape can shift the heat distribution, making it asymmetrical
and thus changing the most vulnerable areas. Internal damages or inhomogeneities in the
wire can also have a similar consequence or constitute an additional weak point regardless
of the heat distribution.

The failure of the manometer due to filament deformation can either occur at the
point at which the majority of emitted electrons can no longer pass the control electrode
as shown in fig. (2.6), or when a contact of the filament with the control electrode occurs,
forming a short circuit visible in fig. (2.7). In rare cases, the filament can also break, as
can be seen in fig. (2.8).

This issue is further amplified by the feedback loop, as the deformation of the filament
leads to an increasing amount of electrons hitting the control electrode instead of passing
through its window. Since the amount of emitted electrons inside the manometer has to
remain constant, the filament heating has to increase to compensate for the losses due to
the deformation. This, however, also amplifies the load on the filament, as the Lorentz
force rises with the heating current, which then results in an even faster creep process.
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(a) Broken manometer head with  (b) Broken manometer head with a
an ear filament [17]. meander filament [17].

Figure 2.6: Examples of broken manometers from ASDEX Upgrade at the
summer opening 2019, failure due to misaligned filament straight sections.

Figure 2.7: Example of a broken manometer from ASDEX Upgrade at the
summer opening 2019, failure due to short circuit between the filament and
the control electrode [17].
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e ¥
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Figure 2.8: Example of a broken manometer from ASDEX Upgrade at the
summer opening 2019, failure due to a partly disjointed filament [17].

11
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2.4 Filament design

(a) Ear design (b) Meander design

Figure 2.9: Schemes of the filament designs used in ASDEX gauges.

In the previous section, it was explained how the filament deformation can shorten the
pressure gauge lifespan. The solution to this problem requires finding a stable, creep-
resistant material with a preferably low work function for the filament and a suitable fila-
ment design. There are currently two promising types of filament designs used for ASDEX
pressure gauges, the ear- and the meander filament, which are displayed in fig. (2.9). The
ear shape can be recognized by a single spiral on each side transitioning into the straight
section, which makes the ear filament a 3D-structure. The meander filament on the other
hand has a planar shape, with an arc on each side leading into the straight section at
the center. The need for such complicated designs results from the issue that a portion
of the heat is conducted to the sides of the wire, leading to a temperature gradient in
the filament. An example simulation of such a temperature distribution can be seen in
fig. (2.10) for a tungsten ear filament doped with 2 % ThO, and a wire diameter of 0.8 mm
at a heating current of 20 A.

Temperature (K)

889 995 1100 1205 1310 1415 1521 1626 1731 1836
I e— She— _ I

Figure 2.10: Simulated heat distribution of a tungsten ear filament doped with
2% ThO, and a wire diameter of 0.8 mm at a heating current of 20 A [12].
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To counteract the filament cooling, the wire length has to be high, as more wire leads
to more heat created in the filament. This encourages using filaments with complicated
shapes over simple shapes requiring less wire, like a rectangular filament for example.

The length of the filament wire, measured from one end of the fixation tube to the
other, is approximately 49 mm for the ear shape and 40 mm for the meander shape. It
therefore requires less heating current for the ear filament to reach a certain electron
emission compared to the meander filament. It has to be noted that the full wire forming
the filaments is actually longer than the mentioned values, since a part of the wire is inside
the fixation tube, clamped by a screw perpendicular to the tunnel to hold the filament in
place, as can be seen in fig. (2.1a). However, this is equal for both filament types, so the
difference in wire length remains at approximately 9 mm.



Chapter 3

Filament creep test setup and
procedure

For a detailed experimental comparison of the filament shapes dedicated creep tests were
performed. The objective was to simulate the mechanical stress which the filament would
experience during operation inside a tokamak and observe its deformation. However, it
is difficult and costly to recreate high magnetic fields in a laboratory and maintain them
for long periods of time. Therefore, the Lorentz force is simulated by a weight attached
to the center of the filament, while the filament is heated by the according current. The
mass m of the weight is chosen in such a way that the gravitational force F, matches
the Lorentz force FI, which would act on the straight section of the filament for a given
heating current I,, and a magnetic field B = 8 T, which is the highest field strength the
filaments could be exposed to in ITER. The derivation of the formula for the mass is
given by

F,=F, (3.1)
m'g:Ih'lstr'B
lgr - B
m=-"""1,, (3.3)
g

with g = 9.81 5 being the gravitational acceleration in Munich [21], which is very close to
the Max Planck Institute for Plasma Physics in Garching, the location of the laboratory
in which the creep tests were carried out, and g, = 1 cm the length of the straight section.
To simulate the reversed force direction with the same approach, the filament has to be
operated upside down.

It is shown in [14] that for ear filaments, the stresses in the filament created by the
weight are similar to the stresses which occur for exposure to the according Lorentz force,
even though the continuous force distribution of the Lorentz force is replaced by a force
acting on a single point of the filament. This does not apply to the creep tests of meander
filaments, as the evaluation in chapter 4 shows that the straight section of the filament
bends at the attachment point of the weight. However, the creep tests are still suitable for
simulation of the mechanical stress on a filament in a tokamak, since the weight tends to
cause either similar, or more stress in the filament as it would experience under exposure
to the according Lorentz force. Therefore, if a filament turns out to be stable in the creep
test, it is expected that it will also perform well in a fusion device.

