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Abstract
Present day fusion experiments such as TJ-II or NSTX use lithium and boron
getter films to improve plasma performance, e.g. lower impurity content or improved fuelling control [1, 2]. The chemistry of Li/O/D boundaries has been
studied in-situ at the Lithium Tokamak Experiment [3]. More recently, a similar assessment was made of B/C/O/D complexes in the National Spherical
Torus Experiment [4]. In TJ-II, a combination of both coatings is presently
used to extend the lifetime of the very reactive Li films. However, the synergies between B(C) and Li layers, and the effects of film homogeneity or glow
discharge cleanings on the getter properties are not fully understood. Prior
experience with B(C)/Li coatings is limited to a single oxygen uptake trial
conducted by Toyoda et al. in 1997 [5]. A series of conceptual experiments
was therefore initiated to gain greater insight on the properties of B(C)/Li
films and further extend the effect of this conditioning strategy on the performance of fusion plasmas. In our experiments, 100 nm thick B(C) depositions
are created by decomposing o-carborane molecules in a helium plasma. A
retractable lithium-infused capillary porous system is heated to superimpose
layers of variable mass and homogeneity. The net-uptake of oxygen (or deuterium) can be followed by a mass-spectrometer calibrated against gas-flow
meters. Upon saturation of the oxidation (or deuteration) process, the O:Li
(D:Li) ratio quantifies the uptake of oxygen (or deuterium) in the wall.
This paper reports on the gettering ability of B(C)/Li walls exposed to
residual gases, neutral oxygen (deuterium) or He/O2 (He/D2 ) plasmas. The results show unexpected features of the Li films deposited on top of a B(C) layer,
clearly pointing to a complex interaction among the constituents (B/C/Li),
the residual water vapor, oxygen or deuterium. An example of these is the decreased neutral oxygen uptake in these films (O:Li < 0.1) as compared to the
pure lithium case (O:Li = 0.4 ± 0.1). The plasma oxygen gettering of B(C)/Li
nevertheless remains as high as pure lithium hinting at a very different surface
behavior with practical consequences for fusion operations. In addition, the
gettering properties of oxygen-saturated B(C)/Li are seemingly reactivated by
helium discharge cleanings as opposed to simple lithium. Further experiments
aimed at disentangling the complex chemistry implied in the interaction of
B(C)/Li films with oxygen and deuterium plasmas are under way.
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Chapter 1
Introduction
In a most profound sense, humankind’s quality of life depends on an acceptable
response to a continually rising demand for energy – G. van Oost in [6]

1.1
1.1.1

Magnetic fusion overview
Fusion for energy

Fusion energy is not the immediate solution to modern society’s dilemma
among economical growth, sustainability and non-proliferation of the nuclear
arsenal. It took an entire generation of scientists to unravel the physics needed
to design, build and operate a reactor. Yet another generation will be needed
to connect the first pilot plants to the grid. Assuming technical viability and
an infinite market pull, Lopes-Cardoso et al. simulated the fastest route to
commercial fusion based on the historical development of several energy technologies. They conclude that fusion could reach 100 GW of installed power by
2070 and impact the world energy system by the turn of century [7, 8, 9]. Available alternatives are limited to renewable energies and GenIV fission reactors,
optimized for passive security, minimal radwaste and proliferation resistance
[10, 11]. Averaging over various models, a six-fold increase in energy production is expected by 2100, 70 % of which would be generated by non-carbon
sources [12, 13]. At any rate, fossil fuels will run out and society will face
an energetic dead-end. An order of magnitude leap in energy return on investment will become necessary, comparable to the beginning of agriculture or
the invention of the internal combustion engine [14]. In this scenario, fusion
becomes ineluctable.
Inside the Sun or down on Earth, a fusion reaction needs nuclei with enough
kinetic energy to overcome their mutual repulsion. The reaction with lowest
requirements peaks at energies about 20 keV:
2
1H

+31 H →42 He +10 n + 17M eV

(1.1)

At these elevated temperatures matter exists in the plasma state: a globally
neutral melange of ions and electrons. The most promising approach to con5
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trolled fusion uses large conductors to create a magnetic bottle, exploiting the
tendency of charged particles to follow magnetic field lines. The technology
gap is now being bridged as the next-step devices, such as ITER, SPARC or
CFETR, are set to demonstrate the basic features of a power plant [15, 16, 17].
The principles of magnetic confinement are outlined in the next section.

1.1.2

Magnetic confinement

Since declassification of fusion research in the 1950s, magnetic fusion machines
known as tokamaks have been investigated worldwide [18, 19]. Tokamaks use
the transformer effect to confine hot plasmas within a toroidal chamber. The
working principle of the tokamak is illustrated in Fig. 1.1.

Figure 1.1: Schematic of the tokamak, a toroidal chamber with magnetic coils
confining and heating plasma by transformer effect to achieve controlled fusion.
A current ramp through the inner poloidal field coils (PFC) drives current in the
plasma. The plasma current generates nested poloidal field lines. Simultaneously,
the toroidal field coils produce a very large magnetic field on the torus axis. The
superposition of poloidal and toroidal components results in a helical field. The
helical field lines provide closed paths for ions and electrons over which the charge
separation effect of the outboard-inboard magnetic gradient is balanced. Additional
PFCs can be added to control plasma position and fine-tune the magnetic topology.
Diagram taken from the EUROFUSION website [20].

At the heart of the machine, a current ramp through the inner poloidal
field coils (primary) drives current in the plasma (secondary) by transformer
effect [21]. The plasma current induces magnetic field lines in the poloidal
direction. Meanwhile the toroidal field coils, placed around the vessel, produce
a very large magnetic field on the torus axis. The superposition of toroidal

1.2 Plasma-wall interaction and performance
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and poloidal field components results in a helical field. The helical magnetic
field lines provide closed paths for ions and electrons over which the charge
separation effect of the outboard-inboard magnetic gradient is balanced [19].
Stellarators like TJ-II take one step further to bridle the plasma. In these
optimized tokamaks, the confinement field is tailored by design and fully
controlled by the coils. The net-current is minimized suppressing magnetohydrodynamic activity [6]. As opposed to tokamaks, stellarators are steadystate devices and do not suffer from abrupt terminations of the plasma known
as disruptions. However, stellarators are significantly harder to design (full 3D simulations) and build (nonstandard geometries, sub-millimeter tolerances).
For this reason, tokamaks remain the workhorse of magnetic fusion research.

1.2

Plasma-wall interaction and performance

The Scrape-Off Layer: where heavenly plasmas meet the earthly world of solids
and liquids – G. DeTemmerman, PSI 2018.
In tokamaks and stellarators, the core region is characterized by closed magnetic field lines over which plasma is confined and heated to achieve fusion.
As ions and electrons follow the magnetic field, random collisions have them
drift slowly out of the core region. The last closed flux surface (LCFS) marks
the onset of the scrape-off layer, where field lines intercept the material walls
of the machine. High performance devices like ITER use an additional set of
divertor coils to define these regions; see Fig. 1.2. Smaller experiments such as
TJ-II are operated in a limiter configuration, i.e. physical components touching the plasma. As a consequence of the magnetic field structure, plasma-wall
interaction (PWI) is concentrated at specific locations known as the targets.
The targets are generally made of low-activation materials with high melting
points and low sputtering yields, such as carbon or tungsten [19]. Self-healing
liquid metal surfaces (Li, LiSn, etc.) are also considered an attractive solution
for future devices [22, 23, 24].
The consequences of plasma-wall interaction depend on plasma-facing component (PFC) design, especially material choices. From the standpoint of a
reactor, PFC erosion by the plasma leads to more maintenance, thus lower
availability and poor economical attractiveness [6]. However, in present generation experiments, the most pressing concerns regard the effects of the wall
on plasma performance, primarily:
• The release of impurities, leading to radiation losses (line radiation,
bremsstrahlung and cyclotron radiation all proportional to the impurity
content of the plasma).
• The recycling of cold hydrogen particles, leading to momentum losses
and complicated fueling schemes.

8
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Figure 1.2: Basic scheme of the Scrape Off Layer, the region ouside the last
closed flux surface (LCFS), where plasma contacts the physical boundary of the
machine. As a consequence of the magnetic topology, plasma-wall interaction (PWI)
is concentrated at the limiter or divertor targets - plasma facing surfaces specifically
designed to withstand an intense bombardment of heat and particles.

1.2.1

Plasma impurities and performance

Within any plasma, atoms continuously ionize and recombine. Electronic transitions happen between bound-bound, free-bound and free-free energy levels,
releasing corresponding amounts of energy in the form of radiation. Three
mechanisms are distinguished on a phenomenological basis:
• Line radiation, resulting from bound-bound transitions between wellknown energy levels, is detected as discreet emission peaks.
• Bremsstrahlung (breaking radiation), resulting from free-bound and freefree transitions as ions deflect free-ranging electrons, is detected as a
continuous signal over all frequencies.
• Cyclotron and synchrotron radiation (magneto-bremsstrahlung), resulting from free-free transitions as free ranging electrons are accelerated over
cyclotron and toroidal orbits, also contribute to the continuous signal.
The average radiation losses from an impurity species have been described by
Wesson as a function of the ion (nI ) and electron (ne ) densities and a radiation
parameter (R), dependent on the electron temperature (Te ) [19]:
SR = ne nI R

(1.2)

Values of R for common impurity species are shown in Fig. 1.3.a, where lowZ elements are shown to radiate the most at low temperatures i.e. during
the startup phase of a discharge or in the edge (Te . 100 eV). As low-Z

1.2 Plasma-wall interaction and performance
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impurities reach the core region (Te ∼ 10 keV) they are fully stripped of their
electrons and continuous radiation becomes the dominant mechanism. High-Z
impurities are much more pernicious: never entirely stripped of their electrons
they continue to emit line radiation, even in the core. Since line radiation is
the dominant power loss over most of the temperature range of interest, the
presence of high-Z impurities should be kept as low as possible at all times
[19, 25]. Fig. 1.3.b provides a clear illustration of this. As shown in this
plot, the tolerable impurity concentration for a particular species drastically
decreases with atomic number.

