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1 Introduction

Sources for the production of negative hydrogen ions have experienced growing
interest and active development in recent decades. The extraction of negative
hydrogen ions from negative hydrogen ion sources with subsequent acceleration
is widely used for charge-exchange injection systems for high energy proton
accelerators as well as for neutral beam injection systems for nuclear fusion
experiments [FL18a, FL18b|. In negative hydrogen ion sources, the negative
ions are produced in a low pressure low temperature hydrogen plasma, and a
well known method for the enhancement of the negative ion production is the
injection of the alkali metal caesium (Cs) into the source [Dud72, BDD74]. The
adsorption of Cs on surfaces significantly lowers their work function, which results
in an increase of the conversion yield of impinging hydrogen atoms and positive
hydrogen ions into negative ions [BW15].

A milestone toward a commercial fusion power plant is the multinational
megaproject ITER [ITE22|, which is currently under construction in France and
aims to demonstrate the technical feasibility of using the fusion reaction between
deuterium and tritium as an abundant and sustainable energy source. The I[TER
experiment is based on the tokamak principle and two neutral beam injection
systems are foreseen to inject fast hydrogen (deuterium) atoms into the fusion
plasma for heating and current drive [IAE(02]. The neutral beams shall provide a
total heating power of 33 MW with beam energies of up to 1 MeV for a duration of
up to 3600s. The neutral beams will be generated by electrostatic extraction and
acceleration of negative hydrogen (deuterium) ions with subsequent neutralization
in a gas target. The design of the negative ion source is based on plasma generation
via inductive radio frequency (RF) coupling and the exploitation of the surface
production of negative ions on the extraction electrode, for which Cs will be
evaporated into the source. Electrons that are inevitably co-extracted with the
negative ions must be removed out of the beam within the extraction system
and the co-extracted electron current must not exceed the extracted negative ion
current due to technical limitations.

The work function of the caesiated extraction electrode must be low and
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temporally stable to ensure a reliably good ion source performance, i.e., a high
extracted negative ion current and technically manageable co-extracted electron
current. This is a challenging task since Cs is effectively sputtered and redistributed
within the source during plasma operation. Furthermore, Cs is highly reactive and
reactions with residual gases from the background pressure during vacuum phases
as well as hydrogen plasma species during plasma phases occur. Experiments at
test facilities at the Max Planck Institute for Plasma Physics (IPP) in Garching
(Germany) have shown that in particular during long plasma pulses (ranging from
minutes up to one hour), a pronounced decrease of the ion source performance is
given, which is attributed to an increase of the work function of the extraction
electrode [FT21a]. Since the deterioration of the ion source performance is more
severe in deuterium than in hydrogen operation, the achievement of the ITER
target parameters could not be demonstrated in deuterium so far [W*21d, F*21a].
The reasons behind this isotope effect are not well understood up to now, but
aggravated instabilities of the work function of the extraction electrode are expected
to play a role. Therefore, a clear understanding of the impact of hydrogen and
deuterium plasmas on the work function of caesiated surfaces is indispensable to
improve the Cs management and to develop advanced scenarios to meet the ITER

requirements.

In order to gain insights into the work function dynamics of caesiated surfaces
upon the exposure to particle and photon fluxes being present at ion sources,
investigations are carried out at a dedicated laboratory plasma experiment. The
experiment is equipped with a finely adjustable Cs oven to caesiate sample surfaces
in situ in the plasma chamber. The surface work function is measured via the
photoelectric effect and a comprehensive set of diagnostic systems is available for
the determination of the fluxes the surface is exposed to in vacuum and plasma
phases. While in vacuum phases the residual gases are mainly composed of water
vapor, the hydrogen plasma species during plasma phases comprise hydrogen
molecules, atoms, positive ions and photons ranging from the infrared to the
vacuum ultraviolet region. In previous works, it has been identified that the
work function of caesiated surfaces is strongly influenced by the residual gases
as well as by the plasma-surface interaction, and the combined influence can
reach from a reduction of the work function [FF17] to an increase of the work
function due to Cs removal from the surface [CFF20a]. Based on these findings,
the aim of the present work is to identify the driving mechanisms that lead to an
increase or decrease of the work function during vacuum and plasma phases and

to investigate the work function behavior in different operational scenarios for



ion sources. Since for these investigations a work function diagnostic with high
accuracy is a prerequisite, the photoelectric work function measurement system
is upgraded and the detection limit for photocurrents is significantly lowered.
With the improved setup, the work function evolution during the caesiation
process in vacuum with the influence of impurity gases is extensively studied. By
the installation of an additional plasma source, first exploratory investigations
on the influence of selected hydrogen plasma species (hydrogen atoms, positive
hydrogen ions and energetic vacuum ultraviolet photons) on the work function of
caesiated surfaces are carried out. The full plasma impact is investigated by the
generation of plasmas in front of the caesiated surface, where particular focus is
laid on the identification of possible differences between hydrogen and deuterium
operation. These fundamental assessments lay the foundation for the ultimate
goal of identifying scenarios with which temporally stable work functions as low

as possible can reliably be achieved in an ion source environment.
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2 Role of Cs for negative

hydrogen ion sources

2.1 Generation of negative hydrogen ions

The electron affinity of atomic hydrogen and deuterium is 0.75eV [Rum21|. Thus,
the binding energy of the extra electron in negative hydrogen (H™) and deuterium
(D7) ions is relatively low compared to the ionization energy of 13.60eV for both
isotopes [Rum21, LM22|. In negative hydrogen ion sources, the negative ionization
can take place both in the plasma volume and on surfaces facing the plasma,

which is extensively reviewed in [BW15] and is briefly outlined in the following.

2.1.1 Volume production

The governing process for the formation of negative hydrogen ions in the plasma
volume is the dissociative attachment of plasma electrons e~ to hydrogen molecules

H, in the electronic ground state, following the scheme
Ho(v) + e — H; — H™ + H. (2.1)

The reaction involves an intermediate resonance state of the H; ion, which is
unstable and dissociates into H (typically in the electronic ground state) and
H~. The cross section of the dissociative electron attachment process is given
in [JRS03] and increases with increasing vibrational excitation of the Hy molecule
(characterized by the vibrational quantum number v). Furthermore, the process
becomes efficient for low electron temperatures! of the order of 1eV. Therefore,
the optimization of the volume production of negative ions must be understood
as a two-step process: The first step involves the creation of highly vibrationally
excited Hy molecules, for which high electron temperatures (several eV) and high

electron densities are beneficial (excitation processes via electron collisions), and

!The temperature T is commonly expressed by the energy equivalent kT (with kg being the
Boltzmann constant) and is given in units of eV (1eV =11605K).
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the second step constitutes the dissociative attachment of low energetic electrons
to the vibrationally excited molecules. For deuterium, the same process applies,
but the cross section for reaction (2.1) is lower compared to hydrogen for the same

vibrational quantum number (see [BW20] and references therein).

2.1.2 Surface production

The surface production of negative hydrogen (deuterium) ions represents a single-
step process and is based on resonant charge transfer of electrons from the valence

band (VB) of a solid to the valence shell of a hydrogen (deuterium) atom:
H+ eyy — H™. (2.2)

In figure the resonant charge transfer process is schematically illustrated for
a metal surface. The surface is characterized by the electronic work function Yy,
which is defined by the energy difference between the vacuum level E,. and the
Fermi level Er. For the sake of simplicity, the smearing of the Fermi level at finite
temperatures (see chapter 6) is neglected here. When the atom approaches the
surface, its electron affinity level E, is lowered due to the induction of a positive
image charge within the metal. In case the affinity level is reduced below the Fermi
level (for distances z < z.), an electron transfer from the metal to the atom is
energetically favored (z = zy represents the turning point of the atom). According

to Fermi’s golden rule, the electron transition rate w is given by [RvWL82]

w= QWZ T3l pe[ Ea(2))], (2.3)
deg

where T}; is the transition matrix element between a metallic state k£ and negative
ion state 7, p. denotes the electron density of states in the metal at the position
of the affinity level, and the sum is taken over all degeneracies of the k and ¢
states. The transition rate can be translated into a Heisenberg broadening of the
affinity level, which is described by a wave function with a Lorentzian line profile
characterized by the full width at half maximum (FWHM) A,,. As illustrated
in figure 2.1, A,, generally increases as the distance between the atom and the
surface decreases, which implies that the probability for the electron transfer from

the surface to the atom increases.
Within the framework of the so-called amplitude model, the negative ionization
probability of the impinging atom is calculated from the time evolution of the

wave functions describing the valence band electrons in the metal and the affinity
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Evac 1

Figure 2.1: Schematic representation of the shift and broadening of the electron
affinity level E, of a hydrogen atom approaching a metal surface, leading to the
transfer of an electron from the metal to the atom for distances z < z. and thus
to the formation of a negative hydrogen ion.

level of the atom [NL79, BN81, RvWL82]. The result shows that the ionization
probability increases by decreasing the work function as well as by increasing
the electron density of the surface. For low velocities of the atom, the ionization

probability 5~ can be approximated by the relation [BNH76]

—F
B~ o exp (—X a) , (2.4)
av,
where « is the exponential decay constant of the electron transition rate and v,

denotes the velocity component of the outgoing negative ion normal to the surface.

In addition to neutral atoms, positive ions can also be converted into negative
ions at metal surfaces. When an H™ ion approaches the surface, it is neutralized
with a high probability via a resonant charge transfer or Auger process [RvWL82],
and in the case of molecular ions (Hf and Hj ), the neutralization process is likely to
be accompanied by the dissociation of the molecule [vATGS85, IKS92, ST96, T+97].
When the generated neutral atoms capture an additional electron from the surface
via the resonant process described above, negative ions are eventually scattered
from the surface. Thus, the surface conversion of positive into negative ions can

generally be formulated by
Hf + 2eyy — H™ + H, 4, (2.5)

where x = 1,2, 3 and H can as well be replaced by D.
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2.2 Materials for the surface production of

negative hydrogen ions

Modern high-power negative hydrogen ion sources rely predominantly on the
surface production of negative hydrogen ions at the aperture(s) of the extrac-
tion electrode [BW15, FL18a, FL18b|. Therefore, one of the key issues is the
implementation of an extraction electrode surface with a stable and uniform work
function as low as possible. Since the surface has to tolerate vacuum conditions
of typically 10~7 — 10~%mbar and has to withstand hydrogen plasma exposure
where the surface is bombarded by reactive particles and energetic photons (up to

~ 15eV), the achievement of low work function surfaces is a challenging task.