14
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In the following, the implementation of this creep test concept is described. The
filament is mounted on a holder, as shown in fig. (3.1). The base of this setup is formed
by a stable bronze bridge attached to a 40 CF flange. Two copper bars are attached
beneath the bridge using ceramic luster terminals, each of the bars leading to one fixation
of the filament. Additionally, a stainless steel plate is placed on top of the bridge, which
is used as an electrode for measurement of the electron emission of the filament. The
bars and the electrode are connected to vacuum feedthroughs. The vacuum feedthroughs
of the copper bars and the electrode are connected to a special multifunctional power
supply of a custom design, which was previously used for operation of pressure gauges.
This device is able to provide a heating current of up to 30 A while simultaneously holding
the filament at a potential of 70 V. The same power supply also sets the electrode to a
potential of 250 V to attract and collect the emitted electrons by imitating the acceleration
grid potential inside a manometer, which is done to observe the emission behaviour of the
filament. However, the potential in the experiment does not exactly match the potential
inside a manometer, as the distance between the filament straight section and the electrode
is always kept at 8 mm instead of 5 mm, which is the distance between a filament and
the acceleration grid inside a manometer. The enlarged distance in the experiment was
chosen to prevent contact of a deforming filament with the electrode.

(a) Side view of the construction. (b) Front view of the con-
struction.

Figure 3.1: Images showing the central part of the experimental setup. (a)
side view of the holder: The bridge supporting the copper bars below it and
the electrode above, the flanges on which the bridge is mounted and the screw,
which is attached to the filament to serve as a weight. (b) front view of the
holder with the filament and the fixations, the screw, the thin tungsten wire
connecting the weight to the filament and the electrode surface behind the
filament.

The weight used to simulate the mechanical stress is made of a screw with screw nuts
and washers, mainly because of its customizability, and the connection to the filament is
made by a tungsten wire with a diameter in the range of 0.20 — 0.25 mm. It is important
to use thin wires for the connection to minimize its heat conductivity and thus, heat losses
at the center of the filament during a creep test.
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The 40 CF flange is decentrally mounted on a 100 CF flange which is connected to
a vacuum chamber, closing the bridge and all mounted components. The chamber has
only very limited space in vertical direction, which leads to the necessity of the two-flange
system. This setup allows for the bridge to be as high as possible relative to the chamber
walls to leave enough room for the weight, while also being rotatable at the same height,
which is necessary to perform creep tests for both force directions.

In the chamber, a pressure in the range of 10~" mbar to 10~% mbar can be reached and
maintained during a creep test using a turbo pump supported by a backing pump, which
is necessary to prevent oxidation of the filament while it is heated.

Figure 3.2: Photography of the full experimental setup, displaying the vacuum
chamber, the vacuum windows and cameras positioned at the vacuum windows
to record the front and side view of the filament.

The vacuum chamber has three vacuum windows, one in front, one at the side and one
above the filament with each having a rail attached to its edging. Both lower rails each
carry a monochrome camera to capture images of the front and side view of the filament.
The camera recording the front perspective of the filament is a “DMK 37BUX264” camera
from “The Imaging Source” with a resolution of 2448 x 2048 (5 Megapixel), a global shutter
and a 16 bit output format. The camera for the side view is a “DMK 72AUC02” camera
from “The Imaging Source” with a resolution of 2592 x 1944 (5 Megapixel), a rolling
shutter and a 8 bit output format. The top rail holds a “Metis M313” pyrometer from
“Sensortherm”, as shown in fig. (3.2). The Metis M313 can measure the temperature at
a wavelength of 1.27 pm in a circular area with the diameter of 0.3 mm. This wavelength
was chosen as it corresponds to the point at which the temperature-dependent emissivity
curves of tungsten intersect, which allows to set the emissivity € to 0.33 for the temperature
measurements [22]. The cameras take pictures of the heated filament, which are then
processed further to extract information about the deformation. The filament can get
very bright for heating currents above 15 A, which can easily lead to overexposure of the
camera sensors. Therefore the cameras are equipped with 335 — 610 nm bandpass filters
to reduce the illumination intensity on the sensors, as the filament mostly radiates in the
infrared wavelength region.
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For the measurement of the electron signal, a 500 €2 shunt resistor is added in series
to the electrode circuit. Additionally, a 2.0 m§2 shunt resistor is connected in series to the
filament for the measurement of the heating current. The outputs of the shunts are passed
through isolation amplifiers to get a signal relative to ground potential, and in the case
of the 2.0 mf2 shunt, the signal also gets amplified by a factor of 100 to get a signal in the
V range instead of 10mV. This is done to make better use of the voltmeter measuring-
range, which is —35V to +35V, as this improves the accuracy of the heating current
measurement. A detailed list of the used components for the setup of the electronics is
shown in tab. (77).

The majority of the setup is controlled by a python program running on a Raspberry
Pi 4, which is a microcontroller. It controls both cameras, managing their settings and the
camera trigger, and with the help of some additional electronic components from “Tin-
kerforge”, it can also measure the signals from both shunts and activate or deactivate the
power supply using a relay.

The general procedure of a creep test starts by taking three pictures of the front
and the side of the filament while it is not heated, so that the fixations of the filament
are clearly visible. These pictures are used to derive the relationship between distance
in pixels and distance in millimeters at the level of the filament. After that, the camera
settings are optimized for a heated filament and the experiment starts as the power supply
gets activated by the relay. While the filament is heated, the cameras continuously take
pictures every 8s to 15 min, depending on the expected duration of the experiment. At
the same time, the measured signals from the shunts are written into a text file. The
frames are saved in a TIFF-format to keep the bit-depth of the pictures made by the
DMK 37BUX264 camera at 16 bit. All images and text files are simultaneously copied
to the institute servers to secure the data and then, the images are deleted from the
microcontroller to prevent reaching its maximum storage limit. The creep test runs until
the distorted filament shape clearly exceeds the deformation tolerance allowed inside a
manometer. At this point, the experiment is shut down manually.