Figure 1.3: Radiation parameter for common impurities as a function of the electron temperature (a). The “bumps” correspond to dominant line emission peaks.
The monotonous increase on the high-temperature end correspond to fully stripped
ions emitting continuum radiation. The core electron temperatures of the TJ-II
and W7-X stellarators are indicated for reference. Fractional impurity content to
produce 10 % loss of the total power (b). Figure adapted from [19].

The effective atomic number is a useful definition to gauge the impurity
content of a plasma. This quantity is a form of weighted average related to the
atomic number and concentration of the ionic species present in the plasma:
Zef f

P 2
Z ni
= Pi i
i Zi ni

(1.3)

The explicit dependence of Zef f on the electron and ion densities as well as the
atomic number (Zi ) is clarified by the quasi-neutral condition
P of hot plasmas,
i.e. ions are considered fully stripped of their electrons i Zi ni = ne , and
therefore:
P
Zef f =

Zi2 ni
ne

i

(1.4)

Rather than expressing a clear physical concept, Zef f was defined by convenience as it appears in several plasma physics formulas [26]. For instance, the

10
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power losses due bremsstrahlung are directly related to Zef f and the electron
plasma temperature (Te ) by:
2
2 1/2
SB = 5.35 × 10−37 × Zef
f ne Te

(1.5)

Oxygen-rich molecules such as water, oxygen gas, carbon monoxide or carbon dioxide are omnipresent in Earth’s atmosphere and therefore represent
a significant fraction of the species in the residual gas. Metallic alloys used
as first wall materials also contain large amounts of oxygen which can be extracted by the plasma. This particular class of impurity also possess a rich
chemistry with fusion fuel (hydrogen) and first wall materials such as carbon
or tungsten, thus deserving special attention.

1.2.2

Low-recycling walls and plasma performance

Fuel recycling refers to the adsorption, absorption and re-emission processes
of hydrogen (deuterium or tritium) particles at the plasma-material boundary.
The recycling coefficient is defined as the ratio between the returning and
incident flux:
<=

Γreturning
Γincident

(1.6)

In conventional fusion reactors, a high-recycling boundary (< ∼ 1) is needed to
control radioactive inventories and the tritium breeding ratio [6]. Conversely,
in fusion experiments, low-recycling walls (<  1) offer many advantages:
• Simplified fueling and density control: the release of cold hydrogen particles from the walls, also known as wall-fueling, can complicate operations
at multiple levels, e.g. the use of a neutral beam injector for heating [27].
In tokamaks, poor density control can lead to disruptions when crossing
the Greenwald density limit [28].
• Mitigation of momentum losses and smoothed temperature gradients:
cold fuel particles are retained in the walls largely suppressing temperature gradient driven instabilities.
Illustrating these facts, the TFTR supershots (50 % increase in energy confinement time) and the more recent observation of a flat temperature profile in the
Lithium Tokamak Experiment have been attributed to low-recycling boundary conditions [29, 30]. At the time of these observations, both experiments
featured extensive lithium wall coverage (> 80 %). Lithium coatings are part
of a broad category of wall-conditioning techniques leveraging the ability of
certain materials, known as getters, to retain oxygen and hydrogen as stable
compounds. The most common wall-conditioning techniques used in fusion
are reviewed in the next section, with examples from TJ-II.

1.3 Wall-conditioning in the TJ-II stellarator

1.3
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1.3.1

The TJ-II flexible heliac

In spite of its name, the Tokamak of the Junta II (TJ-II) is a first-of-its-kind
four-period heliac (R = 1.5 m, a < 0.23 m, Bϕ < 1.2 T) operated by the
National Fusion Laboratory in CIEMAT, which supplanted the Spanish Nuclear Energy Junta in 1986. Heliacs are stellarators built with strictly circular
coils. Helical flux surfaces are achieved by spiraling the toroidal field coils
around a horizontal coil [6]. The TJ-II device can produce 250 ms plasmas
every 7 minutes. Its configuration is regarded as flexible, useful to study the
effects of plasma volume, shape and shear on plasma stability and confinement [31]. In neutral beam heated discharges, spontaneous transitions to a
high-confinement mode have been observed comparable to the tokamak L-H
transition i.e. reduced edge emissions, a sheared poloidal electric field, and an
increase in plasma density and energy in concomitance with ELM-like activity1
[27]. TJ-II offers in addition plenty of space for diagnostics [32].

Figure 1.4: A magnetic field cross section (left) and schematic of the TJ-II magnet
system (right). TJ-II is built of strictly circular coils. Helical flux surfaces are
achieved by spiraling the toroidal field coils around a horizontal coil [6]. The device
is operated by the Spanish National Fusion Laboratory. Figure adapted from [6].

Early discharges were greatly hindered by wall fueling and impurities due to the
close coupling between vast inner-walls (∼ 15 m2 ) and a small plasma volume
(< 1.4 m3 ). On the one hand, poor density control imposed a hard stability
limit on the central electron density in electron-cyclotron resonance heated
plasmas (ne0 < 1.7 × 1013 cm3 ). On the other hand, nested magnetic surfaces
and residual impurities generated runaway electrons during plasma initiation.
These fast electrons produced X-rays, impeding reproducible discharges and
interfering with diagnostic systems [33, 34]. Wall-conditioning strategies were
rapidly deployed to face these limitations.
1

Edge localized modes (ELM) are fast transients which can carry up to 15% of the stored
energy out of the plasma.
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1.3.2

Baking

The simplest wall-conditioning approach consists in heating the vacuum vessel
to a few hundred degrees in order to release and pump out volatile species like
water and light hydrocarbons. This technique, known as baking, is commonly
applied following a shut-down during which the machine is vented to air.

Figure 1.5: Total pressure in the TJ-II chamber during the last baking experiment
shown alongside the wall temperature ramp. The rise in pressure, due to the release
of volatile species, is rapidly compensated by the vacuum system.

A baking system was implemented on TJ-II in 1999. The later addition
of glass windows on the machine - sensitive to thermal expansion - precluded
further uses. The total pressure of the TJ-II chamber during one of the baking
experiments is shown in Fig. 1.5 alongside the wall temperature ramp. The
rise in pressure, due to the release of volatile species, is rapidly compensated
by the vacuum system.

1.3.3

Discharge cleaning

Another widespread technique consists in knocking contaminants off the walls
by physical and chemical sputtering using cold2 glow discharge cleaning plasmas (GDC). For example, a helium and an argon GDC are shown in Fig. 1.6. In
our experiments and TJ-II, one or multiple anodes are biased to a high voltage
with respect to the vessel, acting as the cathode3 . At a fixed distance between
electrodes, Paschen’s curve sets the pressure and voltage needed to start the
plasma [35]. Cleaning discharges can also be excited with electron-cyclotron
and ion-cyclotron resonant waves. This approach is being investigated for
long-pulse (superconducting) devices like ITER or W7-X, where continuous
operation of the magnet system precludes DC discharge cleaning [36, 37].
2

A cold plasma is characterized by a large number of neutrals and very distinct ion and
electron temperatures (Te  Ti).
3
This electrode configuration is also known as a hollow cathode.

1.3 Wall-conditioning in the TJ-II stellarator
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Figure 1.6: Helium (green) and argon (purple) glow discharge from our experiment. Ions accelerated in the potential drop, between a high-voltage anode (150-200
VDC) and the grounded cylindrical vacuum vessel erode the walls. The sputtered
material is removed by the pumping system.

The choice of pressure, current and ionic composition for discharge cleanings depends on the application. In our experiments, pure-helium discharges
proved very effective to extract hydrogen from the walls. Meanwhile H2 /He
GDCs offered enhanced chemical sputtering of boron-carbon films, otherwise
extremely difficult to remove from stainless-steel, as described by Tafalla et
al. [1]. Hollow cathode discharges were also used to create boron-carbon films
by plasma assisted chemical vapor deposition, and to perform oxidations or
hydrogenations, as we will explain in Chapter 2.

1.3.4

Lithium and boron coatings

A reduction of the recycling coefficient was achieved in TJ-II under lithium and
boron-coated walls, greatly extending the operational range of the machine.
Long lasting density control, reduced fluctuation levels and record plasma energy contents were measured, consequence of a low-recycling boundary [27, 33].
Lithium and boron are getters - materials employed to maintain and improve
vacuum due to a high solubility of residual gas particles [38]. Li, B, Si, Ti and
Be are getter materials used in fusion devices as they tend to form strongly
bound oxides as well as oxygen-hydrogen complexes (hydrides, hydroxides but
also metastable states) [3, 4]. Boron is the most popular choice, largely due to
1. a good oxygen collection ability driving down line radiation,
2. a good thermal stability,
3. lesser chemical and physical sputtering compared to untreated surfaces,
4. and a lower overall fuel recycling [4].