2.2.1 Cs coating on refractory metals

The work function of bulk Cs is 2.0 — 2.1eV [Rum21, Mic77], which is the lowest
of all stable elements. Therefore, the adsorption of Cs on refractory metals
with typical work functions in the range of 4 — 5eV leads to a drastic reduction
of the work function (described in detail in chapter @ and consequently to a
significant enhancement of the surface production of negative hydrogen ions
[BDD74, IKS92, S796]. In [CFF20al, it has been shown that work function values
in the range of 2.1 £ 0.1eV (i.e., those of a virtually pure Cs layer) are achieved
in a typical ion source hydrogen plasma environment.

Since Cs is the element with the lowest work function, the negative ionization
yield of coatings with other alkali metals such as Rb or K is generally lower [ST81].
However, the alkali earth metal Ba can be as efficient as Cs: Although the work
function of Ba is 2.5eV [Rum21] and thus considerably higher compared to Cs,
comparable negative ionization yields of bariated and caesiated surfaces are re-
ported [vOvAL88, WLKS89]. This is attributed to the considerably higher density
of conduction electrons in Ba (3.2 x 10 m™®) compared to Cs (0.9 x 102 m™3)
[Rum21], leading to an enhancement of the electron transition rate (see equa-
tion (2.3)) compensating the higher work function [vOvALS8S8]. However, Cs is
generally more suitable for practical applications as its higher vapor pressure at
lower temperatures makes it much easier to evaporate.

An in situ evaporation of Cs is mandatory since the implementation of stable
Cs layers is not possible due to the high reactivity of Cs. The Cs evaporation
significantly complicates the ion source operation because dedicated Cs ovens are

required and additional maintenance issues (e.g., refilling of the Cs ovens and
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cleaning of contaminated components within the ion source) inevitably occur.
Furthermore, the formation of a uniform Cs coverage is generally not easily
achieved and in particular challenging in ion sources with large multi-aperture
extraction electrodes (e. g., ion sources for nuclear fusion, see section 2.3). Upon
plasma exposure, adsorbed Cs on metal surfaces is gradually removed and partially
positively ionized within the plasma (Cs™), leading to complex Cs redistribution
dynamics within the ion source. Cs loss can occur by the accumulation of Cs
at cold spots and the escape of neutral Cs atoms through the extraction system.
Moreover, Cs can form various compounds with the plasma species as well as
with impurity gases. Therefore, Cs must be continuously evaporated into the ion

source so that the Cs layer is replenished during long periods of operation.

2.2.2 C12A7 electride

To circumvent the drawbacks inherent to volatile Cs coatings, the application
of low work function bulk materials is desirable. A material that has attracted
attention over the last few years as a potential H™ converter surface is the calcium
aluminate electride [CagyAlysOgs]*t(e7)s (abbreviated as C12A7:e™), which has
an intrinsic low work function of 2.4eV [TT07]. It is the first reported electride
that is chemically and thermally stable in ambient atmosphere [M*03, Hos04].
The material is mechanically robust and exhibits an electrical conductivity of up
to 1500 S/cm at room temperature [K*07¢c|. The unit cell of the material consists
of 12 subnanometer-sized Ca-O-Al cages (internal diameter ~ 4 A [M*03]) with
a total positive charge of +4, which is compensated by four anionic electrons
distributed inside the cage structure.

The electride is prepared from the insulating mineral mayenite (abbreviated as
C12A7), where two “free” oxygen ions O?~ are trapped inside the positively charged
[CagyAlygOgy)*™ framework. By extracting the oxygen ions in the crystallographic
cages via chemical reduction [K*07b, KH12], the insulator is converted into the
conducting electride. Since the amount of extracted O?~ ions depends on the
fabrication process, the C12A7 electride should rather by described by the formula
[CaggAlygOps] T (0?7 ) _s(e7 )25 with 0 < 6 < 2 [KT07c, KH12, SR17]. For low
anionic electron densities < 102" m~3, the electrons interact relatively strongly
with the cage framework and migration through the crystal is only possible via
thermally activated polaronic cage hopping, leading to a semiconducting state.
For electron densities 2 102" m™3, the material exhibits metallic behavior since

band conduction via quantum tunneling through the cage walls is enabled. In
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case all oxygen ions are replaced by electrons (§ = 2), the density of conduction
electrons is 2.33 x 10**m~3 [KH12]. The conduction electrons occupy a so-called
cage conduction band (CCB), which lies within the wide band gap (= 7.5¢V) of
the valence and conduction bands of the lattice framework [ST03, ST07, T*07].
The density of electron carriers determines also the position of the Fermi level in
the CCB and thus the work function [KH12, H"15, OHS19].

The electronic surface properties of the C12A7 electride are known to be
particularly sensitive to contaminants so that the work function strongly depends
on the surface preparation and vacuum conditions [TT07, T*11, KHI12|. As a
consequence, measured work functions are often higher than 2.4eV [K*07a, Y112,
K*17, Z*17]. Therefore, the work function performance and stability of the C12A7
electride have been investigated under typical ion source conditions within the
scope of this work as well. The investigations were performed at the laboratory
experiment ACCesS (see chapter 5) and the obtained results have been published
by the author in [H*21]. The tested C12A7 electride material was supplied
from the Fraunhofer Institute for Ceramic Technologies and Systems (IKTS)
and exhibited an electron carrier density of 1.0 x 10*” m~3. The investigations
have shown that after the sample surface is prepared by vacuum annealing up to
about 700 °C, a stable work function plateau of 2.75 4+ 0.10€V is reached upon
hydrogen plasma exposure on the hour scale, i.e., the achieved work function is
about 0.3 — 0.4 eV higher compared to the reported literature value for chemically
pure surfaces. A further enhancement toward 2.4 eV might be achieved by an
increase of the electron carrier density beyond 1.0 x 102" m~3. Plasma-induced
changes of the sample could not be detected by the analysis of the surface with
optical, scanning electron and energy-dispersive X-ray (EDX) spectroscopy before
and after the experimental campaign, showing that the electride is resilient to

long-term hydrogen plasma exposure.

2.2.3 State-of-the-art

In previous works, a number of potential alternative materials to Cs with nominal
work functions below 3eV were investigated in a typical ion source hydrogen
plasma environment. In figure|2.2, the achieved work functions of the investigated
materials are compiled. As illustrated, the work function values are categorized as
high for xy > 3.5eV, medium for 3.5 > x > 2.5€eV, low for 2.5 > x > 1.5eV, and
ultra-low for y < 1.5eV within the present work. Investigations on lanthanated
materials such as WLa (LayO3 in W, 1 — 2% La) and MoLa (LayO3 in Mo, 0.7 %
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Figure 2.2: Overview of the measured work functions of potential H- converter
surfaces in a typical ion source hydrogen plasma environment. The nominal work
function values are indicated and the reference case of Cs coatings on refractory
metals is depicted.

La) with nominal work functions in the range of 2.6 — 2.8V (after activation
with temperatures of about 1500 °C) have shown that work functions below 3.9 eV
cannot be reached under ion source plasma conditions [Cril8, FCF18]. With
lanthanum hexaboride (LaBg) a slightly lower work function of 3.6 ¢V is achieved,
which is, however, still substantially higher than the nominal value of 2.7eV
[Cril8, FCF18]. The application of an europium (Eu) surface allows to reach work
functions of about 2.6V (close to the nominal value of 2.5¢eV), but the plasma
impact leads to a gradual deterioration of the surface accompanied by an increase
of the work function to values higher than 3.5eV [CFF20b].

Since the achieved surface work functions with the tested materials are high upon
(long-term) hydrogen plasma exposure, the surface production of negative hydrogen
ions is substantially lower compared to Cs coated surfaces [KFF17, F718] and the
materials are thus not considered as a viable alternative to Cs evaporation. The
C12AT7 electride that has been investigated within the present work shows the most
promising performance among the tested Cs-free materials so far and subsequent
investigations should thus be performed to check whether the higher work function
compared to Cs can be overcompensated by additional H™ production channels

[ST18] and/or a reduced complexity of handling.

An approach to use Cs while circumventing in situ evaporation is the implanta-
tion of Cs into refractory metals [ST15]. Tests with Cs doped Mo with 6 % Cs

surface coverage have been performed, where the expected nominal work function
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of about 3.9 €V is measured under ion source conditions [FCF18, ST21b]. In order
to further reduce the work function, techniques for the implantation of higher Cs
concentrations would be required. During plasma operation, however, a gradual
increase of the work function above 4 €V is observed, showing that Cs is removed
from the surface. Therefore, techniques for an in situ re-implantation of Cs would
need to be developed, complicating the ion source operation considerably. In
conclusion, the application of Cs evaporation on refractory metals (typically Mo)
represents the state-of-the-art technique for the generation of efficient H™ converter

surfaces at present-day ion sources [BW15, FL18a).

2.3 Negative hydrogen ion sources for ITER

2.3.1 NNBI system requirements

For the upcoming fusion experiment ITER, two negative ion based neutral beam
injection (NNBI) systems are foreseen for heating and current drive, with the
option of adding a third one in a later stage.? The NNBI systems are based on
the electrostatic extraction and acceleration of H~ (D7) ions from a negative ion
source, followed by neutralization in a gas target so that the energetic particles
can be injected into the fusion device without being magnetically deflected. The
requirements for the ITER NNBI systems are extensively described in [TAE02,
H*17b, ST17a, H*17a] and are summarized in table 2.1, During the pre-fusion
operation phase at ITER, the NNBI systems will be operated in hydrogen and
each beamline shall deliver a heating power of 16.7 MW with particle energies of
870keV for up to 1000s. For the subsequent fusion power operation phase, the
neutral beam injectors will be operated in deuterium and the same heating power
with beam energies of 1 MeV for up to 3600s must be provided. To guarantee a
proper beam transport, the inhomogeneity of the accelerated negative ion beam
must be below 10 %. Since significant power losses need to be considered due
to the limited neutralization efficiency of negative ions (= 60 % [BPS75]) as well
as due to transmission losses along the beamline, the negative ion beam must
have a power of 40 MW, i.e., an H™ current of 46 A and a D~ current of 40 A are
required.