GI8 ET4N

I [
Far design @l@ @[@

F

Figure 3.3: Schematic showing all tested configurations of filament design,
material and force direction.
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Each filament shape was tested with the G18 and the ET4N material while always
considering both force directions, which adds up to eight measurements in total, as shown
in fig. (3.3). All ear filaments were tested with a heating current of 17 A and a weight of
approximately 140 g, which results from eq. (3.3), and the meander filaments with 18 A
and a weight of about 150 g. The heating currents used for the creep tests were set to those
values to achieve the same central temperature for both filament shapes, as explained in
the following section.



Chapter 4

Evaluation and comparison of
filament creep resistance

In this chapter, important aspects of the experiment evaluation are discussed. First,
the determination of the heating currents for the ear and meander filament creep tests is
shown, followed by an explanation of the image processing, which is used for the evaluation
of the creep tests. After that, the results of the creep tests are presented, followed by a
theoretical determination of the impact of filament wire diameter on its stability.

4.1 Determination of the heating current settings for
filament creep tests

Before the start of the creep tests, two experiments had to be carried out in order to
determine the heating current settings for the ear and the meander filament creep tests.
The idea was to find a suitable setting for one of the filament designs first and then to set
the heating current for the other filament design in such a way that the electron emission
levels from the straight filament sections of both designs are equal, which is necessary to
make the creep tests comparable to each other.

Since the heating current of a filament is constantly regulated by the feedback loop
during manometer operation to ensure a stable electron flux in the manometer, there is
no typical heating current for filaments which could have been used for the creep tests.
Using the feedback loop for the creep tests is also not an option, since it would make the
creep tests not comparable to each other. It could be observed, that the measured electron
signal at the electrode depends on the pressure inside the chamber. When the filament
is first heated, the pressure can change in an unpredictable way to some extend, as the
sudden increase of the filament temperature may cause some particles to dissolve from the
surfaces inside the vacuum chamber. This would also have an unpredictable impact on
the measured electron signal at the electrode and thus, the heating current, if the filament
was operated with an active feedback loop. Since the pressure only changes very slowly
at pressures below 107° mbar, which usually is the pressure range in which the pressure
fluctuates during the start of the measurement, this effect can not be compensated quickly
and may impact the whole measurement. This would make creep tests with an active
feedback loop incomparable to each other.

19
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Since there is no typical heating current value for the filaments, a different approach
is used to determine a suitable heating current. It could be observed in unrelated ex-
periments that sometimes a heating current of 15 A was already sufficient for manometer
operation. Therefore, the idea was to observe the emission behaviour of a filament for dif-
ferent heating currents to determine a heating current with the criteria, that the emission
level for the chosen heating current has to be clearly higher than the electron emission
at a heating current of 15 A. This criterion is chosen since it favors a higher load in the
creep test compared to the mechanical stress inside a tokamak rather than the other way
around. This is the better of the two options, since in such case, a filament showing
a good creep resistance in the creep test can also be expected to perform well inside a
tokamak.

Once the heating current of one filament design is known, the heating current of the
other filament design is determined using the criterion, that the electron emission levels
of both filament straight sections have to be equal. Since the electrode in the setup does
detect electrons emitted from the whole filament and not only from the straight section,
the measured electron signal cannot be used for the implementation of this approach.
Instead, the temperature of the straight section center of both filaments is matched, since
equal temperatures in the wire have to lead to a similar emission behaviour of the filaments
for the same material.

4.1.1 Identification of the heating current setting for meander
filaments

12 4
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Figure 4.1: Measured electron signal of a G18 meander filament for a gradually
increasing heating current. Strong rise of the electron signal at a heating
current of 18 A (circled in red).

As an implementation of the previously described approach to determine a suitable heating
current, a G18 meander filament was inserted into the setup without any weight attached
to it and was first heated for about 17h by a heating current of 20 A. This was done to
stabilize the electron emission of the filament, since the electron signal was observed to
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change drastically in the first hours of heating. After this commissioning of the filament,
the heating current was lowered to 0 A and then increased in 1A steps to observe the
emission response of the filament. The results are shown in fig. (4.1).

It can be seen that the measured electron emission current stays at 0 A for heating
currents up to 14 A. At 15 A, the first small response can be seen and for higher currents,
the measured emission increases steeply.

The main objective of this measurement was to determine the heating current which
will be used for the creep test of meander filaments with the main decision criterion being
an electron emission clearly higher than the electron emission at 15A. This was given
for a heating current of 18 A, which was therefore chosen for the creep tests of meander
filaments.

4.1.2 Identification of the heating current setting for ear fila-
ments

To determine the heating current for ear filament creep tests, a G18 ear filament was
mounted to the bridge without a weight. A pyrometer was fixed to the top rail of the
setup and was adjusted until it focused on the center of the filament. Then, the filament
was heated with a current of 20 A until the temperature stabilized. After that, the heating
current was reduced in 1 A steps while noting the temperature of the filament until the
pyrometer did no longer receive enough radiation to measure the temperature. The same
experiment was repeated for a G18 meander filament. The results are shown in fig. (4.2).
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Figure 4.2: G18 Ear and meander filament temperature (7%a;, Tieander) depend-
ing on the heating current. Meander filament temperature level at 1952.9°C
for a heating current of 18 A and according heating current of 17.24 A to reach
the same temperature in the center of an ear filament.

It can be seen that for both filaments, the temperature response shows a linear de-
pendence for high currents. For lower temperatures, however, the curve is not linear,
indicating that the decrease in temperature is higher for a given reduction of current.
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The curves have an approximately constant temperature offset relative to each other,
which results from the difference in filament wire length.