14

1. Introduction

Boronization procedures most often rely on the plasma assisted chemical vapor deposition (PACVD) of a borane or carborane. The boron-rich gas, seeded
in a hollow cathode discharge, decomposes into small fragments. Ionized by
electron impact and accelerated into the plasma sheath the fragments condense on the walls. Diborane (B2 D6 ) is an extremely hazardous gas used
in devices like W7-X that require high-purity boron layers [39]. The deposition is often followed by a helium glow discharge to out-gas hydrogen.
Experiments like NSTX, where carbon is already present, employ the more
benign deuterated-trimethylboron to produce in B(C) depositions [4]. Orthocarborane (C2 H12 B10 ) PACVD is used in TJ-II and the COMPASS tokamak
[1, 33, 40]. At standard temperature and pressure, o-carborane is a stable
white crystal, mildly hazardous if swallowed or in contact with the skin. The
safety data sheet indicates that the material is flammable but this did not
concern routine handling [41]. As an added benefit, o-carborane is nearly five
times cheaper than deuterated-trimethylboron or diborane (∼500 EUR/g).
At a lower Zef f contribution, lithium has getter properties similar to boron.
A broad range of in-vessel applications contributes to the attractiveness of this
material, including the pacing and suppression of edge-localized modes and
the vapor shielding of heat and particles fluxes at the target [42, 43]. Pure
lithium is commercially available in many forms, notably solid rods, granules
and powders. The most common lithiumization technique consists in evaporating lithium from an oven; e.g. Fig. 1.7. A similar approach is adopted in LTX
where lithium pools are evaporated using an electron gun [30]. More sophisticated piezo-electric granule droppers have been used in NSTX, EAST and
DIII-D for gradual conditioning and real-time powder injection [44, 45, 46]. A
boron powder injector was also recently tested on W7-X [47]. In TJ-II, solid
lithium rods are sometimes introduced in the vacuum chamber and heated.
Prominent candidates for liquid-metal targets, capillary porous systems (CPS)
used as lithium evaporators offer interesting R&D synergies.
The behavior or Li/O/H and B/C/O/H complexes with respect to oxidation and hydrogenation is well described in literature. In-situ experiments
have even been performed in the edge of NSTX and the Lithium Tokamak Experiment (LTX); see [3, 4, 48] and references therein. Nearly twenty years ago,
Toyoda et al reported an instance of reduced oxygen gas uptake in co-deposited
B(C)/Li as compared to pure lithium [5]. To the best of our knowledge, no
further attempt was made to understand the behavior of B(C)/Li films with
respect to oxidation or hydrogen uptake. More recently, an underlying B(C)
coating has been used in TJ-II to extend the lifetime of the very reactive
Li films. A series of conceptual experiments was thereafter proposed to gain
greater insight on the properties of B(C)/Li films and further extend the effect
of this conditioning strategy on the performance of fusion plasmas. Lithium
films, with and without an underlying boron layer, were exposed to oxygen and
deuterium neutral gas and plasmas. The experimental setup and procedures,
developed as part of this work, are described in the next chapter.

1.4 Relevant issues addressed
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Figure 1.7: Lithium oven (left) and a capillary porous system (right) used to create
quantifiable lithium depositions. The capillary porous system is a thermoresistive
cartridge wrapped in a stainless steel mesh. A wick is added to draw lithium from
an oven, allowing in-vacuo refill of the CPS. The development of this novel technique
for lithiumization is described in Section 2.2

1.4

Relevant issues addressed

The work described in this paper addresses the characterization of B(C)/Li
coatings with respect to oxygen and deuterium uptake. More specifically we
will attempt to clarify the following issues of interest to the development effective wall-conditioning strategies in magnetic fusion experiments:
1. How does the oxygen uptake and deuterium retention in B(C)/Li films
differ from pure lithium coatings?
2. Is it possible to recover the gettering ability of Li and B(C)/Li films by
discharge cleaning?
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Chapter 2
Experimental setup
2.1

Vacuum systems

All experiments are conducted in the cylindrical vacuum vessel (50 cm in
height, 17 cm in radius) shown in Fig. 2.1. The inner walls of the chamber are
stainless-steel and have an active area of approximately 7500 cm2 . The active
area is estimated from the observed coverage of the depositions as an indicator
of plasma-wall interaction. The chamber is evacuated from below by a Varian
TV-301 molecular pump1 backed by a Pfeiffer-Balzers DUO-016 rotary vane
pump. A pair of MKS 179 mass-flow controllers (MFC) is connected in series
to inject O2 , D2 , H2 , He and Ar into the system. Three subsystems are used
to produce and diagnose Li and B(C)/Li coatings:
• The “lithium gate valve” (LiGV) isolates the wetting chamber, where a
capillary porous system (Fig. 1.7) is infused with lithium. Moved into
the main vessel, the CPS is heated to evaporate lithium onto the walls.
The number of atoms evaporated in this process is estimated from the
vapor pressure of a free lithium surface, as explained in Section 2.2.
• The “boron gate valve” (BGV) sets apart an oven where o-carborane
crystals (C2 H12 B10 ) are sublimated. Diffusing into the main vessel, the
gaseous carborane decomposes in a low-pressure low-current plasma and
condenses as a B(C) film.
• Angle valves AV1 and AV2 provide a dual connection to a Stanford Research Systems RGA-200 quadrupole mass-spectrometer (QMS). During
lithiumization, boronization and oxidation experiments, AV1 is opened
and AV2 is closed. The connection is strangled and differentially pumped
allowing the QMS to sample a medium vacuum (10−1 to 3 × 10 3 Pa).
Film-ageing experiments require that AV2 be opened and AV1 be closed.
The QMS can then examine the high vacuum (10−1 to 10−7 Pa) unhindered by condensation.
1

Nominal base pressure 2× 10−8 Pa and pumping speed 220 l/s.
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Figure 2.1: Photograph of the setup built for conceptual wall-conditioning experiments. The test chamber is a cylindrical stainless-steel vacuum vessel (height = 50
cm, radius = 17 cm). The lithium gate valve (LiGV) isolates the wetting chamber,
where a capillary porous system (CPS) is prepared for lithiumization. The boron
gate valve (BGV) sets apart an oven where o-carborane crystals are evaporated into
the main chamber for boronization. Angle valve AV1 and AV2 provide a dual connection to the main vessel for residual gas analysis or plasma mass-spectrometry.
Differential pumping is provided for the lithium and boron systems, and for the
mass spectrometer used to measure oxygen and hydrogen uptakes.

The lithiumization and boronization procedures are detailed in Section 2.2
and Section 2.3, respectively. Section 2.4 elaborates on total and partial pressure diagnostics emphasizing measurements of the oxygen and hydrogen net
flux through the chamber. An integral of the net-flux with respect to its equilibrium value yields the Li or B(C)/Li film uptake. An additional diagnostic
port alternatively hosts a quartz-crystal microbalance to study the deposition
processes, or a Langmuir probe to measure the sheath potential. Preliminary
ex-situ secondary-ion mass spectrometry and stylus profilometry were eventually performed to further characterize the depositions.

2.2
2.2.1

Lithiumization by capillary porous systems
Evaporator design and implementation

With aims to create lithium films in a fast and reproducible way, we developed
a lithiumization technique based on a capillary porous system (CPS). The CPS
is a Watlow FIREROD J2A82-L12 cartridge heater wrapped in a fine metallic
mesh [49]. In between the mesh and the cartridge, a thermocouple follows the
temperature maximum, where most of the evaporation takes place. The CPS
is refilled with lithium from an oven, previously shown in Fig. 1.7. In the temperature range of 450 to 550 ◦ C capillary action overcomes gravity, imbibing
the mesh with liquid metal in a process known as wetting; see [50, 51] and references therein. Early versions of the CPS - meant to study liquid-metals for
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plasma facing components - had a tungsten mesh and were dipped vertically
into the oven. Wetting took place in a separate vessel; the CPS was then transported through air and plugged directly to the test chamber. This approach
compromised lithium integrity during transport and meant that evaporation
could only be performed once, as the CPS would be exposed to considerable
amounts of oxygen and hydrogen during the trials. In later versions, wetting
is performed horizontally by adding a wick to draw lithium from the oven; see
Fig. 2.2. The wick also improves wetting and locks the thermocouple in place
by compression. This innovation was only possible after replacing the brittle tungsten mesh with flexible stainless steel. In the final setup the wetting
chamber is coupled to the main vessel by a gate valve, shielding the CPS from
oxygen and hydrogen exposure. This arrangement warrants pure lithium films
and allows multiple experiments to be performed in the same day.

Figure 2.2: CAD rendering of the wetting chamber coupled to the main vessel.
A vertical manipulator is used to position the oven for in-vacuo refilling of the
capillary porous system (CPS). Using a horizontal manipulator, the CPS is moved
past the gate valve to evaporate lithium onto the walls of the main vessel.

2.2.2

Evaporation procedure

Lithiumization is systematically performed by applying 65 W of ohmic power2
to the capillary porous system described in Section 2.2.1. The CPS is heated
up to a predefined temperature at which the power input is stopped (500 ◦ C in
the reference case). The CPS is swiftly retracted when the temperature reaches
400 ◦ C, where the evaporation rate is already 50 times smaller than its value
at 500 ◦ C. This choice was made to minimize the time between conditioning
and experiments. A step-by-step procedure can be found in Appendix B.1.
2

The ohmic power is simply P = I2 R. Measurements were performed to verify that R did
not change with temperature up to 600 ◦ C.
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2.2.3

Lithium film homogeneity

Initial tests of the lithiumization system used a quartz-crystal microbalance
(QMB) to record the rate of deposition as the evaporator is moved along the
axis of the cylinder. In these trials, the microbalance is facing the movable
evaporator at a distance of 14 cm. A maximum evaporation rate is found when
the middle of the CPS is directly above the QMB. Even at the tip and bottom
of the CPS, without direct heating, the evaporation rate is 90% of its peak
value. This observation suggests that the effect of the cartridge temperature
gradient on evaporation can be disregarded in first approximation.
Notwithstanding, a finite element model is used to clarify the combined
effects of heating, conduction, radiation and evaporation losses over the thermal cycle of the CPS. A preliminary 2-D axis-symmetric model programmed
in ANSYS considers a constant ohmic heating of 65 W applied to the nickelchromium cables of the cartridge. Conduction is allowed between the cables,
the MgO insulator, the alloy 800 jacket and the overlaying lithium but the
stainless steel mesh is omitted for simplicity. Radiation to the vacuum surrounding is considered but evaporation losses are disregarded for simplicity.
While the cool-down time greatly differs from the experiment, the heating
phase is very close to the observed behavior of the system. Shown in Fig. 2.3,
the quick homogenization of lithium surface temperature during heating supports the assumption of a negligible cartridge temperature gradient.