The ion current will be extracted from a Cs seeded negative ion source by means

of a multi-grid multi-aperture system with an extraction area 0.2m? (details see

2In addition to the heating neutral beam injectors, a diagnostic neutral beam injector will be
applied for charge exchange resonance spectroscopy [CT10].
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Table 2.1: Beam and ion source requirements for the ITER heating
neutral beam injectors [TAE02, H*17b, ST 17a, H' 174q].

Parameter Hydrogen  Deuterium
Heating power 16.7 MW 16.7 MW
Beam energy 870 keV 1 MeV
Beam duration 1000s 3600s
Beam inhomogeneity <10% <10%
Accelerated negative ion current 46 A 40 A
Extracted negative ion current 66 A 57 A

=329A/m? =286A/m?
Ratio of co-extracted electron current
to extracted negative ion current
Ion source filling pressure < 0.3Pa < 0.3Pa

<1 <1

section W) In order to limit the negative ion losses by electron stripping in the
accelerator system to about 30 %, the gas pressure in the ion source must not exceed
0.3 Pa [KHO06]. Taking 30 % stripping losses into account, an ion current of 66 A
must be extracted in hydrogen and 57 A in deuterium operation, corresponding to
extracted negative ion current densities of 329 A/m? and 286 A /m?, respectively.
Plasma electrons that are inevitably co-extracted with the negative ions must be
removed out of the beam, which is done by magnetic deflection onto the second
grid of the extraction system prior to full acceleration. To keep the heat load
onto this so-called extraction grid on a technically feasible level, the co-extracted
electron current density must be kept below the extracted negative ion current

density.

2.3.2 Ion source development
Prototype source

The prototype ion source for the ITER NNBI system was developed at IPP [ST06]
and is schematically illustrated in figure @ Hydrogen (deuterium) plasmas are
generated in the so-called driver, which is done via inductive RF coupling by
using a six-turn RF coil operated with a driving frequency of 1 MHz and an RF
power of up to 100 kW. The driver represents a cylindrical dielectric vessel (made
of aluminum oxide or quartz) with a diameter of 24 cm and a length of 17 cm.
In order to suppress capacitive RF coupling and avoid plasma erosion of the
dielectric, a Faraday screen is placed inside the driver. The metallic backplate of

the driver exhibits cusp magnets for the improvement of the plasma confinement.
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Figure 2.3: Schematic of the prototype ion source for the ITER NNBI system.

3 an electron

Within the driver plasma, an electron density of the order of 108 m~
temperature of the order of 10eV, and an atom to molecule ratio of about 0.2 in
hydrogen and 0.3 in deuterium are generated [F*21a]. The plasma expands into
the expansion chamber, where the first grid of the extraction system is placed at
a distance of about 20 cm from the driver exit. This grid is called plasma grid and
is made of Mo-coated Cu. It exhibits an array of extraction apertures, each with
a diameter of 14 mm in a chamfered geometry. The so-called bias plate surrounds
the plasma grid and acts in principle as an extension of the source walls. While
the source walls are kept at a temperature of about 40 °C, the plasma grid and
bias plate are typically heated to 130 — 150 °C. To exploit the surface production
of negative ions on the plasma grid, Cs is introduced into the source by means of
a finely adjustable Cs oven, which is described in detail in section The Cs
evaporation rate is typically set to several mg/h [F*17a], leading to Cs densities

in the range of 10'® — 10 m~2 in front of the plasma grid during vacuum phases.

Since the binding energy of the second electron in H~ (D7) is only 0.75eV, the
negative ions can easily be destroyed by collisional processes within the plasma
[JRS03]. In the presence of high electron densities and temperatures, electron
detachment processes via electron impact (e~ + H~ — H + 2e7) are very efficient.
Therefore, a magnetic filter field is applied in front of the plasma grid in order to

cool the electron temperature to about 2eV and to reduce the electron density by
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about one order of magnitude [F*21al, the latter also reducing the co-extracted
electron current. The magnetic field has a strength of a few mT and is generated
by a current of the order of kA flowing vertically through the plasma grid (formerly
produced by the installation of permanent magnets [ST06, H17a]). The plasma
grid is usually positively biased by several volts with respect to the source body
and the bias plate, which contributes to the reduction of the co-extracted electron
current [WFN16].

The extraction system of the prototype source consists of the plasma grid, the
extraction grid and the grounded grid. The plasma grid (and the source) is set
to a maximum potential of —45kV with respect to the grounded grid (at 0'V).
The potential of the extraction grid is typically 5 — 10kV above the potential
of the plasma grid and embedded permanent magnets are used to deflect the
co-extracted electrons onto the extraction grid surface. The extraction grid is
actively cooled and the created heat load by the co-extracted electrons striking
the surface limits their tolerable amount. The caesiation of the plasma grid leads
not only to an enhancement of the extracted negative ion current, but also to a
significant reduction of the co-extracted electron current. At optimum conditions,
the extracted negative ion current is increased by a factor of up to 10 and the
co-extracted electron current is decreased by a similar factor compared to Cs-free
operation [WT18b]. The reason for this behavior is an evolving ion-ion plasma
in front of the plasma grid: The negative ions penetrate into the plasma and
push back the electrons to maintain quasi-neutrality, resulting in a negative ion
density that is higher than the electron density, i.e., the electrons become the

minor negatively charged species.

Size scaling approach

The prototype source, which is currently in operation at the test facility BUG at
IPP [F*19a], represents the baseline design for the ITER NNBI ion source. In
order to achieve the required negative ion current for the ITER NNBI system
(see table , the prototype source is scaled up in a modular way, i.e., several
drivers are mounted on an enlarged expansion chamber [MT11]. As illustrated in
figure|2.4, eight RF drivers arranged in groups of two are foreseen for the ITER
ion source, resulting in a large source area of roughly 1m x 2m. The drivers
will be supplied with a total RF power of up to 800 kW (100 kW per driver) at
a frequency of 1 MHz. The plasma grid for the ITER ion source provides 1280
extraction apertures, which are arranged in 4 x 4 aperture groups consisting of

arrays of 16 x 5 apertures (0.2m? total extraction area). The aperture groups are
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Half-size ITER source

x4

2m

Prototype
source

Operated at SPIDER
and MITICA test

Operated at ELISE facilities (NBTF)

Operated at BUG test facility (IPP)
test facility (IPP)

Figure 2.4: [llustration of the size scaling approach for the development of the
ITER NNBI ion source. The driver(s) attached to the expansion chamber as well
as the plasma grid surrounded by the bias plate (in cyan) are shown.

surrounded by the bias plate and three Cs ovens will be installed at the expansion

chamber backplate to inject Cs into the source.

To validate the modular concept and to gain early operational experience, a
half-size ITER ion source is operated at the ELISE test facility at IPP since 2012
[HT09, H*17a]. As can be seen in figure ]ﬂ, the ELISE ion source is equipped
with four RF drivers and a plasma grid consisting of 2 x 4 aperture groups (640
apertures in total, leading to an extraction area of 0.1m?). Cs is evaporated into
the source by means of two Cs ovens, which are attached to the side walls of the
expansion chamber (left and right) [C*19]. While the plasma can be generated in
steady-state mode in the ion source, the extraction and acceleration of negative
ions (up to 60keV) has been limited to about 10s every 150 s up to now. Currently,
the test facility is upgraded for continuous wave extraction [F*22].

The first full-size prototype of the ITER ion source is operated at the test
facility SPIDER at the ITER Neutral Beam Test Facility (NBTF) in Padua
(Italy) [T*17]. The test facility went into operation in 2018 [ST20, T*+21] and
first operation with Cs injection was performed in 2021 [S*22]. SPIDER benefits

from the experience gained at the IPP test facilities and aims to demonstrate
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all ITER ion source requirements. The full-scale prototype of the ITER neutral
beam injector is currently under construction at the MITICA test facility at the
NBTF and is planned to go into operation in 2024 [T*21, B*21].

2.3.3 Present challenges to overcome

The main objective of the IPP and NBTF test facilities is the development of
operational scenarios with which the ITER NNBI requirements can be reliably
fulfilled. At present, one of the main issues in the ion source development is to
keep the co-extracted electron current at a level at which the heat load on the
extraction grid does not exceed the technical limitations [F*21a]. In contrast to
the extracted negative ion current, the co-extracted electron current is subject
to much stronger temporal dynamics and can dramatically increase within a few
seconds, i. e., the co-extracted electron current can limit the source performance in
particular during long pulse operation on the minute and hour scale. Additionally,
pronounced spatial asymmetries can develop. The dynamics of the co-extracted
electrons is expected to depend predominantly on the conditions of the Cs layer
on the plasma grid. When the provided surface work function is sufficiently low,
the electrons are the minor negatively charged species in front of the plasma grid
(ion-ion plasma) so that it is assumed that even small changes of the work function
and thus of the electron density can drastically affect the co-extracted electron
current [FT21al.

At the ELISE test facility, the achievement of the ITER requirements could be
demonstrated in hydrogen [W*19a]. For pulse lengths of 1000, more than 90 %
of the required extracted negative ion current density could be reached, limited
only by technical constraints (available RF power and high voltage power supply).
During the 1000s pulses, the co-extracted electron current steadily increased, but
could be kept below the technical limit. This was achieved by the installation of
additional biased surfaces (potential rods) as well as by sufficiently high amounts
of Cs within the source [W*18¢].