To determine the appropriate heating current for the ear filaments, a horizontal line
is added at the temperature level of the meander filament for a heating current of 18 A,
as its intersection with the ear filament curve shows at which heating current the same
temperature was reached in the ear filament. As can be seen in fig. (4.2), the intersection
leads to a heating current of about 17.24 A. However, a heating current of 17 A was chosen
for the creep test, due to an additional observation made in the experiment: During the
adjustment of the pyrometer for the measurement, it sometimes focused on areas on
the outer regions of the filament straight sections. It could be observed that for the
ear filaments, the outer regions are at a slightly higher temperature than its center,
which is most likely related to the spirals. For meander filaments, no such behaviour
was noticed during pyrometer adjustment, therefore the center is expected to be the
hottest region. Consequently, to better match the temperature levels of the whole filament
straight sections, the heating current of the ear filament was lowered to 17 A.

It has to be mentioned that the pyrometer had a tendency to be more inaccurate for
lower filament temperatures, as the measured temperature would not fully stabilize at
one value. However, this did only occur outside the linear dependency region, therefore
at least the data from heating currents above 13 A should be reliable. There are no data
points below 7 A since the pyrometer could not pick up enough radiation to measure the
temperature.
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4.2 Image processing for creep tests

During a creep test, the deformation of the filament is recorded from a front and side per-
spective. The frames of these recordings constitute the main raw data obtained from the
experiment. In this section, the evaluation principle of the filament pictures is explained.

4.2.1 Image calibration

A 409.0 pixels, 0.14° (409 x 1)

Figure 4.3: Picture of the filament fixation width measurement with GIMP,
showing the cursors and the respective pixel distance determined by the pro-
gram.

The first step of the evaluation is to determine the relationship between the number of
pixels and the according distance in mm in the layer of the filament. For that, the calibra-
tion images are used, in which the filament is not heated and therefore the surroundings
are visible. The filament fixations are used as reference objects, as they have a cylindrical
shape with a known diameter of 6 mm. The fixation width in the image is measured using
GIMP, since this program has a feature which can tell the distance in pixels between two
points marked on the image, as shown in fig. (4.3). To reduce the error of the calibration,
the measurement is performed for three pictures and the results are then averaged. This
is done for each perspective separately.

A typical value of the average fixation width for the front view is 408.9 pixels. The
standard deviation from the average fixation width is normally below 1 pixel. Even if an
error of 1 pixel is used, the conversion of distances in pixels y,, into distances in millimeter

Ymm results in
6 mm _
Ymm = G059 W0 = (14.67 £ 0.04) - 10 mm - y,, (4.1)
whereby the error of the conversion value resulted from the gaussian error propagation. It
can be seen that the uncertainty of the conversion value is only in the fourth digit. This

shows that using three calibration pictures is sufficient for an accurate calibration.



24 4. Evaluation and comparison of filament creep resistance

4.2.2 Filament tracking technique

Once the calibration is finished, the recordings are evaluated by a dedicated image analy-
sis algorithm implemented in Python, which I have developed for this thesis. The general
functionality of the algorithm is described in the following.

The frames are read in using the “tifffile” library. The first step of the algorithm
is a preparation of the images which mainly removes reflections on the components of
the setup from the image. For that, the program divides all pixels in the image into two
different categories. One category is dark pixels, which are pixels with a brightness smaller
than a certain percentage of the maximum possible brightness. These pixels resemble the
background in the picture. All pixels falling into this category are set to a brightness value
of 0, which turned out to be helpful for later steps of the algorithm. The other category
are bright pixels, which are pixels with a brightness higher than the given percentage
of the maximum possible brightness. These pixels resemble the glowing sections of the
filament. The percentages used for the program were set to 10 % for ear filaments and
20 % for the meander filaments, as these settings turned out to work the best for the
program. The program then searches for groups of pixels, which are connected pixels of
one category. If the number of pixels in the group is smaller than a user defined threshold,
the brightness of the pixels is set to 0 when it is a group of white pixels, or to the average
of the pixel brightness of the group-surrounding pixels when it is a group of white pixels.
After this preparation of the images, different algorithms are applied depending on the
filament design and the perspective being analyzed.
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(a) Determination of the straight sec- (b) Determination of the straight sec-
tion region of an ear filament. tion region of a meander filament.

Figure 4.4: Images visualizing the programs approach for determining the
horizontal region, in which the filament straight section can be found. The
filament areas which are used as a reference for the determination are marked
in red and the horizontal region borders in blue. (a) shows the process for
an ear filament, where the average center in each spiral defines the border
location, and (b) for a meander filament, where the borders are placed at a
certain distance away from the arc transitions.

For the front view, the program first determines the left and right boundary in hor-
izontal dimension, in which the straight section of the filament is tracked later. If it is
analyzing images of an ear filament, it uses the spirals to define the boundaries. Using the
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previously discussed categorization of pixel brightness, the program can find the spirals
of the ear filaments in the picture. The spirals are the only regions in the picture, were
dark pixel groups are fully surrounded by bright pixels. Once the spirals are found, the
program goes through each line of the picture region where the spiral is located. For each
line, it searches for the left-most and right-most point of the dark pixel group, which is
surrounded by the spiral. From the left-most and right-most point, the algorithm calcu-
lates the center of each dark pixel group line. At the end, the calculated center positions
of each line are averaged, which results in a coordinate resembling the horizontal position
of the spiral center. The horizontal coordinates of each spiral center are used as the left
and right boundary in horizontal dimension, in which the straight section of the filament
is tracked, since at those positions, the straight section starts to transition into the spi-
rals. The general working principle of this part of the algorithm is illustrated in fig. (4.4a).

For the meander filament, first, the left-most and right-most point of the filament is
determined. From that, the horizontal position of the filament center is calculated. Then,
the program searches the highest point of the filament for the left and the right half of
the filament. These two points resemble the highest point of each arc in the filament.
After that, the program goes through each column of the image between the horizontal
coordinate of the arc and the filament center. It searches for the column with the highest
number of bright pixels, which then defines the horizontal coordinate of the transition
from the arc of the filament to the straight section. It is important to limit this search
between the horizontal coordinate of the highest point of the arc and the filament center,
since otherwise the program could erroneously define the outer regions of the filament as
the transitions from the arc to the straight section. After the horizontal coordinates of the
transitions from the arc to the straight section are found, the distance between them is
calculated. The distance is divided by four and then rounded to an integer. Finally, this
result is added on the horizontal position of the left arc and subtracted from the position
of the right arc. The resulting coordinates are defined as the left and right boundary in
horizontal dimension, in which the straight section of the filament is tracked. The general
working principle of this part of the algorithm is illustrated in fig. (4.4b).