Figure 2.3: Normalized lithium surface temperature along the cartridge. The
temperature distribution is shown to flatten at peak values above 300 ◦ C.

The deposition rate - averaged every centimeter and normalized to the
peak value - is plotted in Fig. 2.4 for several helium background pressures.
According to the mean-free path calculations compiled in Appendix A, a 600 ◦ C
lithium atom in a helium background pressure of 0.3 Pa will suffer at least one
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collision before condensing on the microbalance. At helium pressures greater
than or equal to 0.7 Pa transport should therefore be diffusive, evidenced by a
flattened deposition profile and resulting in a homogeneous coating. However,
experiments performed at 1.3 Pa (5 collisions over 14 cm) show no flattening
of the deposition profile. Evaporation experiments in NSTX clearly observed
diffusive transport when the average number of collisions between the source
and the QMB exceeded forty [52]. This points to a broader transition region
with dynamics still largely ballistic at 1.3 Pa.

Figure 2.4: Normalized deposition rate at several helium background pressures
measured by a quartz-crystal microbalance (QMB) as the CPS evaporator is moved
along the axis of the test chamber. The deposition rate is above 90% along the
cartridge and decays rapidly a few centimeters away from the tip and bottom. This
behavior was observed irrespective of the background pressure over the range of 0
to 1.3 Pa. Note: the cartridge used for this test is longer but otherwise identical to
the one considered in experiments and simulations.

The mean free path required for homogenization is technically achievable in
our experiments. Indeed, forty collisions over 14 centimeters require a helium
pressure of ∼15 Pa, which remains an order in magnitude below the operational
limit of the turbo molecular pump. However, as further experiments could
not be afforded, the effects of lithium-film homogeneity are not discussed in
this work. As a final remark, we note after venting that the white lithiumcarbonate (Li2 CO3 ) extends well-beyond the expected range of lithium. This
suggests a redistribution of the top layer during plasma exposures and supports
the treatment of this coating as a homogeneous lithium film spread over the
entire active area of the main vessel.
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2.2.4

Li film stoichiometry

A simple equation derived by Langmuir relates the vapor pressure to the number of particles evaporated from a free surface per unit time [53, 54]
pv − pa
Γevap (T ) = p
2πmLi kb (T + 273.15)

(2.1)

where pa is the ambient pressure over the surface in Pa, mLi is the mass of a particle in kg, and T is the surface temperature in degrees Celsius. Temperaturedependent vapor pressure curves pv (T) have been measured for lithium. These
curves are typically fit to an Arrhenius-type functional form:
log(pv ) = AT −1 + Blog(T ) + CT 2 + DT + E.

(2.2)

Figure 2.5: Lithium evaporation rate over the operational range of the evaporator, calculated from equations 2.1 and 2.2 using the coefficients provided by Honig
(Γevap,1 , solid blue) and Oyarzabal (Γevap,2 , dashed red). Γevap,1 is at least 60%
larger than Γevap,2 over the temperature range of interest.

For liquid lithium, the work of Honig and Kramer recommends A = -18880,
B = -0.4942, C = D = 0 and E = 26.89 [55]. These values are well-established
and frequently found in literature. A smaller set of coefficients, put forward
by Oyarzabal et al, indicates A = -18759, B = C = D = 0 and E = 22.89. The
number of atoms calculated by these numbers is in good agreement with stoichiometry trials performed in our laboratory [56]. The two sets of coefficients
are compared in Fig. 2.5, where the corresponding rates of evaporation are
plotted against temperature over the operational range of the CPS. The two
expressions given for pv essentially differ by a linear term resulting in particle
fluxes 1.5 to 2 times larger using the values provided by Honig. With this in
mind, the first set of coefficients is retained for direct comparison with [54, 48].
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Integration of equation 2.1 over the surface of the CPS yields the total
number particles evaporated per unit time at a given temperature, where f(z)
is the lithium surface temperature distribution normalized to the peak value.
Given the time trace of the CPS lithium temperature, an additional time
integral yields the number of atoms in the coating:
Z

tf

Z

2π

Z

l

Γevap (T · f (z)) dz dθ dt

NLi =
ti

0

(2.3)

0

As a model calculation, consider the integration of the equation 2.3 for
the thermal cycle featured in Fig. 2.6. Based on the arguments presented in
Section 2.2.3, we will work under the assumption that the evaporating lithium
is thermal equilibrium i.e. f(z) = 1. An integration is performed from ti , when
the power input is set to 65 W, to tf , when the CPS is retracted (i.e. T =
400 ◦ C). The choice of ti is needed for consistency with the assumption of a
flat temperature distribution3 . This choice seldom affects the final result since
the evaporation rate is marginal under 300 ◦ C; c.f. Fig. 2.5. Assuming no
losses, the lithium deposition comprises 1.55×1021 atoms corresponding to an
approximate4 thickness of 42 nm.

Figure 2.6: Thermal cycle of the CPS evaporator measured by the thermocouple.
Integration of equation 2.3 over the highlighted range yields a total of 1.55×1021
lithium atoms. As explained in the text, integration starts when the CPS reaches
300 ◦ C for consistency between the finite element model and the data. Integration
stops when the CPS is retracted behind the gate valve.

3

In an attempt to develop a phase transition model for the same calculations low power
inputs were used to resolve the melting plateau, yet all cycles applied 65 W beyond 300 ◦ C.
4
The molar mass of lithium is 6.491 g/mol. Its solid density is 0.534 g/cm3 .

24

2. Experimental setup

2.3

Boronization with o-carborane

2.3.1

Boronization procedure

The boronization system is a four-way cross wrapped in thermo-resistive cable
and covered by a felt mantle for thermal insulation. This carborane oven
is mounted halfway along the axis of the test chamber. Boron-carbon films
are formed following the plasma-assisted chemical vapor deposition (PACVD)
process illustrated in Fig. 2.7, based on the TJ-II procedure described in [33].
1. Filled from the top with 215 mg of o-carborane crystals (C2 B10 H12 ),
2. the oven is evacuated to balance the pressure in the test chamber.
3. By heating the oven (60 to 120 ◦ C) the crystals sublimate into
4. a helium discharge (0.5 Pa, 0.3 A/m2 ) and break down into light boranes and hydrocarbons. Ionized by electron-neutral collisions, the small
fragments are accelerated to the walls forming a B(C) coating.

Figure 2.7: Illustration of the boronization process. The oven is filled with 215 mg
of carborane crystals (1) and evacuated (2). The o-carborane is evaporated into the
test chamber (3) and fragmented by a hollow cathode discharge. Small fragments
are ionized and accelerated to the walls forming a B(C) coating.
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Fig. 2.8 presents the partial pressures of several atomic and molecular
species commonly observed during wall conditioning: here a boronization followed by a lithiumization. At t = 2 min, the boron gate valve is opened.
Large carborane fragments (mass 70 and 40) register on the mass spectrometer. Principles of mass spectrometry are presented in Section 2.4. A table of
common species, their mass-to-charge ratio and possible sources is provided
in Appendix C. At t = 3 min, a peak in helium (mass 4) signals the start of
the plasma. Large carborane fragments vanish from the mass spectrum as the
hydrogen (mass 2) signal rises, consistent with the formation of a B(C) film
and H2 gas. Mass 40 is observed to rise and fall with mass 2 suggesting a codeposition of propyne (C3 H4 ) and smaller carborane fragments. The gradual
recovery of the initial hydrogen pressure at t ≈ 15 min is used as an indicator
of carborane depletion. After the plasma is turned off, carborane fragments
are usually absent from the mass spectrum. The case of Fig. 2.8 features leftovers, requiring a plasma restart at t = 20 min. On plasma stop, at t = 22
min, carborane-related signals have completely vanished. Following boronization, simultaneaous nitrogen (mass 28) and hydrogen peaks correspond to the
insertion and retraction of the lithium evaporator (a small air leak at the joint
of the manual actuator). Between the peaks, a rise and fall of mass 2 and mass
4 can be associated to phisisorbed hydrogen and helium displaced by lithium.

Figure 2.8: Partial pressures of several species observed during boronization and
lithiumization. Boronization is carried out in helium (m4). Lithiumization can be
identified by a pair of simultaneous nitrogen (m28) and hydrogen (m2) peaks corresponding to the insertion and retraction of the evaporator. Detailed explanations
are given in the text. Markers are only added to help black and white prints.

A step-by-step procedure for boronization is included in Appendix B.2.
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2.3.2

Boron-carbon film characteristics

Plasma assisted chemical vapor depositions are used across industries to create thin layers from a wide range of materials [35]. Film characteristics are
sensitive to the procedure, particularly to plasma parameters [33]. Without
detailed X-ray photo-electron spectroscopy analysis or a quartz micro-balance5
the description of B(C) films in terms of thickness, homogeneity and stoichiometry is rather complicated. For one thing plasmas will erode material from the
walls which can co-deposit with boron and carbon. Current density excursions, pumping losses, partial cracking of the parent molecule and operational
discontinuities (e.g. plasma collapse or current density excursions) are other
common factors that can modify the resulting film.
In TJ-II, boronizations are performed using 4 ovens and electrodes, evenly
distributed around the machine. 50 nm-thick B(C) films are routinely obtained with strong inhomogeneities mostly due to current density gradients
and the twisted vessel geometry [33]. While B(C) film homogeneity is beyond
the scope of this project, ex-situ stylus profilometry of Si samples can provide
a first-order characterization. Whereas the cylindrical geometry of our vessel
should expectedly to produce regular films, large variations in thickness are
observed on the length scale of a few tens of microns. A thickness of 80 ± 50
nm is determined from repeated measurements at the edge of an area which
was covered during the deposition. This estimation is in agreement with stoichiometric calculations assuming no losses and a homogeneous layer of boron
and carbon atoms. Indeed, 0.215 g of C2 B10 H12 (144 g/mol) contain 0.161 g
of boron (10.811 g/mol) and 0.037 g of carbon (12.0107 g/mol). Considering
the solid density of boron (2.37 g/cm3 ) and carbon (2.27 g/cm3 ) we arrive at
an estimated layer thickness of 120 nm. In the light of our measurements, this
value provides a verisimilar estimate; about 3 times the lithium thickness.