The operation of the negative ion sources in deuterium is more challenging
than in hydrogen because the co-extracted electron current is generally higher
and its increase over time is much more pronounced [F+20, W*21d]. This isotope
effect was demonstrated in a dedicated campaign at ELISE, where the working
gas was switched from hydrogen to deuterium with the operational parameters
(i.e., RF power, extraction voltage and magnetic filter field) remaining unchanged
[W*19b, F*21a]. While the isotope change lead to a reduction of the extracted
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negative ion current density by only a few percent, the co-extracted electron current
density increased by a factor of up to nine. Moreover, a severe vertical asymmetry
of the co-extracted electron current density can develop over the plasma grid area.
Experimentally found measures against the increase of the co-extracted electrons
are an increase of the magnetic field strength in front of the plasma grid and an
enhancement of the Cs evaporation into the source, the latter being limited by
the risk of high voltage breakdowns in the extraction system due to the possibility
of Cs leakage through the plasma grid [W*21d]. Nevertheless, the dynamics of
the co-extracted electron current is still the technological bottleneck and has
prevented the demonstration of the ITER target parameters in deuterium so far:
Only about 66 % of the required extracted D~ current density with tolerable

electron co-extraction could be achieved during one hour pulses [WT19b].

Scope of the present work

The achievement of a temporally stable low work function of the plasma grid
surface is one of the decisive knobs for the reduction and stabilization of the
co-extracted electron current. However, the ion source environment represents
harsh conditions for the formation of stable Cs coatings. During vacuum phases,
the background pressure is typically in the range of 10~7 — 10~% mbar, i.e., the
amount of residual gases is not negligible and the formation of Cs compounds is
likely due to the high chemical reactivity of Cs [FF17]. During plasma phases, the
Cs coating is exposed to fluxes of hydrogen molecules, atoms, ions and photons,
and an effective redistribution of (ionized) Cs (compounds) within the source is
driven. The resulting impact on the work function can reach from a beneficial
reduction (“cleaning effect”) [FF17] to an unfavorable increase (degradation) due
to Cs removal from the surface [CFF20a], where in particular the atomic hydrogen
radical, positive hydrogen ions and energetic (vacuum) ultraviolet photons are
expected to play a crucial role in the plasma-surface interaction. Thus, complex
work function dynamics are given under ion source conditions and a detailed
understanding of how the hydrogen and deuterium plasma-surface interaction
alters the work function of caesiated surfaces is of utmost importance for the
optimization of the Cs management in ion sources.

Information on the work function of the caesiated plasma grid is not available up
to now because the development of a reliable work function diagnostic is challenging
in the harsh ion source environment, and the work function is believed to be about
2.1eV at optimum source performance (working hypothesis). Therefore, dedicated

investigations on the work function of caesiated surfaces are performed at the
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flexible laboratory experiment ACCesS, which is described in detail in chapter |5
and provides a unique opportunity to monitor the work function under well-
controlled vacuum and plasma conditions. For the determination of particle and
photon fluxes onto the caesiated surface, a comprehensive set of diagnostic systems
is available. The experiment is upgraded within this work by the installation of
an additional plasma source (see chapter B), allowing for a selective exposure of
caesiated surfaces to vacuum ultraviolet photons, hydrogen atoms and positive
hydrogen ions. Furthermore, the work function measurement system is improved,
which is described in chapter 6. By these modifications, the work function of
caesiated surfaces is investigated with high accuracy in various scenarios: in the

vacuum phase with a background pressure of the order of 1075 mbar (chapter ),
upon the exposure to fluxes of specific hydrogen plasma species (chapter B),
and upon hydrogen and deuterium plasma exposure with plasma parameters
comparable to those close to the plasma grid at the NNBI ion sources (chapter 9).
The investigations allow to draw valuable conclusions for the Cs management in

negative ion sources, which are discussed in chapter 10}
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3 Fluxes in low pressure low

temperature hydrogen plasmas

The plasma species contained within hydrogen plasmas can be grouped into neutral
particles, charged particles and photons (massless particles). The neutral particles
are H atoms and Hy molecules, and the charged particles are H™, Hy, Hy, H™
and free electrons [JRS03]. The spectrum of the photons ranges from the infrared
to the vacuum ultraviolet region. Deuterium plasmas can be treated equally to
hydrogen plasmas with the corresponding particle species based on the heavier
isotope D.

The following sections cover fundamental plasma properties and processes as
well as a description of the different photon and particles fluxes that are present
in a hydrogen plasma environment. The descriptions mainly refer to the protium
isotope for the sake of simplicity, implying that the considerations are also valid

for the deuterium isotope if not otherwise stated.

3.1 Fundamentals

The hydrogen plasmas considered within this work are generated via inductive RF
coupling at low pressures of several Pa. The inductive plasma ignition is achieved
by driving an RF current through an antenna located outside the vacuum chamber,
leading to an acceleration of electrons by electric fields (transformer principle) to
kinetic energies sufficiently high to ionize gas particles.! Since produced charged
particles recombine again (e.g., at the vessel walls), a dynamic equilibrium with a
certain degree of ionization is present in steady-state operation. The densities n of
positive and negative charges are equal on a macroscopic scale, which is commonly

known as quasi-neutrality. For hydrogen plasmas, the quasi-neutrality condition

'Detailed information about the plasma generation mechanisms can be found in [LL05, CB11]
for instance.
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can be formulated by
nyg+ + Nt + Ny = Ne + ny-, (3-1)

where n, denotes the electron density. In the case the negative ion density is
much smaller than the electron density, the total positive ion density n;+ can be
approximated by n.. The density ratio of charged to neutral particles is typically
< 107 [Fril3, Cril8].

3.1.1 Distribution function and temperature

The different particle species a within the plasma volume are well described
by the kinetic theory of gases. Thus, time dependent distribution functions
fo(r,v,t) in the phase space (r,v) of particle positions r and velocities v can
be readily introduced [LL05, CB11]. The distribution functions are normalized
to the particle density, i.e., [[[ fad3v = n,. When the ensemble of the particle
species is in thermal equilibrium, the distribution function is given by the isotropic

Maxwell-Boltzmann (in short: Maxwellian) distribution, which reads

fuale) = 1 (20 ) e exp (— m) (3.2)

27'(']{7]3 Ta 2/{}3 Ta

with kg denoting the Boltzmann constant. As can be seen, the Maxwellian
distribution of the particle speed v = |v| is fully determined by the particle
mass m, and the thermodynamic temperature 7;,. From f,n, the thermal or

average speed is calculated by

(Vy) = nl/vfa,M(v)dv = 8kBTa. (3.3)
*0

TMg

When the distribution function is expressed in terms of the kinetic energy
E = m,v?/2, equation (3.2) transforms to

2n, 1/9 E
Jam(E) = WE /2 exp (‘ ) (3.4)

and the thermal or mean kinetic energy is given by

17 3
(Bo) = - / Efas(E)AE = SkyT.. (3.5)
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As mean energies and temperatures are so closely related, it is common practice
to express temperatures in the energy equivalent kg7’, where €V is usually used
as the energy and therefore temperature unit.

In inductively coupled plasmas (ICPs), the energy is predominantly transferred
to the free electrons. For the plasmas applied within this work, the electron energy
distribution function (EEDF) can be approximated by a Maxwellian distribution
and the corresponding electron temperature T, is typically in the range of a
few eV.2 The heavy particles (neutrals and ions) are predominantly heated by
elastic collisions with the electrons. As the mass difference between the electrons
and heavy particles is high, however, the energy transfer to the heavy particles
is inefficient. Consequently, high collision frequencies would be needed for the
heavy particles to thermalize with the electrons. The thermalization between
the electron and heavy particle ensembles is not achieved in the low pressure
plasmas applied within this work so that the temperature of the Hy molecules
(called gas temperature), the temperature of the H atoms and the temperature
of the ions are far below the electron temperature and typically of the order
of 1072 — 107! eV (Maxwellian distribution generally assumed). Therefore, the
plasmas are non-thermal plasmas, and due to the given low temperatures they

are categorized as low pressure low temperature plasmas.

3.1.2 Reaction rates

Apart from elastic collisions, a multitude of inelastic collisions occur within the
plasma, leading to excitation, ionization and dissociation processes for instance.
In order to describe the various processes mathematically, reaction rates R are
introduced, which express the occurrence of a specific process per unit volume
and unit time. By balancing the reaction rates that act as source terms k£ and
sink terms [ for a specific particle or particle state 7, the respective density is

determined by
d?’Li
Eri ZRk — ZRZ. (3.6)

k l

A set of such balance rate equations leads to population density models, which are
used to predict the densities of particle species and/or states of particle species
in the plasma. Population density models that are applied within this work are

so-called collisional radiative models, which are described in section 5.4.3.

2In the case of a non-Maxwellian distribution (e. g., v-distribution or bi-Maxwellian distribution
[BF94, /GMS95, HFF20]), the temperature must be understood as an effective one defined by
the mean kinetic energy, i.e., T°" := 2/3k; ' (E).
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In low pressure low temperature plasmas, binary collisions between two particle
species « and [ are dominant and multi-body collisions can be neglected to a good
approximation [LLO05]. The rate of a binary collisional reaction r is parameterized
by the formula

R, = nanpgX,, (3.7)

where X, is the so-called rate coefficient of the reaction. The rate coefficient is
given by (0,v.e), where o, (vye) is the cross section of the reaction and v, is the
relative speed between the collision partners. In the case of electron collisions
with heavy particles, v, can be approximated by the speed of the electrons and

the corresponding rate coefficient is calculated by [SVY95]

25 fo(E)

Me TN

X, = 7OJT(E) dE, (3.8)

0

where the EEDF f, is a function of the electron temperature.

3.1.3 Plasma processes

The variety of collision processes that can occur in low pressure low temperature
hydrogen plasmas are comprehensively reviewed in [JRS03]. The processes in-
clude reactions such as excitation, ionization, dissociation, charge transfer and
recombination, and the relevance of the different processes depends on the given
plasma parameters. In the following, a selection of the most relevant reactions for
the hydrogen discharges applied within this work are outlined. As described in
detail in section 3.2, the electronic states of the hydrogen atom are characterized
by the principal quantum number n (ground state n = 1) and the states of the
hydrogen molecule are described by the electronic state (ground state X 12;) in

combination with vibrational (v) and rotational (V) quantum numbers.