The distance between the left and right boundary is the half of the distance between
the horizontal coordinate of the left and right transition from the arc to the straight
section. This proportion was chosen since during the creep tests, the straight section of
meander filaments sometimes bent at the attachment point of the mass, which causes the
arcs of the filament to get closer to each other. It had to be made sure that the actual
horizontal region in which the straight section of the filament can be found does not get
smaller than the measurement region.

At this point of the analysis, the actual tracking of the filament straight section starts.
The general idea of the tracking process is the generation of a shape resembling the straight
section of the filament, followed by a rating of the shape with a score, based on how well
it fits the image. The shape is continuously adjusted until the score is maximized. When
the program finished the evaluation of one frame and continues with the next, it uses
the previously adjusted shape as a basis for the current frame. For the first image of the
evaluation, it starts with a rectangular shape, since the filament should not have yet been
deformed significantly.
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Figure 4.5: Illustration of the analysis algorithm working principle. The line,
resulting from averaging the lower and upper border of the fitting shape is
shown in yellow. The left-hand region, in which the vertical positions of the
points in the yellow line are averaged is shown in red, the central region in
green and the right-hand region in blue.

When the best fitting shape for one frame is found, the program calculates the average
between the lower and upper border of the shape, which results in a line, as can be seen
in fig. (4.5). The vertical coordinates of the points in the line are then averaged at the
left center and right. The regions, in which the vertical positions are averaged, have a
horizontal width of 50. These measurement regions are also shown in fig. (4.5).
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Figure 4.6: Example video frame of a meander filament front view evaluation
for a downwards force direction, created by the program for verification of
the evaluation process. On the left, the images of the deforming filament are
shown with the red, green and blue column marking the area in which the
average position of the straight filament section is calculated and the yellow
lines showing the tracking of the filament straight section by the program.
The right-hand side shows the temporal evolution of the height change, with
the red, green and blue curve representing the height change of the filament
straight section in the respective column shown on the left.
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After that, each vertical coordinate is subtracted from the vertical coordinate of the
center in the first image of the measurement, the difference of these points therefore
represents the deviation of the filament straight section from its original position. This
difference is converted to a unit of mm using the conversion determined in the calibration
and then written into a text file. Additionally, the program creates a video showing
each frame of the experiment, the shape which the program fitted to the image, the
measurement positions and the development of the height change over time plot. This is
done to ensure that the evaluation performed correctly. An example frame of such a video
is shown in fig. (4.6) for the evaluation of a meander filament creep test with a downwards
force direction.
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Figure 4.7: Example video frame of an ear side view evaluation with an up-
wards force direction, created by the program for verification of the evaluation
process. On the left, the images of the deforming filament are shown with the
blue lines marking the left-most and right-most point of the filament. The right
side shows the temporal evolution of the width-change, which is the difference
between the right-most and left-most point of the filament.

The evaluation of the side perspective uses a much simpler approach, since there is no
trackable object such as the straight section in the front perspective. Thus, the evaluation
idea is to simply record the left-most and right-most point of the filament. The subtraction
of their horizontal coordinates represents the width change of the filament, which is also
converted to the unit of mm and written into a text file. As in the evaluation of the
front view, the program also generates a video showing the evaluation process of the side
perspective, marking the left-most and right most-point in the frames and showing the
development of the width-change over time plot. An example frame of such a video is
shown in fig. (4.7) for the evaluation of an ear filament creep test with an upwards force
direction.
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4.3 Determination of filament stability in creep tests

In this section, all important aspects of the creep test results are shown and discussed.
First, the filaments are ranked based on their resistance to creep processes and afterwards,
noteworthy observations during the creep tests are presented and discussed. The full
evaluation of each individual creep test is presented in appendix A.

The filament performances are compared to each other by determining the time t4
required to reach a 1 mm deviation of the filament straight section from its original posi-
tion. This is the maximum deformation tolerance inside a manometer, since at this point,
a significant portion of the emitted electrons will hit the control electrode, leading to an
increase of the heating current due to the feedback loop, as was described in section 2.3.
Since the filament straight section did not always keep its shape during a creep test, the
comparison was done using the first point reaching the 1 mm threshold. The best combi-
nation of filament design, material and force direction was the meander filament with a
downwards force direction, since this configuration required the longest time to reach the
threshold. The ranking can be seen in tab. (4.1). Additionally, tab. (4.1) includes the de-
formation time for a 4 mm deviation to show the further development of the deformation
processes.

Table 4.1: Ranking of the creep resistance for all combinations of filament shape, material
and force direction, sorted after the deformation time ¢4 for a 1 mm height change.