2.4
2.4.1

Pressure-based diagnostics
Total pressure measurements

During pump-out, wall-conditioning or oxidation experiments, the total pressure (> 10−1 Pa) is recorded by a Leybold CTR-100N capacitance diaphragm
gauge. A diaphragm gauge perceives pressure as a change in the capacitance
of a plate capacitor: one electrode is fixed, the other is a flexible membrane
in contact with the sampled volume [38]. Between experiments, the high vacuum (< 10−1 Pa) is monitored by a Varian type-563 Bayard-Alpert ionization
gauge. The working principle of this detector is straightforward: electrons
accelerated from a hot filament (cathode) ionize the gas in which the system
is immersed. The ions thus formed are attracted to a collecting electrode,
5

X ray photo-electron spectroscopy is a quantitative technique (available in CIEMAT
but highly solicited!) probing the chemical nature of a deposition. The microbalance, on
the other hand, was relinquished due to the added complications of operating in a plasma.
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negatively biased with respect to the cathode. In a given arrangement, the
ion current to the collector is proportional to the gas density, and thus the
pressure. Hot-cathode gauges are typically calibrated for nitrogen (air) with
an upper limit of 2 × 10−1 Pa above which a shorter mean free path restricts
the ions from the collector and uncontrollable discharges can compromise the
instrument [38]. At high pressures, the power dissipation by conduction also
prevents the system from keeping the required filament heating power.

2.4.2

Partial pressure measurements

Quadrupole mass-spectrometers (QMS) provide a qualitative and quantitative
measurement of the species present in a gas or plasma. The working principle
is essentially that of an ionization gauge with the addition of a mass/charge
selector before the anode; see Fig. 2.9. The quadrupole separation system
consists of 4 parallel electrodes forming a cylindrical channel of radius r0 .
Opposing rods are identically charged with opposite polarities between the
pairs. The superposition of a direct (U) and a fast-oscillating (V) potential
generates an oscillatory or parabolic trajectory depending on the ion inertia (I
= mass/charge). Interpretations of the mass spectra commonly assume that
the vast majority of ions produced by the cathode are single-ionized.

Figure 2.9: Schematic of a quadrupole mass spectrometer. The ion source and focusing plates are like an ionization gauge. A mass-charge selector is added before the
detector to filter the ionic species of interest. Signal intensity is then proportional
to the species density, hence to the partial pressure. Figure taken from [38].

From a phenomenological point of view, the positively charged electrodes
act as a high-pass filter: the sum U and V results in a minimum value of I
for which the ion amplitude of oscillation is less than r0 , allowing the particle
to reach the collector. Conversely, the negatively biased electrodes act as a
low-pass filter: the sum of U and V results in a maximum value of I for which
the oscillations induced by V are sufficient to prevent the neutralization of the
ion at the quadrupole electrodes. Therefore, given U and V, the quadrupole
separation system operates as a band-pass filter.
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Mass spectrometers measure partial pressures proportional to the relative
(e.g. to N2 ) ionization probability of a gas and a geometry factor representing
an ion’s path from the source to the collector. These values are calibrated
against fast gauges like those presented Section 2.4.1. The SRS RGA-200
electronics, used throughout the experiments, have built-in calibration factors
for most common gases. Partial pressure measurements inform on residual
gas levels before and after plasma or neutral gas exposures. For a proper
assessment, the QMS port is equipped with a direct connection to the chamber
via AV2. However, values registered by the QMS during experiments are
distorted by the reducing gasket used at AV1 to down sample the medium
vacuum (e.g. mass flow effect and condensation). In these conditions, the
QMS readings do not translate directly into partial pressures. To overcome
this limitation, an alternative calibration is introduced in Section 2.4.3.

2.4.3

Net-flux measurements

Exposed to oxygen, getter-materials such as lithium or boron act as particle
sinks by forming oxides and hydroxides (e.g. Li2 O, Li2 O2 and LiOH). The oxidized walls can also release oxygen, carbon monoxide and carbon dioxide when
exposed to a plasma [3]. More generally, the oxygen flux through the main
chamber is the sum of the inputs (mass flow controllers), outputs (pumps),
cracking (in a plasma or at the source of an ion gauge) and the flux captured
or released by the walls:
φO2 = φin − φout ± φwall ± φcracking

(2.4)

In steady state (φcracking = φwall = 0), the relation between φO2 and the oxygen
partial pressure (p) is linear throughout the medium to high vacuum range.
The pumping (s) and background signal (b) are readily obtained from a fit of
the spectrometer signal by varying the neutral gas input:
φO2 ,sat = φin − φout = s × p + b

(2.5)

This approach is applicable to any non-reactive gas mixture and does not
depend on the composition of the wall (stainless steel, passivized boron or
lithium). Table 2.1 provides values of s and b used for O2 , H2 and D2 . While
pumping changes from one gas to another, the background is typically a small
correction. A notable exception concerns He/D2 mixtures, where b is large
since both gases are detected simultaneously. For further details consult Appendix D. These calibrations are used in Chapter 3 to investigate the gettering
ability of Li and B(C)/Li films. An integral of the net flux into the wall, from
gas injection to saturation of the oxidation (or hydrogenation) process, yields
the total uptake or release of particles:
Z tsat
Z tsat
NO = 2
φwall dt = 2
φO2 ,sat − φO2 dt
(2.6)
tinj

tinj
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s

b

O2 + 0.5 Pa He

10.3

1× 10−9

D2 + 0.5 Pa He

3.48

-8× 10−6

H2 + 0.5 Pa He

1.45

1× 10−7

Table 2.1: Flux calibration coefficients valid up to a 20% O2 , D2 or H2 admixture
in 0.5 Pa of helium. The coefficients are considered to hold regardless of the degree
of ionization or wall-gettering activity.

In equation 2.6 cracking is considered negligible and the coefficients are assumed to hold regardless of gettering. The latter approximation can not be
avoided as a calibration under non-stationary conditions (e.g. plasma) is impractical. A particle uptake is obtained when the wall captures more particles
more than it releases; in which case φwall is mostly positive. A particle release
is the opposite situation, where φwall is mostly negative. Finally, to compare
the gettering properties of different walls, it is useful to define an oxygen to
lithium ratio from the quotient of equations 2.3 and 2.6:
R tsat
φO2 ,sat − φO2 dt
2 tinj
NO
= R tf R 2π R l
O : Li =
NLi
Γ (T · f (z)) dz dθ dt
0
0 evap
ti

(2.7)

As an example, the case of a plasma oxidation following a plasma deuteration (not shown) is illustrated in Fig. 2.10. The calibrated oxygen signal is
shown on the left panel, where a dashed horizontal line indicates the level of
oxygen flux at saturation. The flux integral is shadowed between the oxygen
injection and saturation times. Solid lines are added to guide the eye:
• At t = 0 min, oxygen is injected, φO2 = φO2 ,sat − φcracking − φwall .
• At t = 15 min, the oxidation process saturates, φO2 = φO2 ,sat − φcracking .
• At t = 32 min, plasma is stopped, φO2 = φO2 ,sat .
• At t = 33 min, the oxygen flow is discontinued, φO2 = 0.
The net flux of oxygen and deuterium at the wall is shown on the right panel
of Fig. 2.10 over the first two minutes, where most of the gettering takes place.
In this experiment, an initial amount of 1.20 × 1021 Li atoms is deposited
by the CPS, which yields an O:Li ratio ∼0.6. This figure suggest a complete
oxidation of lithium into Li2 O by the chemical reaction:
4Li + O2 → 2Li2 O

(2.8)

This is consistent with in-situ measurements of lithium film aging in the
Lithium Tokamak eXperiment (LTX) [48]. It is also interesting to point out
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that a large amount of deuterium is displaced by thermodynamically more favorable oxygen bonds [3]. The formation of hydrogen can also be explained as
Li oxidation by water molecules, already present in the test chamber or formed
in the plasma:
2Li + H2 O → Li2 O + H2

(2.9)

Figure 2.10: Example of a plasma oxidation. The calibrated mass 32 signal
(oxygen) is displayed on the left panel. Oxygen is injected in a helium plasma at t
= 0. φO,wall (φO,sat − φO ) is integrated from oxygen injection to wall saturation. A
dashed line indicates the level of oxygen at saturation (φO,sat ). On the right panel,
the φO,wall and φD,wall are shown over the first two minutes, where most of the
gettering takes place. The atomic flux is shown, instead of the molecular flux, for a
direct comparison with the calculated oxygen uptake and deuterium release.