Dissociation The dissociation energy of the hydrogen molecule is 4.52 eV [Rum21].
The predominant channel for the dissociation of Hy molecules within the
plasma is electron impact excitation from the electronic ground state into
the anti-bonding b3%} state, leading to the formation of two ground state

H atoms:
Hy(X'SHv) + ¢ — Hy(b’S)) + ¢ — 2H(n=1) +¢. (3.9

The cross section of reaction (3.9) is higher the higher the vibrational

quantum number of the Hy molecule [CT01].
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Further dissociative excitation processes include the dissociation via higher
electronic states of Hy resulting in excited hydrogen atoms and the radiative
de-excitation from higher electronic Hy states into the b3X T state. However,
the cross sections (and reaction rates) for such processes are much smaller
than the ones for reaction (3.9) due to the involvement of higher electronic
states of the Hy molecule [CT01].

Ionization The most relevant process that leads to the formation of positive ions

is electron impact ionization:
H,Hy + e — HT Hy + 2e". (3.10)

The energy thresholds for the ionization out of the ground state are 13.6 eV
for the H atom and 15.4 eV for the Hy molecule [Rum21]. During subsequent
collisions of the ions with Hy molecules, excitation, charge transfer and

dissociation processes occur. A governing reaction is
Hy + H, — Hi + H, (3.11)

where the triatomic ion Hj is produced either via the transfer of a proton
or a hydrogen atom. This reaction is exothermic by 1.73eV and the H3 ion
represents a stable ion (in contrast to the H3 molecule, which is not stable
and dissociates into Hy and H) [JRS03]. The dissociation energy of Hy is
comparable to Hy (= 4.5¢eV), which is substantially higher than the one of
Hy (= 2.7¢V) [JRS03]. Therefore, the share of Hy ions to the total positive
ion density is typically significant. In low temperature plasmas generated
at a pressure of several Pa, it has been found experimentally that Hj is
even the dominant ion [M*06, NK07]. In consequence, the mean ion mass
can be approximated by 3u in the present work. Since the cross section of
reaction @D is comparable for deuterium [CF72|, the respective mean ion

mass of 6u can be used.

Excitation and spontaneous emission The excitation of hydrogen atoms and
molecules occurs predominantly out of the ground state via collisions with

electrons, following the scheme
H,Hy + e& — H(i),Ha(i) + e~ (3.12)

with ¢ denoting the excited states of the particles. The predominant de-
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excitation channel into lower electronic states is spontaneous photon emission,
leading to characteristic emission lines from the H atom and emission bands
from the H, molecule (see section|3.2).

Additional excitation channels for hydrogen atoms are dissociative excitation
processes as mentioned above and ion recombination processes |[WF16].
Furthermore, photon self-absorption can play a role, which describes the
process of the reabsorption of an emitted photon on its way through the
plasma volume (so-called radiation trapping). The consideration of self-
absorption is in particular relevant for the resonant emission lines of the H
atom, increasing the density of excited states which consequently leads to

an influence also on non-resonant transitions [W*21¢].

The dominant loss channel for hydrogen atoms and positive hydrogen ions
produced within the bulk plasma is diffusion to the vessel walls [Beh91]. The
diffusion is dependent on the amount of collisions the particle undergoes before it
reaches the vessel wall, which can be characterized by the mean free path. The

mean free path of a particle a between collisions with a particle species 3 is given
by [CB11]

Mam (3.13)

N30 (Vrel)

where o is the cross section of the collisional process that is dependent on the
relative speed between the collision partners. In the plasmas generated at the
experiment ACCesS within this work, the mean free path of atoms and ions is
determined mainly by elastic collisions with the Hs molecules and the resulting
mean free paths are smaller than the vessel dimensions. Therefore, so-called
laminar diffusion is present.

When H atoms diffuse to the vessel walls, they can form strong bonds with
the surfaces of the plasma vessel as they are chemically active radicals. In the
steady-state condition, a certain coverage of H atoms on the surfaces is present
and impinging H atoms can undergo recombination processes. The efficiency of
the recombination of H atoms to Hy molecules is expressed in terms of the so-called
recombination coefficient, which is defined as the ratio of H atoms striking the
surface with subsequent recombination to the total number of H atoms impinging
onto the surface [SL49]. In general, the recombination coefficient for metallic
surfaces is orders of magnitude higher than the one for dielectric surfaces. In
the present work, stainless steel and quartz vessels are used (see chapter B), for
which typical values for the recombination coefficient are 0.1 [MDZ99, MMT71]
and 107 — 1072 [GT59, KB91, WW62], respectively. Consequently, the atomic
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hydrogen density within the bulk plasma is higher in the quartz vessel than in
the stainless steel vessel when the same operational parameters (gas pressure and
RF power) are used.

The diffusion of positive ions to the vessel walls is coupled to electrons due to
the quasi-neutrality principle (so-called ambipolar diffusion [LLO05]). At the vessel
walls, the positive ions and electrons recombine to neutrals. As electron impact
ionization of neutral particles in the bulk plasma constitutes the main production
channel of the ions and diffusion to the vessel walls the main loss channel, the

ionization balance can be expressed according to equation (3.6) via

0 = nenoXion(Tp) — — (3.14)

Tc,ﬁ

where the steady-state condition dns+/dt = 0 is used and for simplicity reasons
only one neutral species with density ny and one ion species with density n;+ are
considered. While the ionization rate is expressed after equation m with X,
denoting the ionization rate coefficient (steep dependence on Tg), the diffusion
rate is given by the ratio of the ion density and the average confinement time 7 ;+

of the ions. The ion confinement time follows the relation [M6193]

Teit 0 A Tty /mias Tgas. (3.15)

Neglecting the inverse linear T.-dependence of the confinement time against the

steep T,-dependence of the ionization rate coefficient and using n., = n;+, equations

(3.14) and (3.15) yield

)\iJr
T~/ M+ .
The correlation (3.16) shows that as the pressure decreases, i.e., the neutral

density decreases and the mean free path increases, the ionization rate coefficient

Xion<Te) X (316>

and hence the electron temperature increase. The reason is an enhanced ion
diffusion to the vessel walls that must be balanced by a higher ionization rate
within the bulk plasma. Furthermore, an increase of the ion mass leads to a
decrease of the ionization rate coefficient and thus of the electron temperature

due to a slower diffusion to the vessel walls.

3.2 Photon fluxes

The energy of a photon resulting from the relaxation of a particle from an excited

state ¢ into an energetically lower lying state k is equal to the energy difference
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between the corresponding energy levels E; and Ej. The wavelength of the photon

is given by
hc

T B - B
where h denotes the Planck constant and ¢ the vacuum speed of light. The photon

Ak (3.17)

emission is described in terms of the spectral emissivity ), which is defined as
the number of photons emitted per unit wavelength, volume and time into the
unit sphere. The spectral emissivity integrated over a distinct wavelength interval
yields the emissivity ¢ in units of m™3s™! and constitutes the rate of optical

transitions. The emissivity of a distinct transition ¢ — k can be expressed by
ik = niAir, (3.18)

where n; is the population density of the excited state ¢ and A;; is the spontaneous
transition probability, which is called Einstein coefficient for spontaneous emission
[TLJ99]. Under the assumption of a homogeneous and isotropic emission over
the considered plasma volume V', the average photon flux I}y, onto the plasma

surface S = 0V yields

v
Ionik = S Eik (3.19)

and is given in units of m—2s7!.

In the subsequent sections, optical transitions of hydrogen atoms and molecules
are described in detail. The different spectral regions in which the transitions
are located are defined as follows [Kun09]: 380 — 750 nm is the visible (VIS)
range, the adjacent region toward longer wavelengths is the near infrared (near
IR) range, 200 — 380 nm is the ultraviolet (UV) range, and 0.15 — 200 nm is
the vacuum ultraviolet (VUV) range. The range of 0.15 — 105 nm is sometimes
specifically referred to as extreme ultraviolet (EUV or XUV) in the literature, but

this distinction is not made within this work.

3.2.1 Emission of atomic hydrogen

The hydrogen atom consists of one proton that is orbited by one electron. Neglect-
ing fine structure and hyperfine structure splitting, the electronic energy levels

can be described by the formula

E, = Ry (1 _ 1) , (3.20)
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where n € N is the principal quantum number and Ry = 13.6¢€V is the Rydberg
energy for hydrogen. Ry represents the ionization energy of the H atom, which is
approached for n — oc.

Optical transitions are allowed between all energy levels F,,. Prominent emission
lines are the Lyman and Balmer series. The Lyman series results from the resonant
transitions n’ > 2 — n” = 1 and the corresponding emission lines lie in the VUV
range (most energetic radiation from the H atom). The Balmer series originates
from transitions n’ > 3 — n” = 2 and the emission lines lie in the VIS range.
Further atomic lines are located in the IR range and are not considered within
this work (e. g., Paschen and Brackett series). The wavelengths of the first lines
of the Lyman and Balmer series are summarized in table 3.1. The respective lines
of the deuterium atom are additionally listed, showing that only slight isotopic
differences exist due to the higher mass of the nucleus (slightly different Rydberg
energy Rp).

Table 3.1: First five lines of the Lyman series (VUV range) and Balmer series
(VIS range) of the hydrogen and deuterium atom [KT22].

Hydrogen Deuterium
Series n’ n” Designation \;/nm Designation Xy /nm
2 1 Ly-H, 121.6 Ly-Dy 1215
3 1  LyHg 102.6 Ly-Dg 102.5
Lyman 4 1 Ly-H, 97.3 Ly-D, 97.2
51 Ly-H; 95.0 Ly-Ds 94.9
6 1 Ly-H, 93.8 Ly-D. 93.8
3 2 Ba-H, 656.3 Ba-Dgy 656.1
4 2 Ba-Hpg 486.1 Ba-Dg 486.0
Balmer 5 2 Ba-H, 434.0 Ba-D, 433.9
6 2 Ba-Hj 410.2 Ba-Ds 410.1
702 Ba-H. 397.0 Ba-D. 396.9

3.2.2 Emission of molecular hydrogen

The hydrogen molecule is a diatomic homonuclear molecule. Apart from its
translational energy, the molecule holds internal energy in form of electronic
energy and vibrational and rotational motion. According to the Born-Oppenheimer
approximation, the molecular wave function can be separated into an electronic
and a nuclear part, which is justified by the much slower motion of the nuclei

compared to the electrons due to the mass difference. In a further approximation,
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also the nuclear wave function can be decoupled into a vibrational and rotational
part and the total internal energy Fji, of the molecule can be expressed by the
sum of the independent terms [TLJ99]

Eint = Eel + Evib + Erota (321)

where FE., E., and E,. are the electronic, vibrational and rotational energy
eigenvalues of the respective wave functions.