Design Material Force direction t4 (1mm) ¢4 (4mm)

Meander  ET4N down 7.5h 8.0d
Meander G18 down 49.5 min 16.7h
Meander  ET4N up 20.8 min 23.6 min
Meander G18 up 16.8 min 40.0 min
Ear ET4N up 2.4 min 13.8 min
Ear G18 up 28s 5.5 min
Ear ET4N down 16 1.6 min
Ear G18 down 14s 3.2min

From the ranking shown in tab. (4.1), a few different tendencies can be deduced. One
outcome was that all of the meander filaments performed better than the ear filaments,
regardless of material or force direction. All ET4N filaments performed better than their
G18 counterparts for the deformation threshold of 1 mm, but in most cases only to a
small degree. No general dependency on the wire material could be found for the 4 mm
deformation threshold. For the best configuration, which is the meander filament with a
downwards force direction, the ET4N wire performed significantly better with a deforma-
tion time of ¢4 (1 mm) = 7.5h, which is by a factor of 9 larger than its G18 counterpart
with a deformation time of ¢4 (1 mm) = 49.5min. Another noteworthy tendency is that
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the creep resistance of ear filaments is better for an upwards force direction than for a
downwards force direction and for meander filaments it is the other way around.
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Figure 4.8: Comparison of all filament creep test evaluations, showing the
temporal development of the absolute value of the height change in the center
of each filament. (a) shows the first 5 minutes of all creep tests, (b) the first
hour, (c) the first five hours and (d) the full temporal development of all
measurements.

Some of these observations can be explained by examining the stresses acting on the
filament shapes for given force directions with the help of fig. (4.8), where all deformation
processes are shown. The ear filaments always experience a torque from the Lorentz force
induced by a homogeneous magnetic field, which is a consequence of their 3D structure.
The meander filaments can also experience torque for an upwards force direction, as shown
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in fig. (4.9). The major problem of the torque is that it causes the filaments to “unfold”,
which in some cases reinforces the torque further. The reinforcement occurs when a
section of the filament is representing a lever and is oriented increasingly perpendicular to
the Lorentz force as the filament deforms. This cycle causes the filaments to fail quickly
once a torque starts acting on them. The torque reinforcement cycle can be seen most
clearly in fig. (4.8b) for meander filaments with an upwards force direction.

o

Figure 4.9: Side view of a meander filament exposed to an upwards force
direction, showing the unfolding of the filament which causes torsion stresses
on the arcs of the filament. The affected regions are marked blue and the
simulated Lorentz force in red.

Since the meander filament has a planar shape, there is initially no significant torque
acting on the filament. However, this situation is unstable, as once the filament straight
section moves out of the plane, even if only to a very small degree, it leads to torque acting
on the arcs of the meander filament, causing the filament to unfold as shown in fig. (4.9)
and thus leading to a torque reinforcement cycle. It can be seen in fig. (4.8b) that the
deformation rate of the meander filaments is slow at the beginning of the measurement
and starts to increase rapidly at about 20 min. At this point, the straight section of the
filament moved out of the plane enough to start the torque reinforcement cycle. The
deformation continues until a height change between 3.5 mm to 4 mm is reached, at which
the torque reinforcement cycle ends, since the lever section of the filament is perpendicular
to the force and therefore the torque is at its maximum. After this point is reached in
the deformation process, the deformation starts to decrease again, as the lever section of
the filament gets increasingly parallel to the force. Once the lever section of the filament
is mostly parallel to the force, the deformation slows down to a similar rate as in the
beginning of the measurement. The ear filament experiences the torque reinforcement
cycle for a downwards force direction. It can be seen in fig. (4.10b) that the lower region
of the spiral experiences major torque, as the transition from the spirals to the straight
section of the filament represents the lever section of the filament. Therefore, a similar
deformation behaviour as for the meander filaments with an upwards force direction is
expected. However, the torque reinforcement cycle was interrupted by the occurrence of
a short circuit in one of the spirals. The short circuit reduced the filament resistance and
thus, its heating and therefore the deformation rate. When the contact worsened, the
deformation rate increased again. This leads to the step-like temporal development of the
ear filament deformation for downwards force direction, which can be seen in fig. (4.8a).
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(a) Upwards force direction. (b) Downwards force direction.

Figure 4.10: Unfolding process of ear filaments shown for (a) a upwards and
(b) an downwards force direction. The filament regions experiencing the major
torque are marked in blue and the applied force direction in red.

The ear filament does also unfold for an upwards force direction, as can be seen in
fig. (4.10a). However, the torque reinforcement cycle did not occur for this configuration,
as can be seen in fig. (4.8a). This is most likely due to the fact that for the upwards-facing
force, the whole spiral is pulled apart, leading to two regions of each spiral experiencing
a torsion stress. Consequently, the stress is distributed to two points of the spiral. This
leads to a more complicated deformation process, which cannot be described with the
torque reinforcement cycle.

The distribution of the stress to two points of the spiral most likely also explains
the observation of a better stability of ear filaments with an upwards force direction
compared to the ear filaments with a downwards force direction, visible in tab. (4.1). The
main reason explaining the higher creep resistance of meander filaments with an upwards
force direction compared to the ear filaments is that the planar shape delays the start
of torque reinforcement cycle, since the cycle only starts once the filament deviated from
its planar shape. Therefore, the deformation rate of the meander filaments is slow in the
first minutes, while the deformation rate of the ear filaments is at its highest at the start,
as can be seen in fig. (4.8b), which leads to the better performance of meander filaments
with upwards force direction compared to ear filaments.

The only shape and force direction which do not suffer from torque reinforcement
cycles are meander filaments with a downwards force direction. For this configuration,
the filaments stay planar for the whole measurement, as can be seen in fig. (4.11). This
explains the observation that the meander filaments with a downwards force direction
stand out significantly in terms of their creep resistance.

When examining the difference in creep resistance for the G18 and ET4N wires, it can
be seen that the deformation time t4 (1 mm) of the ET4N filaments was higher, but in
most cases only to a small degree. However, some of the G18 filaments performed better
for the 4 mm threshold. Only for meander filaments with a downwards force direction, the
ET4N filament showed a by far superior creep resistance to the G18 filament. This was
also the configuration where no significant torsion stresses appeared during deformation.

The comparison of the filament creep resistance for the G18 and ET4N material there-
fore leads to the conclusion that the non-sag property of ET4N is very effective if no torsion
stresses are involved.
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Ear filaments Meander filaments

G18, upwards
force direction

ET4N, upwards
force direction

G18, downwards
force direction

ET4N, downwards
force direction

)
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Figure 4.11: Final frame of the front and side view for all creep tests.