Python routines were developed for a systematic analysis the data. The
main functions are included in Appendix E. As a final remark, note that all oxidations and hydrogenations are conducted in a 10% X2 /He admixture, where
X stands for an oxygen, hydrogen or deuterium atom. This choice is originally
motivated by enhanced concentration of reactive oxygen species reported at
low O2 /He admixtures and attributed to Penning ionization [57, 58, 59, 60].
While the background pressure was eventually deemed inconsequential to the
experiments, it proved useful to assist breakdown at the low pressures. Indeed,
operating at low pressures also meant that the minimum breakdown voltage
for X2 /He plasmas was often too high to start at 0.6 Pa. The valve then had
to be strangled at startup, complicating the experimental procedure.

Chapter 3
Data analysis and results
The structure of Chapter 3 falls in line with the main objectives of the thesis
stated in Section 1.4. In Section 3.1, we compare the oxygen gettering properties of Li and B(C)/Li films. Section 3.2 discusses the fuel retention properties
of Li coatings as opposed to B(C)/Li. Finally, in Section 3.3, preliminary
gettering reactivation tests are presented. For each new trial, the underlying
walls are considered a passivized getter, acting only as a source of impurities.
In-between experiments, the partial pressures of oxygen-rich impurities (O2 ,
H2 O, CO2 and CO) remains fairly constant, as they appear on Fig. 3.1.

Figure 3.1: Partial pressures of the main species found in the residual gas. For
comparison the TJ-II levels, at the end of the 2019 campaign, after several boronizations and lithiumizations, are shown with stripes [61]. The species are present in
the same proportions albeit a lower absolute value (roughly one order in magnitude)
owed to a larger pumping. Note that in TJ-II mass 28 is more likely N2 than CO.

An experiment starts with conditioning, i.e. boronization followed by lithiumization. The Li or B(C)/Li film, left to dwell (or age) in residual gas up
to 18 hours, is then exposed to O2 or D2 gas or plasma. The performance of
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a film is determined by the particle uptake with respect to the number of Li
atoms evaporated, see e.g. 2.4.3.

3.1

Oxygen uptake in B(C)/Li

In a first set of experiments, the oxygen gettering of B(C)/Li films is assessed
while varying the dwelling-time between conditioning and exposure. As shown
in Fig. 3.2, Li films behave similarly with respect to neutral (gas) or plasma
oxidation. This is not the case for B(C)/Li films where the oxygen plasma
uptake is greater than or equal Li but the neutral uptake is strongly reduced.
This result is the same for any dwell time lesser than 2 hours.

Figure 3.2: Neutral gas and plasma oxidation of fresh Li and B(C)/Li films.
While Li gettering is the same for plasma and neutral exposures, the addition of an
underlying B(C) layer strongly suppresses the neutral oxygen uptake. This result
was found to be the same for any dwell time lesser than 2 hours.

The neutral gas oxidation of Li was repeated as a reference mark to ensure
reproducible depositions with respect to Li depletion in the CPS1 . The large
number of samples (> 18) for this test provides a good estimate of the experimental error (< 25 %). An O:Li of 0.4 ± 0.1 is obtained, suggesting a near
complete oxidation of the Li layer by equation 2.8 or equation 2.9. A similar
value is reported for LTX lithium wall coatings aged for tens of hours [48].
The plasma oxidation ratio for pre-oxidized (neutral) or aged Li and B(C)/Li
films are compared to the fresh film ratio in Fig. 3.3. While the plasma oxygen
gettering of Li films is lost after 18 hours of aging (equivalent to a few minutes
exposure to neutral oxygen), an underlying boron layer appears to preserve
lithium performance. Several explanations are possible: the B(C) layer may
contain the diffusion of oxygen from below, establish a diffusion barrier at the
lithium surface, or both.
1

A newly wet CPS provides enough lithium for 15 to 20 experiments.

3.1 Oxygen uptake in B(C)/Li
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Figure 3.3: Plasma oxidation ratio for fresh and aged (18 hours dwell) Li and
B(C)/Li films, some of which were also exposed to neutral oxygen. The plasma
gettering of pure lithium is irrevocably degraded by aging or oxidation. The addition
of an underlying B(C) layer seemingly preserves Li performance.

Figure 3.4: Effect of a helium glow discharge on the oxygen plasma uptake of
lithium. A glow discharge before conditioning can reduce the diffusion of oxygen
from the wall to the film. A glow discharge performed on top of a pristine film
results in a complete loss of gettering ability likely due to mixing.

To investigate the effect of oxygen diffusion into the film from the walls, a
3.5 hours He GDC is performed before lithiumization; see Fig. 3.4. After 18
hours of aging, the recorded uptake still outperforms any other test case, with
O:Li ≈ 1, suggesting the formation of e.g. lithium hydroxide:
2Li + 2H2 O → 2LiOH + H2

(3.1)

This result confirms that oxygen diffusion from the wall to the film is an
important mechanism in lithium film degradation. However, it does not explain
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the reduced neutral oxygen uptake observed in fresh B(C)/Li films. The reverse
scenario is also plotted in Fig. 3.4: a 12 minutes helium discharge on fresh
lithium results in a complete loss of oxygen plasma gettering likely due to
mixing. Conversely, it was shown in Fig. 3.3, that a 30 minutes helium GDC
on B(C)/Li does not affect plasma or neutral uptake. This reinforces the idea
of a change in surface chemistry with the addition of a boron-carbon liner.
During the 2019 TJ-II campaign a boronization was performed 10 to 12
hours before lithiumization and the beginning of operations. Simulated in
our setup, this approach showed no difference in neutral or plasma uptake
compared to the case of a lithium film deposited on fresh B(C).

3.2

Deuterium retention in B(C)/Li

Results concerning deuterium retention in B(C)/Li films are summarized in
Fig. 3.5. These results focus on plasma uptake as neutral hydrogenation was
not observed in either Li or B(C)/Li. The fresh film ratio is approximately
0.4, slightly higher than Li at 0.3. This observation is supported by recent
experiments of hydrogen isotope uptake and release in liquid lithium [56].

Figure 3.5: Neutral gas and plasma deuteration of fresh Li and B(C)/Li films.
D:Li is observed to increase with the oxidation state of Li, as reported in [48].
Preliminary results concerning B(C)/Li complexes hint at a different behavior.

Certainly the most outstanding result is the oxidation-enhanced deuterium
uptake in pure lithium walls. This feature, previously reported by LTX, was
attributed to favorable conditions for deuterium meta stable states in lithium
oxides [3]. On the contrary, oxidized or pristine B(C)/Li films seem to take in
just as much deuterium. Performed with a neutral gas flow, the oxidation of
B(C)/Li may be limited by the diffusion barrier if it exists. Further experiments are needed to clarify this point. More generally, the behavior of B(C)/Li
walls with respect to deuterium retention should be explored.

3.3 Glow discharge activation

3.3
3.3.1
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Glow discharge activation
Discharge cleaning of oxidized Li

A series of glow discharge cleanings were compared to determine whether oxygen could be released from lithium oxide, eventually reactivating the passivized
wall-conditioning. Small (1.22 × 1016 O/cm2 ) to relatively large releases (1.89
× 1018 O/cm2 ) were observed with no clear correlation to the nature of the
gas (helium or argon), current density or the duration of the discharge. Cleaning discharges performed after long idle periods seem to release more oxygen,
probably from adsorbed and meta-stable particles. In all cases, the gettering
properties of lithium could not be recovered by glow discharge cleaning; see
Fig. 3.3. The oxygen fixed in lithium is either unaffected by discharge cleaning
(low sputtering cross section) or removed as large fragments, e.g. Li2 O.

3.3.2

B(C)/Li helium discharge activation

Aged or oxidized lithium remains passive regardless of the duration, current
density or nature (He or Ar) of the discharge cleaning process applied. On the
contrary, discharge cleanings performed on B(C)/Li suggest that a partial recovery of the oxygen uptake is at least possible. In these trials, a thirty minutes
(0.7 A/m2 , 0.5 Pa) helium discharge is applied to a neutral oxidized B(C)/Li
wall. Following this treatment a neutral oxidation is performed. The regenerated walls show 40 to 100 % of the pristine film gettering ability. Similarly a
50 % recovery of the B(C)/Li oxygen uptake is obtained by alternating plasma
hydrogenations and oxidations. These results offer additional evidence for a
surface diffusion barrier, lifted by plasma exposure (higher sputtering cross
section at ∼150 eV). Further experiments are underway to consolidate this
result and test the reactivation of B(C)/Li with respect to plasma oxidation
and deuterium retention.
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Chapter 4
Conclusions
4.1