The electronic states of the Hy molecule are described in terms of the so-called
united atom approximation, where one of the two electrons is considered to remain
in the ground state while the other can be excited into a higher orbital. The
corresponding spectroscopic notation is given by [Fan(6]

nl 251 A~ (3.22)

g/u

where the excited electron is characterized by the principal quantum number n
and orbital angular momentum quantum number [. 25 + 1 is the multiplicity of
the total molecular electronic state, where the total spin can take the values S =0
(singlet system) and S = 1 (triplet system). A is the quantum number of the total
orbital angular momentum of the two electrons in the molecule (projected onto the
internuclear axis) and its values 0,1,2, ... are designated by Greek capital letters
Y, I, A, ... The super- and subscripts “+/—" and “g/u” signify the symmetry of
the molecular electronic wave function. The notation in (3.22) is usually further
simplified by using a Latin letter instead of n and [. For the hydrogen molecule,
upper case letters are used for the singlet system and lower case letters for the
triplet system. The ground state is denoted as X 12; Further details about the
electronic states can be found in [Her50, TLJ99] for instance.

The electronic energy eigenvalues E, are dependent on the distance R of the
nuclei. Potential curves F.(R) of selected states of the Hy molecule are presented
in figure3.1. While the potential curves of stable bonding states exhibit at least one
distinct minimum, the curves of anti-bonding states monotonically decrease with
increasing R. An anti-bonding state is the b3X state (lowest state in the triplet
system), which dissociates into two ground state H atoms (see reaction (3.9)).
For a comparison of the energy distances between the electronic states of the H,
molecule and H atom, the energy levels of the H atom according to equation Q3.2OD
are supplementary depicted on the right of figure 3.1.

The bonding electronic states possess a discrete set of vibrational levels, which

is exemplarily indicated for the electronic ground state of the Hy molecule in
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Figure 3.1: Potential curves of selected electronic states of the Hy molecule [Sha70,
Sha71] with exemplarily indicated vibrational levels of the ground state [FWO06].
On the right, electronic energy levels of the H atom according to equation (3.20)
are depicted (note the shift of the energy azis to illustrate the correlation with the
dissociation products of the hydrogen molecule). Prominent optical transitions of
the Hy molecule are indicated by the blue arrows.

figure 3.1, Furthermore, each vibrational level has discrete rotational levels (not
depicted for the sake of clarity). Thus, a distinct molecular state is described by the
electronic state in combination with the vibrational and rotational level (so-called
ro-vibronic state). The vibrational levels are characterized by the vibrational
quantum number v € Ny and the rotational levels by the rotational quantum
number N € Ny. The energy difference between vibrational and rotational levels
decreases with increasing v and N, respectively, and the energy differences of
the rotational levels are typically orders of magnitude smaller compared to the

vibrational levels at comparable quantum number values [Die72, FWO06].

Optical transitions between two molecular states of Hy are subject to a number
of quantum mechanical selection rules, which can be summarized as follows [Her50):
AA=0,£1, AS =0 (i.e., intersystem crossings between singlet and triplet states
are forbidden), and AN = 0,+1 with N =0 <+ N = 0. Further, the restriction
u 4 g holds, and for states with A = 0 the rule ¥t(7) <3 £+(=) applies. Changes
of v are not restricted. To designate the quantum numbers of the upper and lower

electronic states that are involved in the optical transition, single and double prime
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symbols are used, respectively. The rotational transitions N’ — N” corresponding
to a certain vibrational transition v’ — v’ are categorized into so-called branches,
where AN = —1 denotes the P, AN = 0 the Q and AN = +1 the R branch.

Prominent ro-vibronic transitions of the Hy molecule are indicated by the blue
arrows in figure 3.1. The corresponding wavelength regions of the emission bands
are illustrated in figure|3.2] where for the sake of completeness also the emission
lines of the first five lines of the Lyman and Balmer series are indicated (see
table m The most intense emission of the Hy molecule in the VIS spectral
region originates from transitions from the d *II, into the a *%} state. The emission
lines are distributed over the wavelength range of 520 — 770 nm, with the most
intense part lying within 590 — 650 nm. The transition is known as the Fulcher-«
transition. In the VUV range, the most intense emission results from the resonant
transitions C'II, — X 'S} and B'Yf — X'S}, which are named Werner and
Lyman band, respectively. While the Werner band emission is most intense in the
range of 80 — 130 nm, the emission of the Lyman band is located predominantly
between 130 — 170 nm. Furthermore, an overlap with the continuum radiation
from the transition a®%} into the anti-bonding state b®X in the triplet system

is given, with the most intense part located in the range of 150 — 280 nm.

The higher nuclear mass of Dy has a negligible impact on the electronic structure
of the molecule. However, it leads to closer lying vibrational and rotational levels
[FWO06, Die72, FSC85] so that the ro-vibrational emission lines are located closer
to each other (e.g., most intense part of Dy Fulcher-a emission lies in the range
of 595 — 635 nm

~—
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Figure 3.2: Overview of the dominant molecular emission ranges and atomic
emission lines occurring in low pressure low temperature hydrogen discharges.
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The photon emission from the Fulcher-x transition together with the Balmer
series in the VIS (low energy) range is diagnostically exploited for the determination
of plasma parameters within this work (see section W) In contrast, the occurring
fluxes in the UV (medium energy) and VUV (high energy) range with photon
energies of several eV are of particular relevance in the context of plasma-surface

interactions with caesiated surfaces (see section 4.3).

3.3 Particle fluxes

In general, the particle flux I, of a particular species « is calculated by the

product of the corresponding particle density and velocity, i.e.,
L, (r,t) = na(r,t)vs(r,t). (3.23)

For the determination of the particle fluxes striking a surface within the plasma,

neutrals and ions must be treated separately due to the presence of electrostatic
fields.

3.3.1 Neutral particles

The average flux of a neutral particle species onto a surface can readily be

determined from the respective distribution function f, within the bulk plasma:

Lo(r,1) = ng(r, £) (v (1)) = /vfa(r,v,t)d%. (3.24)

When the distribution function is given by the isotropic Maxwell-Boltzmann
distribution, the average (thermal) particle flux in one spatial direction is calculated

from equation (3.24) by [LLO05]

1 3.3) 1 S8kgTy,
Fa = T Na\Vo) — Tl ) 2
4" (va) 4" TMe, (3:25)

and the respective mean kinetic energy of the particles is given by equation Qﬁ)

As mentioned in section 3.1.1, the distribution function of the neutral particle
species H and H, can generally be assumed Maxwellian, and the temperature
of the H atoms is to a good approximation equal to the gas temperature Tyys.

The total neutral particle density n, = ny + ny, can be approximated from the
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measured gas pressure p in the vacuum chamber via

_p
kBjéw,

Ny (3.26)
and the atomic and molecular hydrogen fluxes can be determined separately when
the density ratio ng/np, is known (see section 5.4.3).

3.3.2 Positive ions

The positive ion flux striking a metal surface within the plasma cannot be described
by the thermal ion flux due to the presence of an electrostatic boundary layer at
the plasma-surface interface. The formation of a boundary layer can be understood
by the following considerations: An electrically insulated sample surface immersed
in the plasma faces a much higher thermal electron than positive ion flux due
to Te > Ti+, me < my+ and n, =~ n;+ (the density of negative ions is taken as
< ne). The different charge fluxes lead to the accumulation of negative space
charge at the surface and thus to the buildup of a potential gradient between the
surface and the plasma, resulting in an electrostatic repulsion of electrons and
attraction of positive ions. In steady-state, the surface is on the so-called floating
potential ¢q, which is below the potential of the bulk plasma ¢ that is called
plasma potential. The resulting potential difference ¢, — ¢q leads to the balance
of the electron and ion fluxes onto the surface.

In figure|3.3, the electron and ion density as well as the electrostatic potential
are qualitatively illustrated as a function of the distance = to a floating surface in
the steady-state condition. The region xy < & < xqy¢ in front of the surface where
the potential steeply decreases (typically by several V) is called plasma sheath.
At x = x4 quasi-neutrality is still fulfilled, but the charge density n(zs) = ny is
lower compared to the one within the bulk plasma ny and can be approximated
by ns = ng/2 [CCO03]. Within the sheath, the electron density drops below the ion
density. The thickness of the sheath in which the quasi-neutrality breaks down
is of the order of a few electron Debye lengths Ap.. The electron Debye length
constitutes the characteristic screening length within which electrostatic fields

introduced in the plasma are effectively shielded and is given by

60kBJL
Ape = 4 : 2
P Nee? (3:27)

where ¢; denotes the vacuum permittivity and e the elementary charge. With

typical electron densities of ~ 10 m~3 and electron temperatures of a few eV,
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Figure 3.3: Qualitative illustration of the spatial profiles of the positive ion and
electron density (upper diagram) as well as of the electrostatic potential of the
plasma (lower diagram) in the vicinity of a floating metal surface. The presence
of negative ions is neglected.

the Debye length is in the range of 10 — 100 pm.

The potential drop in front of the surface leads to a directional flux of positive
ions toward the surface. Neglecting particle collisions within the sheath, the
minimum ion speed at x = x4 that is required to balance the electron and ion
fluxes onto the surface can be derived from the principles of conservation of ion

energy and continuity of ion flux [LLO05]. The result is known as the Bohm sheath

kT
Vit (T = Ts) > UBohm = e, (3.28)
my+

The Bohm speed vgonm is higher than the average ion speed in the bulk plasma.

criterion and reads

The acceleration of the ions takes place via a potential drop across the so-called
presheath (z¢g < z < ), which has a width of typically a few mm. The potential
drop can be approximated by kgT,/(2¢) and is thus of the order of 1V. Since the
ion flux through the sheath remains constant when collisional processes can be
neglected, the minimum ion flux (Bohm flux) onto the surface is given by

kgTe

FBohm = NsVUBohm = Ms . (329)
™mi+
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The maximum kinetic energy of the ions striking the surface is determined by the

potential difference between the plasma and the surface, which is about [LL05]

kZBTe 1 mi+
A¢p = = +lIn,f 3.
¢ e <2 i 27rme> (3:30)

in case the surface is on the floating potential.