Apart from the ranking of the filaments, another surprising observation could be made
during the evaluation of the creep tests. When comparing the deformation process of G18
and ET4N filaments with equal shape and force direction, the process was usually similar,
with the only difference being the duration of the deformation process. This can be seen
in fig. (4.11), where the final frames of the front and side view is shown for all creep
tests. The meander filaments with an upwards force direction show a small difference in
their straight section, but the major deformation process, which was the unfolding of the
filament, was similar for both creep tests.

(a) Final deformed shape of the  (b) Final deformed shape of the
G18 meander filament. ET4N meander filament.

Figure 4.12: Deformed shape of (a) the G18 and (b) the ET4N meander fil-
ament at the 4mm deformation threshold, with the most deformed regions
marked in red.
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However, the deformation processes of meander filaments with a downwards force
direction were not as similar, it could be observed that different regions suffered more from
deformation, depending on the filament material. This can be seen in fig. (4.12), where
the deformed shapes of the G18 and ET4N meander filament at the 4 mm deformation
threshold are shown and the most deformed regions of each filament are marked.

The central region of the G18 filament, reaching from one arc to the other, deformed
the most, which was expected since this region is at higher temperatures than the sides of
the filament. It can be seen that the arcs of the filament lost their original shape and the
region between the straight section and the arcs was straightened to some extend. For the
ET4N filament, however, the arcs and the transitions between the arcs and the straight
section were only deformed slightly. Instead, the sides of the filament curved inwards far
more than it is the case for the G18 filament. This is surprising, as the outer filament
regions are at a lower temperature and are therefore expected to be more robust than the
filament center which is at a very high temperature. It is speculated that these deviations
in the deformation process might be caused by a different reaction of the materials to the
manufacturing (=bending) of the filament. This idea is based on the observation that the
arcs and the transitions to the straight region of the filament are those areas which had
to be bent during filament manufacturing to form the meander shape from an initially
straight wire. These are also the regions which mostly kept their shape in the ET4N
filament, which raises the assumption that the bending of the ET4N wire might have
caused some structural changes in those regions, making them more resistant to creep
processes than the other regions in the wire.
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4.4 Impact of wire diameter on the creep resistance
of filaments

To complete the evaluation of the filament stability, the impact of the wire diameter on
the resistance to creep processes is discussed. The objective is to make an estimation,
whether an increase of filament wire diameter will improve or worsen the filament stability.
To estimate the impact of the wire diameter, changes in wire stability and heating current
are taken into account. It is important to consider changes in the heating current, since
it is proportional to the Lorentz force acting on the filament.

The forces acting on a wire usually scale with 1/A, where A = 0.257 - d? is the
cross-sectional area of the wire and d the wire diameter. This would translate to a d?
improvement of the wire strength. In ref. [18], an even stronger dependency of d* is
expected for the wire strength. The impact of the wire diameter on the heating current
is derived in the following.

The filament heating can be described by the formula for resistive heating

Q=R-I} (4.2)

with Q being the heat input per unit time, R the wire resistance and [}, the heating
current. The resistance of the wire is given by

l 41
=ra=roe

where p is the specific resistance, which is a material constant and [ the wire length. The
condition under which the wire diameters are compared is an equal temperature distri-
bution in the filament, as this corresponds to a comparable electron emission behaviour
of the filament surfaces. This condition can be translated to a requirement of a constant
heating dQ per wire surface area dS = 7 - d - dl when assuming that the heat dissipation
to the sides of the filament does not change significantly. The requirement of a constant
heating per wire surface can be written as

(4.3)

v _ g, = “h T 4.4
R B TR & (4.4)
Rearranging eq. (4.4) results in a d3 dependency
s 1 dQ
LD \/ p dS i (4:5)

of the heating current, which is necessary to deliver a constant heat flux through the wire
surface for a given wire diameter. Using eq. (4.5), the Lorentz force Fj, acting on the
straight section of the filament with the length [y, for a given magnetic field B can be

calculated to
T 1 dQ

Fi == 14 -B-y/= =—<.
D p dS

Njw

ds (4.6)

The stability of the filament is therefore expected to improve at least with a d2 depen-
dency, since the wire strength is expected to improve at least with d?, while the Lorentz
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force rises only with d. For the wire strength improvement of d® which is expected in
ref. [18], the stability of the filament increases with a d2 dependency.

It has to be mentioned that eq. (4.5) is only an approximation, since the wire resis-
tance also depends on its temperature, which is not considered in this derivation. Also,
the heat dissipation to the sides of the filament was assumed to be constant, which might
not be entirely accurate. Another important aspect is that demanding a constant heating
per wire surface area does not correspond to an equal electron emission, since a larger
surface area improves the emission for constant dQ /dS. Consequently, if the filaments are
compared at an equal electron emission, the heating current should actually be slightly
smaller than the value given by eq. (4.5) for increasing wire diameters, which leads to
a smaller Lorentz force than expected. This further supports the expectation of an im-
proved filament stability for larger wire diameters. However, the highest inaccuracy of the
derivation comes from the estimation of the wire stability, as the consideration of the force
scaling does not include the filament shapes. Additionally, changes in the microscopical
structure of the wires due to the change in diameter are not considered.

The calculation leads to the conclusion, that an increase in wire diameter is expected
to improve the filament stability. This offers a route to a comparably simple modification
towards a more robust setup.



Chapter 5

Summary and conclusion

In this study, we investigated the long term stability of hot cathode ionization manometers
with a linear cathode arrangement. The filament of this type of manometer has to be
orientated perpendicularly to the magnetic field, which can reach up to 8 T in ITER. This
leads to strong mechanical stresses on the filament due to the Lorentz force. Combined
with the high temperatures of the filament, these stresses lead to a deformation of the
filament due to creep processes, eventually causing a manometer malfunction, which was
investigated in detail in dedicated laboratory tests.