Summary of this thesis

Present generation devices such as TJ-II or NSTX use combinations of boron
and lithium films to lower the recycling of hydrogenic species for improved
fueling control. An added benefit of getter walls is the retention of oxygen-rich
impurities, reducing bremmstrahlung and line radiation over most of the operational range. These properties ease access to the high-performance scenarios
of interest to fusion research. The conceptual experiments presented in this
paper extend these wall conditioning techniques by describing the effects of
an underlying B(C) layer on the lifetime of Li films. Our results are directly
relevant to the recent operations of TJ-II, where the plasma facing surfaces of
the stellarator were boronized before lithiumization.
As a practical output of this work, the procedures developed for boronization and lithiumization are enclosed in Appendix B. Like in TJ-II, boronization is performed by plasma assisted chemical vapor deposition of gassified
o-carborane (C2 H12 B10 ). Lithium is evaporated from a porous mesh wrapped
around a thermoresistive cartridge. Such a device has proven a simple and
useful solution for lithiumization, offering some control over film thickness and
homogeneity. For instance, the amount of lithium in a deposition can be calculated by integrating the free surface vapor pressure (a function of temperature)
over the area of the lithium-infused mesh. A finite element simulation is under development to model the temperature distribution along the evaporator
considering conduction, radiation and, eventually, evaporation. These results
will provide a first qualification of the novel CPS lithiumization technique.
Calibrated against mass-flow controllers, a spectrometer observes the net
flux of O2 and D2 . At constant flow, the total number of particles pumped
by the wall is the integral of the spectrometer signal from gas injection to
saturation. The O:Li (or D:Li) ratio is used to compare several combinations
of boron and lithium films. A reference O:Li = 0.4 ± 0.1 is obtained for the
neutral oxidation of pure lithium. The result is the same for oxygen plasma
exposures and suggests the formation of Li2 O. While He and Ar glow discharge
cleanings (GDC) can release oxygen from saturated Li, its gettering ability is
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not recovered. This means that the oxygen is either released from superficially
adsorbed particles, metastable states, or as large fragments. Furthermore, a He
discharge performed on fresh Li results in a complete loss of oxygen gettering.
The behavior of B(C)/Li walls radically differs from lithium. While the
plasma oxygen uptake is at least as good as pure lithium, the neutral oxidation
is five time smaller. This resilience to oxygen gas effectively extends the lifetime
of lithium films for plasma impurity gettering. Indeed, the plasma oxidation
performance holds for B/(C) walls aged 18 hours or brought to saturation by
neutral gas exposure. Helium (or D) glow discharge treatments are also found
to reactivate the neutral gas uptake of B(C)/Li (40 to 100%), which can be
useful for vacuum upkeep between experimental sessions. These observations
hint at a very different surface chemistry in Li and B(C)/Li walls. A possible
explanation is that the addition of a B(C) under-layer of the B(C)/Li creates
some sort of barrier, preventing the diffusion of oxygen gas through the surface,
removable by helium discharge treatments.
In one trial, a 3.5 hour HeGDC is performed before lithiumization. After
18 hours, the pure lithium coating still outperforms any other conditioning
scenario with O:Li ≈ 1. This result highlights the importance of oxygen diffusion from the wall noted by Lucia [3]. It also supports the idea that lithium
oxides are removed as large fragments in HeGDCs. A repetition of this case
with B(C)/Li should yield the best performance. In principle, the diffusion of
oxygen into lithium would be minimized from above and below.
Experimental data concerning deuterium retention offers a few preliminary
conclusions: (i) the neutral deuterium uptake is not observed in either Li or
B/Li; (ii) deuterium plasma uptake in fresh Li and B(C)/Li is roughly the
same, with D:Li ≈ 0.35; and (iii) deuterium uptake in Li is enhanced by oxidation, as suggested by Kaita et al. [48]. A small set of experiments, alternating
neutral gas oxidations with deuterium discharges, hints at a possible reactivation of the deuterium gettering ability of B(C)/Li coatings. This feature, as
well as the effect of a prior oxidation on B(C)/Li deuterium uptake, remain to
be investigated. To comprehend the mechanism behind the safe-keeping effect
of B(C)/Li, a detailed quantitative analysis of the film stoichiometry (e.g. X
ray photo-electron spectroscopy) is indispensable. More tests are also foreseen
to consolidate the oxidation results and clarify whether the oxygen (plasma or
neutral gas) gettering can be recovered by discharge cleaning.

4.2

Implications for magnetic fusion devices

• The addition of an underlying B(C) film extends the useful life of Li films.
B(C)/Li complexes retain their oxygen plasma gettering properties in
spite of their exposure to an oxygen-rich environment.
• While pure Li films are single use only, the gettering properties of B(C)/Li
coatings are likely regenerated by glow discharge treatments. This could
reduce the frequency (and expenditures) of wall conditioning.

4.3 Recommendations for future work

4.3
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Recommendations for future work

• Finite-element simulations of the capillary porous system should be extended to include evaporative heat losses and carefully adjusted to the
measured time trace of temperature. A fine tuned model can adequately
validate (or rectify) the assumption of a uniform lithium surface temperature. This also provides an opportunity to investigate lithium evaporation from a porous mesh, a topic of great interest to the liquid metal
PFC community.
• Dedicated experiments are needed to investigate the glow discharge reactivation of oxygen (neutral or plasma) gettering and deuterium retention
in B(C)/Li. If demonstrated, this feature would certainly spawn greater
interest for mixed B(C)/Li conditioning. Moreover, the deuterium gettering properties of B(C)/Li films should be further explored.
• The surface chemistry of B(C)/Li complexes must be thoroughly investigated by XPS or TDS (for example, the Langmuir probe port could
be connected to the mass spectrometer. The depositions could then be
evaporated by running a high DC current through the probe) to unveil
the mechanism behind the safe-keeping effect.
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Appendix A
Mean free path calculations
The mean free path λ is defined as the average distance traveled by a particle
before colliding. Intuitively, λ is a function of the concentration of particles in
physical space n and the likelihood of a collision σ:
1
(A.1)
nσ
The number density can be substituted by temperature and pressure using the
ideal gas law
N
p
n=
=
(A.2)
V
kb (T + 273.15)
λ=

yielding a simple expression for λ in terms of the experimental variables:
λ=

kb (T + 273.15)
pσ

(A.3)

A precise value of σ considers the atomic potentials involved. Alcali-noble gas
diffusion cross-sections are given by Hamel et al. in [62]. The ground-state
Li/He cross-section σ = 2.49×10−19 m2 provides λ for 600 ◦ C atoms in the
pressure range of interest.
The mean free path is useful to characterize the transport of particles,
e.g. from the evaporator to a microbalance or the wall, over a distance d:
• If λ  d, the transport is ballistic: particles travel directly from the
evaporator to the wall, without collisions.
• If λ  d, the transport is diffusive: particles undergo many collisions, in
random directions, before condensing on the wall.
Diffusive transport yields homogeneous depositions as random collisions should
spread the lithium evenly. As shown in Fig. A.1, the mean free path becomes
comparable to the distance between the evaporator and the microbalance (14
cm) at a background pressure of 0.3 Pa. Accordingly, lithium evaporations
performed with larger helium background pressures should result in a flattened
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profile and a homogeneous deposition. This is not always the case, as explained
in Section 2.2.3, since the width of the transition region can also depend on
the emission process or collisions within the lithium cloud.

Figure A.1: Mean free path (λ) and average number of collisions of 600 ◦ C lithium
atoms at various helium background pressures. As λ becomes much smaller than
the distance between the evaporator and the microbalance (14 cm), the average
number of collision increases and transport becomes diffusive. Correspondingly, the
lithium deposition is expected to homogenize.

Note that the calculations presented in this section are conservative estimates. For one thing, the distance to the microbalance is a few centimeters
shorter than the radius of the test chamber (17 cm), guaranteeing diffusive
transport on the longer range. Moreover, our calculations consider lithium
atoms at 600 ◦ C for comparison with the work of Skinner et al. [52]. In reality, the evaporations are seldom performed above 500 ◦ C and colder particles
must have shorter mean free paths as per equation A.3.

Appendix B
Conditioning procedures
Procedures B.1 and B.2 were used in all experiments for lithiation and boronization of the test chamber. Procedure B.3 concerns the infusion of Li into the
CPS. The main components of the system were presented in 2.1.

B.1

Lithiation procedure

Starting this procedure AV1 should be open and AV2 should be closed. The
BGV should also be closed to avoid contamination of the oven.
1. Make sure the LiGV is opened and that the needle valve (connecting to
the differential pumping) is closed.
2. Connect the CPS thermo-resistive terminals to the power supply and the
CPS thermo-couple terminals to the multi-meter.
3. Connect the multi-meter to the data acquisition port and bring up the
interface ISO-TECH 300 VIRTUAL DMM. Initiate data acquisition.
4. Turn ON and OFF the power supply to ensure that the thermo-couples
are connected to the right terminals. If temperature falls instead of
rising, interchange the thermo-couple terminals.
5. Using a 2mm Allen key, unlock the manipulator and swiftfly move the
CPS from the wetting section into the main vessel. A white tape along
the rod indicated the reference position along the axis.
6. Start the heating by applying 100V (corresponding to 62W of power).
7. When the temperature reaches the desired maximum (typically 500◦ C),
immediately cut the power.
8. Allow the CPS to cool to 400◦ C then swiftly retract the CPS.
9. Close the LiGV and open the needle valve.
10. Allow lithium to solidify then save the data as TCPS.xls.
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B.2

Boronization procedure

Starting this procedure AV1 should be opened and AV2 should be closed. The
LiGV should also be closed to avoid contamination of the wetting chamber.
1. Close BGV and vent the oven to air. Add 215 ± 5 mg of o-carborane
powder to the oven.
2. Evacuate the oven to balance the main vessel pressure. Discontinue the
differential pumping to avoid o-carborane vapor losses.
3. Slightly open the BGV: partial pressures corresponding to o-carborane
fragments (m70, m40, m35, m11, etc.) appear on the mass-spectrum.
4. Ignite a helium discharge (200mA, 5mtorr) in the main vessel. The
carborane fragment should vanish from the mass-spectrum, as boron
and light hydrocarbons promptly deposit without reaching the QMS. 1 .
5. Carefully open the BGV. Ensure the discharge is sustained.
6. Increase the boron oven temperature to 60◦ C.2
7. Gradually increase (∼5◦ C every 5 minutes) the oven temperature making
sure the discharge is sustained.
8. Continue the glow discharge until the pre-boronization total pressure is
recovered (m2 is also a good indicator).
9. Increase the heating to 120◦ C for one minute to out-gas all remaining
o-carborane.
10. Stop the discharge and check for carborane fragments in the mass-spectrum.
If fragments are still observed, carborane is vapor is still coming out of
the oven and the discharge must be restarted, i.e. repeat steps 4 to 10.
11. Close the BGV.

B.3

Wetting procedure

1. Close the LiGV and back-fill the wetting chamber with argon to limit
the CPS contact with air.
2. Retract the boron oven as much as possible.
3. Unbolt the boron oven manipulator from the wetting chamber. Use a
jack if needed.
1

The discharge current should be kept as low as possible to allow the carborane fragments
to travel through the plasma before cracking, warranting a homogeneous distribution.
2
This is typically enough to start outgassing o-carborane.