The presence of negative ions within the plasma can lead to changes of the
Bohm speed depending on their density and temperature [CB11]. Furthermore,
negative ions produced at the surface further complicate the sheath topology, in
particular when the H™ ions become the dominant negatively charged species
(ion-ion plasma) [M*19]. At the ACCesS experiment, however, the negative ion
density is typically much smaller than the electron density [Cril8] so that the

influence of negative ions on the plasma sheath can be neglected.
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4 Work function of metal

surfaces upon Cs interaction

Caesium is an alkali metal with a melting point of 28.5 °C at atmospheric pressure
[Rum21]. The Cs atom has a mass of 132.9 u and possesses 55 electrons with the
configuration [Xe]6s' [Rum21]. The valence electron in the 6s orbital leads to
a high electropositivity and to a low ionization energy of 3.89¢eV [Rum21]. In
consequence, Cs exhibits a high chemical reactivity. The reported work function
values for pure bulk Cs are in the range of x¢s = 1.95 — 2.14eV [Rum21, Mic77].

4.1 Pure Cs surface adsorption

The induction of work function changes of metal surfaces upon Cs adsorption
is a widely studied topic [Alt86, AM89, C*12, S*t21a]. Extensive experimental
investigations on the change of the substrate work function yg,, with different
Cs coverages 6 have been conducted mostly under ultra-high vacuum (UHV)
conditions, i.e., with a base pressure < 107" mbar. The Cs coverage is defined
hereinafter as the ratio of the number of bonded Cs atoms per unit area to the
surface density corresponding to a full Cs monolayer (ML). Neglecting surface
roughness and crystallographic structures, the surface density of one ML is
approximated by 5.6 x 10'® Cs atoms per m? (covalent radius of Cs = 2.38 A
[Rum21]). As proposed in [Alt86], the adsorbate-induced work function variation

upon 6 can be described by the semiempirical formula

6AXmax 3AXmax<9min + 1) 2 2AXmax 3
— 0 0 4.1
3 - Qmin)emin (3 - gmin)egnin + (3 - Qmin)efmn ’ ( )

X(0) =~ Xsub + (

where AXmax = Xmin — Xsup < 0 is the maximum work function change of the
substrate that is reached for y i, at Opi,. In figure ’H(a), the evolution of the work
function according to equation dﬂ) is illustrated. With increasing Cs coverage, the
work function decreases initially almost linearly. The decrease slows down during

the transition from the low to medium coverage regime and the work function
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Figure 4.1: (a) Work function variation of a metal substrate as a function of
the relative Cs coverage according to equation m (b) Corresponding literature
values for different polycrystalline metal substrates measured under UHV conditions
[Wil66a, Wil66b, SS68]. The high, medium, low and ultra-low work function
regimes defined in chapter@ are indicated.

reaches a minimum Y, with 0,;, being typically in the range of 0.5 — 0.7 ML.
Afterward, the work function slowly increases again and the value of bulk Cs is
approached for 6 2 1 ML (xsat < Xos)- Since the plasma grid surface at the NNBI
ion sources is made of polycrystalline Mo, the corresponding literature values for
Xsubs Xmin and Ysa; are depicted in figure ]ﬂ(b) For comparison, literature values
are also given for polycrystalline W and stainless steel. While all the substrate
work functions are high (4.3 —4.5¢eV), the minimum and saturation work functions

provided via Cs adsorption are in the low work function regime (1.5 —2.0eV).

The work function change of the metal substrate upon Cs adsorption can be
understood within the framework of the Langmuir-Gurney model [DM97, SS00].
As illustrated in figure 4.2, the electronic energy level of the valence s electron
of the Cs atom is lowered and lifetime-broadened when it approaches the metal
surface, allowing electron tunneling from the Cs atom into the valence band
(VB) of the metal. The resulting chemisorption bond is characterized by the
attractive electrostatic force between the partially positively charged Cs adatom
and the corresponding negative screening charge density at the metal surface.
The electronic charge transfer induces an electric dipole moment on the metal
surface and therefore a reduction of the surface work function. The approximately
linear decrease of the work function in the low coverage regime can consequently

be explained by the increasing amount of adsorbate-induced dipole moments on
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Figure 4.2: Electronic energy diagram illustrating the work function reduction of
a metal surface upon Cs adsorption after the Langmuir-Gurney picture.

the metal surface. However, the increase of the Cs coverage leads to decreasing
interatomic distances between the adatoms and repulsive dipole-dipole interactions
arise. This leads to a gradual mutual depolarization, i.e., to a decrease of the
net charge transfer to the substrate, and therefore to a work function increase in
the medium coverage regime. In the high coverage regime, covalent interactions
between the Cs adatoms are dominant and a metallization of the Cs overlayer
takes place [FO72, CT12].

Due to the increasing repulsive dipole-dipole interactions with increasing Cs
coverage, the surface binding energy of Cs atoms decreases from about 3.3eV
(dependent on the substrate material) to 0.8 eV (sublimation enthalpy of bulk Cs)
IKT05]. Already for Cs coverages above one ML, the interaction of the Cs atoms
with the metal substrate is significantly reduced and the cohesion of the Cs atoms
is mainly determined by Cs-Cs interactions. In this case, the Cs desorption flux
can be estimated from the Cs vapor pressure pgs above the Cs surface. Assuming
thermal equilibrium between the Cs surface and the Cs vapor, the Cs desorption
flux is determined by the surface temperature Ty, and is given via the kinetic

theory of gases by
pCs(Tsurf)

Vv 27T-TnCs kBTsurf ‘

In figure @, pos and 1 §§S°rp are plotted as a function of Ty,. Using the estimation

ngsorp(Tsurf) = (4.2)

that 5.6 x 10'® Cs atoms per m? correspond to 6 = 1, desorption fluxes of 0.4 ML /s
and 1 ML/s are given at 25°C (room temperature) and 33 °C, respectively. At
the NNBI ion sources and at ACCesS, typical Cs fluxes toward the surface are in
the range of 107* — 1072 ML/s (~ 10 — 101" m~2s71) [Mim18, W+18a, CFF20a]
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Figure 4.3: Cs vapor pressure for Cs coverages above one ML as a function of
the surface temperature [TL37], together with the corresponding Cs desorption
flux. The estimated Cs desorption fluz corresponding to 1 ML/s as well as the
desorption fluz at 25 °C' (room temperature) are indicated.

and the surface temperature is at or above room temperature. In consequence,

the growth of pure Cs multilayers would not be possible.

4.2 Influence of coadsorbates on the Cs layer

In contrast to UHV chambers, ion sources operate in a limited vacuum environment
and the amount of coadsorbates is thus not negligible. At a typical base pressure of
~ 107% mbar, the residual gas flux (mainly composed of water vapor and some small
amounts of Ny and Os) is of the order of 10'® m™?s™! and therefore larger than the
typical Cs flux. Furthermore, the surface upon caesiation is exposed to hydrogen
species during plasma operation. As Cs exhibits a high chemical reactivity, the
formation of Cs compounds is expected [FF17]. Some relevant Cs compounds
with regard to the present gas species are summarized in table 4.1, together with
the corresponding standard enthalpies of formation A¢H° and melting points Tyer
(if available). Whether or not a Cs compound is formed spontaneously depends
on the different intermediate steps of the synthesis. However, in each case, the
standard enthalpy of formation is negative, i.e., the Cs compound is more stable
than its reactants. Under standard conditions, the compounds are solid and
crystallize with ionic binding characteristics, and the vapor pressure of the Cs
compounds is lower compared to pure Cs.

Under vacuum conditions of 107% mbar, the mean free path of Cs is much longer

than the experimental dimensions at ACCesS and at the ion sources. Therefore,
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Table 4.1: Compilation of Cs compounds with their standard enthalpy of forma-
tion AH® at 298 K and melting point Tyey (if available) [Rum21]. Crystalline
and gaseous states are denoted with ¢ and g, respectively.

Af]——ro Tmelt
Name Formula  State in kJ/mol in eV /particle in °C
Caesium Cs c 0.0 0.0 28.5
g 76.5 0.79
Caesium hydride CsH c —54.2 —0.56 ~ 170!
Caesium hydroxide CsOH ¢ —416.2 —4.31 342
g —256.0 —2.65
Caesium monoxide? Cs,O c —345.8 —3.58 495
Caesium peroxide Cs90, 594
Caesium sesquioxide  Cs303 ~ 400
Caesium superoxide CsO, ¢ —286.2 —2.97 432
Caesium ozonide CsO3
Caesium nitrate CsNOs c —506.0 —5.24 409
Caesium azide CsNj 326

! Decomposition temperature.

2 Several suboxides exist, e. g., Cs;103, Cs,O or Cs;O.

the Cs transport can be considered ballistic and the Cs distribution within the

vacuum chamber is mainly determined by the Cs oven evaporation profile and the

Cs reflection and desorption from the surfaces [M*17]. Interactions of Cs with

residual gases are expected to occur predominantly at the surfaces, leading to a

different Cs chemistry compared to pure Cs adsorption and thus to an influence on

the evolving surface work function. Investigations on the influence of the different

gas species on the Cs chemistry and work function have mostly been performed

in a controlled manner under UHV conditions [Bon88, DM96], from which some

important results are outlined in the following.