In these experiments, the Lorentz force was simulated by a weight attached to the
center of the filament, whereby the mass is chosen in such a way that the gravitational
force matches the Lorentz force which would act on the straight section of the filament.
The creep tests were performed for the ear and meander filament design. Each design was
tested for both force directions and for two different materials, G18, which is tungsten
doped with 1.8 % ThO,, and ET4N, which is tungsten doped with 0.4 % ThO, and 70 ppm
potassium. The addition of potassium to the tungsten wire gives it a non-sag property,
meaning a higher resistance to creep processes.

The main observations were that all ear filaments performed worse than any of the
meander filaments. The meander filaments with a downwards force direction showed a
by far superior resistance to creep processes. This configuration prevents the occurrence
of torque, which was a major advantage to the other configurations, since the torque
led to an unfolding of the filaments, which in some cases reinforced the torque further.
Regarding the difference of the filament creep resistance for the G18 and ET4N filaments,
ET4N filaments performed better compared to G18 filaments for small deformations. For
the meander filaments with a downwards force direction, the non-sag property of ET4N
stood out significantly, as the deformation time was larger than the deformation time of
its G18 counterpart by a factor of 9.

The results lead to the final conclusion that the filament design combined with the
Lorentz force direction should always prevent the torque reinforcement cycle, which is
given for the meander filaments with a downwards force direction. This should also be
considered for possible future filament designs. As for the material, the ET4N wire proved
to be very resistant to creep processes when no torsion stresses were involved.

The consequence for ITER and other fusion experiments is that, if no superior filament
designs are found, the manometers should be equipped with ET4N meander filaments and
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a filament wire diameter larger than 0.6 mm. These filaments have to be operated with a
heating current direction leading to a downwards-facing Lorentz force on the filament.

In future research on the filaments, dedicated measurements will be repeated several
times to test the reproducibility of the deformation processes. Additionally, the depen-
dence of the filament stability on the wire diameter will be experimentally verified and an
ideal wire diameter for the filaments will be determined. An analysis of the microscopical
structure of the filament materials might be helpful to understand the underlying pro-
cesses of filament deformation. In further experiments, the connection between heating
current, filament temperature and electron emission will be examined, allowing for the
evaluation of a critical temperature for creep onset.
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Appendix A

creep test evaluations

In this section of the appendix, the full evaluation of each creep test is presented. First,
the evaluation of the ear filament creep tests are shown, followed by the meander filament
creep test evaluation. The evaluation of the creep tests with downwards force direction
is always shown first. For each of these configurations, the evaluation of the creep tests
with G18 filaments is presented first, followed by the evaluation of the creep tests with
ET4N filaments.

A.1 (18 ear filament, downwards force
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Figure A.1: Evaluation of the front view of a G18 ear filament creep test with
a downwards force direction. Height change of the left region of the straight
filament section in red, height change in the center in green and height change
on the right-hand side in blue.
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Figure A.2: Evaluation of the side view of a G18 ear filament creep test with
a downwards force direction. The blue curve shows the width change of the
filament. Large change in filament width due to unfolding of the filament.
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A.2 ET4N ear filament, downwards force
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Figure A.3: Evaluation of the front view of an ET4N ear filament creep test
with a downwards force direction.
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Figure A.4: Evaluation of the side view of an ET4N ear filament creep test
with a downwards force direction.



A.3 G18 ear filament, upwards force

A.3 (18 ear filament, upwards force
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Figure A.5: Evaluation of the front view of a G18 ear filament creep test with
an upwards force direction.
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Figure A.6: Evaluation of the side view of a G18 ear filament creep test with
an upwards force direction. The blue curve shows the width change of the
filament.
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A.4 ET4N ear filament, upwards force
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Figure A.7: Evaluation of the front view of an ET4N ear filament creep test
with an upwards force direction.
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Figure A.8: Evaluation of the side view of an ET4N ear filament creep test
with an upwards force direction.



A.5 G18 meander filament, downwards force

A.5 (18 meander filament, downwards force
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Figure A.9: Evaluation of the front view of a G18 meander filament creep test
with a downwards force direction.
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Figure A.10: Evaluation of the side view of a G18 meander filament creep test
with a downwards force direction. Almost no change in filament width, the
filament keeps its planar shape. The maximal resolution of the evaluation is
visible, as the distance between two pixels corresponds to 11 pm.
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A.6 ET4N meander filament, downwards force
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Figure A.11: Evaluation of the front view of an ET4N meander filament creep
test with a downwards force direction.
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Figure A.12: Evaluation of the side view of an ET4N meander filament creep
test with a downwards force direction.



A.7 G18 meander filament, upwards force

A.7 (18 meander filament, upwards force
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Figure A.13: Evaluation of the front view of a G18 meander filament creep
test with an upwards force direction.
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Figure A.14: Evaluation of the side view of a G18 meander filament creep test
with an upwards force direction.
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A.8 ET4N meander filament, upwards force

—0— Al (t)
—0— Ahccn‘ccr (t)
61 —o— Ahright (t)

0 10 20 30 40 50 60 70 80
t (min)

Figure A.15: Evaluation of the front view of an ET4N meander filament creep
test with an upwards force direction. Torque reinforcement cycle visible in the
first 20 min to 30 min of the experiment.
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Figure A.16: Evaluation of the side view of an ET4N meander filament creep
test with upwards force direction. Torque reinforcement cycle visible in the
first 20 min to 30 min of the experiment. Large increase in filament width in
approximately the first 24 min, followed by a large decrease of the filament
width. The peak marks the point, at which the cycle ends.
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