B.3 Wetting procedure

45

4. Weigh and dry 8 to 10 grams of solid lithium3 . Place the solid lithium
rods into the oven.
5. Bolt the manipulator to the wetting chamber and evacuate the chamber
to balance the main vessel pressure.
6. Retract the CPS as much as possible.
7. Raise the oven until it almost contacts the ceiling of the wetting section.
8. Close the view port shutter.
9. Connect the oven thermo-resistive terminals to the power supply and the
oven thermo-couple terminals to the multi-meter.
10. Connect the multi-meter to the data acquisition port and bring up the
ISO-TECH 300 VIRTUAL DMM interface. Initiate data acquisition.
11. Turn ON and OFF the power supply to ensure that the thermo-couples
are connected to the right terminals. If temperature falls instead of
rising, interchange the thermo-couple terminals.
12. Heat the oven to 550◦ C to release all hydrocarbon impurities coming
from the paraffin.
13. Allow the oven to cool below 400◦ C before retracting4 then open the view
port shutter again.
14. Retract the oven to a position which allows a clear view and enough
space for the CPS to move forward.
15. Extend the CPS to a position just over the oven.
16. Raise the oven such that the CPS stocking dips into the liquid metal and
the oven nearly contacts the CPS5 .
17. Close the view port shutter.
18. Gradually increase the temperature of the oven and the CPS. In the
temperature range of 450 to 550◦ C capillary action overcomes gravity,
imbibing the mesh with liquid metal. Wetting is evidenced by a large
drop in temperature due to a sudden increase in evaporation.
19. Upon wetting, immediately stop the heating.
20. Allow the CPS and the oven to cool below 400◦ C then open the view
port shutter and separate the two systems by retracting the oven.
3

Lithium is very ductile and thus easily cut with scissors in a glove-box back-filled with
argon. The lithium rods are stored in paraffin which must be wiped with a cleaning cloth.
4
The evaporation would otherwise blind the windows needed in the next step.
5
This allows the oven to pre-wet the CPS as most of the evaporated lithium will condense
on the porous mesh. Pre-wetting the mesh is thought to ease wetting. To be proven!
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Appendix C
Mass-spectra analysis guide
For each mass-to-charge ratio surveyed in experiments, table C.1 includes candidate atoms and molecules and their sources. The list does not pretend to
be exhaustive as many exotic compounds can form in plasma and at the ion
source of the mass spectrometer. Moreover, the transport of particles from
their source to the detector can vary with the experimental conditions, e.g.
space-charge potentials, pressure, etc. Another source of uncertainty comes
from the ionization process in the mass spectrometer as our interpretation of
mass spectra assumes singly-charged ions, i.e. q = 1.

Figure C.1: Mass-to charge ratio and possible sources for the chemical species
surveyed by the quadrupole mass spectrometer.
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Appendix D
Mass spectrometer calibration
D.1

A note on mass-flow units

Mass-flow controllers (MFC) typically provide readings in standard cubic centimeters per minute (sccm). For our analysis these values will be written in
mol/s via the Loschmidt constant, expressing the number of particles in a cubic
meter at standard temperature (T0 = 300K) and pressure (p0 = 767 torr):
n0 =

p0 NA
≈ 2.6867811 × 1025 particles/m3
RT0

(D.1)

where NA is Avogadro’s constant and R is the ideal gas constant in the appropriate units. A value in sccm is therefore converted to mol/s multiplying
by n0 and dividing by NA , the number of seconds in a minute and the number
cubic centimeters in a cubic meter [63]
[mol/s] ≈ 7.45 × 10−7 [sccm]

(D.2)

It should be noted that the reading of the MKS 247D four channel reader
for mass-flow meters is the value in sccm for N2 . The real gas flow is obtained
via equation the instruction manual of the instrument D.3.
φreal = φM F C × T CGCF

(D.3)

where TCGCF is the temperature corrected gas correcting constant. This
proportionality factor expresses the difference in compressibility between the
input gas at a given temperature and nitrogen at room temperature. The
values are tabulated in [64].

D.2

Net-flux calibration

The partial pressure readings of quadrupole mass spectrometers (QMS) are
sensitive to several factors, including condensation, pumping, relative ionization of the species, etc. To circumvent these difficulties, the QMS is calibrated
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against a mass-flow meter in the conditions of our experiments.1 A calibration
is obtained by varying the gas (X) input and noting the corresponding QMS
signal (p). A linear fit of the steady state (i.e. no cracking, no wall pumping)
flow φX (p), expressed in units of particles per second, provides the calibration coefficients. Table D.1 summarizes all calibrations obtained during the
experiments. Note that the coefficients s and p are provided without units because of the reducing gasket placed before AV1. The gasket down-samples the
pressure allowing the QMS to operate in a medium vacuum, thus the partial
pressure recorded is corrupted by boundary effects, condensation and differential pumping. The O2 calibration is also used for carbon-monoxide2 since the
species have similar mass/charge and size.
Gas mixture

s

b

Gate-valve aperture

Wall

O2 + 0.5 Pa He

8.99

2×10−7

Full

SS

O2 + 0.5 Pa He

10.1

1×10

−9

Full

Li2 O

O2 + 0.7 Pa He

10.2

1×10−8

Full

Li2 O

−8

O2 + 0.5 Pa He

4.08

-9×10

Half

Li2 O

O2 + 0.5 Pa Ar

8.63

-1×10−7

Full

Li2 O

D2 + 0.5 Pa He

3.48

−6

-8×10

Full

Li2 O

H2 + 0.5 Pa He

1.45

1×10−7

Full

Li2 O

H2 + 0.7 Pa He

1.41

1×10

−7

Full

Li2 O

H2

1.20

2×10−6

Full

Li2 O

Table D.1: Net flux calibration coefficients valid up to 0.13 Pa of O2 , D2 or
H2 . The coefficients are obtained from a linear fitting of the steady state (i.e. no
cracking, no wall pumping) gas flow as a function of the spectrometer signal.

1

Limited to passive walls and neutral gas, as explained in Section 2.4.3
The purchase of a bottle is unwarranted since the results are secondary. Carbon monoxide handling also requires special care due to respiratory hazards.
2

Appendix E
Python analysis code
E.1

Evaporation computations

Functions used to compute the number of Li atoms evaporated from the CPS
over a given temperature ramp.

E.1.1

Function: vapor pressure

Provides the vapor pressure of Li at temperature T by equation 2.2.
def vapor pressure (T):
return np.exp (26.89 − 0.4942 ∗ np.log(T) − 18880/ T)

E.1.2

Function: langmuir evaporation

Returns the number of Li atoms evaporated per unit time and area at temperature T by equation 2.1.
def langmuir evaporation (T):
T += 273.15
p = vapor pressure (T)
m = 1e−3∗Li M /Na
return p/( sqrt (2∗ pi∗m∗kb∗T)∗ Na)
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E.1.3

Function: cps evaporation

Returns the number of Li atoms evaporated from the CPS over temperature
ramp T. CPS bins is the approximated temperature distribution normalized
to the maximum; see Section 2.2.3.
def cps evaporation (t, T):
# 0.1 s i n t e r p o l a t i o n
ti , tf = t[0], t[−1]
interp T = interp1d (t, T)( arange (ti , tf , 0.1))
# e v a p o r a t i o n maxima o v e r t h e t e m p e r a t u r e ramp
maxima = langmuir evaporation ( interp T )
n evap = zeros like ( maxima )
# Riemann i n t e g r a l o v e r t h e CPS s u r f a c e
for i, max in enum( maxima ):
n evap [i] = (max ∗ cumsum ( CPS bins ))[−1]
n evap ∗= 1.25e−2∗pi ∗2.5e−3
# Riemann i n t e g r a l o v e r t h e ramp
return 0.1∗ cumsum ( n evap )[−1] ∗ Li M

E.2

Uptake computations

Functions used to compute the number atoms absorbed by the gettering-walls.

E.2.1

Function: bin average

A down-sampling smoothing technique that splits a signal into bins of arbitrary
size and returns the mean and stdev of each bin.
def bin average (t, s, binsz ):
bstarts = arange (min(t), max(t), binsz)
bstops = append ( bstarts [1:] , bstarts[−1]+binsz)
sbins , ebins = zeros(len( bstarts )), zeros(len( bstarts ))
# a v e r a g e s and s t a n d a r d d e v i a t i o n s o v e r t h e b i n s
for i, (start , stop) in enum(zip(bstarts , bstops )):
cut = (start < t)&(t < stop)
sbins[i], ebins[i] = mean(s[cut ]), std(s[cut ])
bins start += binsz /2 # c e n t e r t h e b i n s
return bins start , sbins , ebins

E.2 Uptake computations

E.2.2
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Function: uptake

Returns the the number atoms absorbed by gettering-walls in one experiment.
def uptake (data , cut , ref , species ):
calib = read excel (’path−to/ calibrations .xlsx ’)
calib = calib.loc[calib.REF == species , [’a’, ’b’]]
t = data.t. values
# net −f l u x c a l i b r a t i o n
s = (calib [0]∗ data.loc [:, species ]+ calib [1])
# interpolation
ti = arange (start=cut [0], stop=cut [1], step =.1)
# s m o o t h i n g : 0 . 5 s bin −a v e r a g e
ti , si , ei = bin average (ti , interp1d (t, s)(ti), .5)
# s t e a d y −s t a t e f l u x
s0 = mean(s[( ref [0] < t) & (t < ref [1])])
# integrands
ds = Na ∗( s0 − si)
dt = ti [1] − ti [0]
return cumsum ((ds∗dt))[−1] # Riemann i n t e g r a l −> #molc
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