Water A major objective in the investigation of water-surface interactions is the

question of whether the polar water molecule adsorbs molecularly (associa-

tively) or dissociatively [TM87, Hen02]. In the case of clean metal surfaces,

a variety of studies have demonstrated that the adsorption pathway depends

on factors such as surface defects, crystallographic orientation and morphol-

ogy of the surface. Dedicated experimental investigations on the adsorption

of HyO on polycrystalline Mo surfaces are not available. However, simula-

tions by means of density functional theory codes with ab initio molecular

dynamics calculations have demonstrated that both the partial dissociation
H,O 2, OH™ + H™ and the full dissociation H,O 1y 02 + 2H are
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energetically favorable, with the electrons donated by the Mo substrate
[BCS20]. In consequence, the computed surface work function increases
with the number of adsorbing water molecules due to the electron transfer

from the Mo substrate to the water molecule and its components.

The presence of Cs adatoms on metal substrates is generally known to pro-
mote water adsorption. Water molecules can nucleate around the Cs atoms
forming Cs(H,0),, complexes [SCC14], which are stabilized by hydrogen
bondings. Furthermore, Cs atoms can enhance the partial and full disso-
ciation of water molecules at the surface [PRB91, SJ94, Hen02]. This can
be explained by an electrostatic field-induced effect, meaning that the HoO
dissociation is initiated by the dipole field in the vicinity of the adsorbed
Cs atoms [BPRI1]. The Cs-induced water dissociation depends on the
substrate, temperature and Cs coverage since these parameters determine
the strength of the surface dipoles. In the case of partial dissociation, the
formation of Cs hydroxide (CsOH) is probable, which is a whitish-yellow
crystal, highly hygroscopic and has a melting point of 342 °C. Due to its high
thermal stability, thermal decomposition is not possible at temperatures
relevant to ion sources. When atomic oxygen is present due to the full
dissociation of HyO, the formation of Cs oxides is likely [VGK14], which is
described in more detail in the following paragraph ‘Oxygen’. Moreover, the
dissociated H atoms from the HyO molecule might lead to the formation of
Cs hydride (CsH), which is discussed in the paragraph "Hydrogen’ below.
The formation of Cs—OH, Cs—O and Cs—H bonds is generally favored from
an energetic point of view because the respective bond dissociation energies
are higher than the dissociation energy for Cs and H,O bonds, as shown in
table 4.2.

The exposure of prepared metal surfaces with a Cs submonolayer coverage to

water vapor usually induces a work function increase [L.*89, PRB91, VGK14].

Table 4.2: Dissociation energies of Cs
bonds at 298 K [Rum21].

Dissociation energy

Bond in kJ/mol in eV /particle
Cs—OH 373 3.87
Cs—0O 293 £25 3.04£0.26
Cs—H 175.4 1.82

Cst—H,0 57.3 0.59
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This behavior is also known from presumably thick Cs layers under ion
source vacuum conditions, where a gradual work function increase over time
is observed (Cs layer degradation) [FGW10, FF17]. This is explained by
the formation of Cs compounds (in particular CsOH) and an electronic
charge transfer to the adsorbing HoO molecules, whose accumulation results
in complexes and clusters over time. However, dedicated investigations
on the work function evolution upon Cs adsorption on H,O covered metal
surfaces as well as during continuous codeposition of Cs and HyO (as it is the
case at ion sources) barely exist. Indications of a beneficial impact of HyO
coadsorbates on the work function reduction were reported by Uebbing and
James in the context of photocathodes [UJ70]. During the exposure of an Ag
substrate alternately to Cs and H5O in a UHV chamber, the establishment
of a Cs compound layer with an ultra-low work function of 1.22eV was
observed, which might be explained by the formation of Cs oxides at the

surface (see below).

Oxygen When oxygen is adsorbed on pure metal surfaces, the work function
typically increases [Ebe60, DP80]. The reason is the high electronegativity
of oxygen, leading to a (partial) electron transfer from the metal to the
adsorbate and thus to an increase of the surface potential barrier. With
the presence of Cs, however, the situation can significantly change since
a whole series of Cs compounds can be formed [Okal0]. The most com-
mon oxide of Cs is Cs monoxide (Cs;0), which is a yellow-orange crystal.
Moreover, various suboxides as well as oxygen-rich compounds such as Cs
peroxide (containing O3~), Cs superoxide (containing O3 ) and Cs ozonide
(containing O3 ) exist, which are listed in table @ The Cs oxides are
strongly hygroscopic and exhibit a high thermal stability so that thermal
decomposition is restricted to temperatures that are barely achieved under
ion source relevant parameters. The color of Cs;O is known to change to

dark red and eventually to almost black upon heating [BraT78§].

The controlled coadsorption of Cs and O in a UHV environment allows the
generation of work functions that are lower than that of pure Cs. In the
case of Cs submonolayer coverages on metal substrates, the work function
minimum can be shifted with small amounts of Os down to 1.0—1.2eV [SS68,
PC73, DP80, Pap82]. Furthermore, comparable low work functions can be
generated by the growth of thick adlayers involving Cs-O compounds [UJ70,
BS77, Dan81, MS91]. In particular, Cs,0O is usually proposed to provide
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such low work functions [Dav57, UJ70, Des83], but no clear relationship
between the Cs/O ratios and the obtained work functions has been found so
far. Therefore, it remains unclear whether the formation of ultra-low work

functions can be traced back to one specific oxide or rather to a mixture
and interplay of different oxides [GT75, BS77, ES79, YB80, W87, B04].

Hydrogen Dedicated investigations on Hy adsorption on clean and caesiated

Mo(110) surfaces in a UHV environment are reported in [EVKP87]. It is
found that the adsorption of Hs on clean Mo results in a work function
increase of about 0.2 eV, which is attributed to the higher electronegativity
of hydrogen compared to Mo. In contrast, a work function reduction of
some 0.1¢eV is observed when H, is adsorbed on Mo with a Cs submonolayer
coverage larger than 6,,;,. The work function reduction is explained by an
increased ionicity of the Cs overlayer, resulting from hydrogen atoms going
underneath the Cs layer. In [RG65], a similar work function reduction of
0.1 —0.2¢eV is reported by the exposure of caesiated polycrystalline Mo to
H,, and the formation of Cs hydride (CsH) is speculated.

Cs hydride is a whitish/colorless crystal and has a standard enthalpy of
formation of —54.2kJ/mol [Rum21, Bra78]. Although the standard enthalpy
of formation is negative, the formation of CsH in the gas phase is unlikely
at a Hy gas pressure of several Pa because the Hy molecule must dissociate
prior to CsH formation [Bra78]. However, CsH formation is favored at the
surfaces, where atomic hydrogen might be present due to dissociated HoO
and /or Hy molecules [BCS20]. In addition, a significant amount of H atoms
is produced in the plasma phase and can enhance the formation of CsH.
While the formation is rather unlikely in the plasma volume at the low
pressure (a third body must be involved in the collision process to absorb
part of the released energy), impinging H atoms onto caesiated surfaces are

expected to lead to reactions with Cs atoms (see section 4.3).

Cs hydride has a relatively low decomposition temperature of about 170 °C
under standard conditions. Since the solubility of hydrogen in Cs is rather
low [SP94], the thermal dissociation of CsH is accompanied by hydrogen
desorption under the formation of Hs, i.e., 2 CsH beat 9 Cs + Ha. Hence, the
partial pressure of Hy above the CsH surface determines the thermal disso-
ciation of CsH and represents the CsH dissociation pressure. In figure [4.4]
the CsH dissociation pressure is plotted as a function of the temperature

of the surface that is covered with CsH. As can be seen, a temperature of
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Figure 4.4: Temperature dependent dissociation pressure of solid CsH [SP94].
Typical vacuum phase pressures and Hy gas pressures for plasma generation at
the NNBI ion sources and at the ACCesS experiment are indicated.

about 60 °C is sufficient to evaporate Hy from CsH compounds at a typical
ion source background pressure of 10~* Pa. In the case of a Hy gas pressure
of 10 Pa as utilized for plasma operation at the experiment ACCesS (see
chapter BD, CsH thermally decomposes at about 185°C. In consequence,
Cs can in principle be retrieved from CsH compounds with temperatures
applicable to ion sources, which is not possible for the other Cs compounds
that are listed in table|4.1.

From the above descriptions it becomes clear that the chemical surface compo-
sition and resulting work function that evolve during a caesiation process in an
ion source environment are not easily anticipated. As illustratively summarized
in figure 4.5, the formation of Cs compounds with residual water molecules and
hydrogen gas is expected to play a decisive role. This is also indicated by measured
Cs desorption fluxes that are orders of magnitude lower compared to the ones
determined from the vapor pressure of pure Cs [Mim18]. Furthermore, the Cs

sticking coefficient, which is defined by

FCS refl
Si=1—-—"— 4.3
FCs,on ( )
with I'cson being the Cs flux impinging onto the surface and s en the Cs flux
reflected from the surface, has been determined experimentally to a value of 0.7
for a Mo surface at room temperature [FGW10], showing that most of the Cs that
impinges onto the surface is adsorbed. The high sticking coefficient in combination

with the reduced desorption flux allows the formation of multilayers, with the
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Figure 4.5: [llustration of the caesiation process under ion source conditions.

thickness depending on the applied Cs fluence, i.e., the time integrated Cs flux

the surface is exposed to.

4.3 Plasma interaction with caesiated surfaces

The Cs coating and thus the surface work function can be heavily affected upon
hydrogen plasma exposure due to a multitude of possible reactions with energetic
and chemically reactive plasma species. As described in chapter 3| photons with
energies up to ~ 15eV, atomic hydrogen radicals as well as positive hydrogen ions
(H*, Hj, HY) impinge onto the caesiated surface. Depending on the difference
between the potential of the surface and the plasma potential, the positive ions can
gain kinetic energy while traversing the plasma sheath. Furthermore, Cs atoms
and impurities are partially ionized in the plasma phase and can gain energy in

the plasma sheath.

Thermal effects The hydrogen plasma leads to an energy flux to the caesiated
surface, which results from collisions of the different plasma species with the
surface as well as from possible exothermic chemical and physical reactions
at the surface. The thermal load that heats the surface is given by the
difference of the energy flux to the surface and the energy flux leaving the
surface. The energy flux leaving the surface is determined by processes
such as radiative and convective cooling, removal of particles from the
surface, and endothermic reactions. Dependent on the plasma parameters,
the plasma-induced temperature increase can be up to several 100 °C. An
elevated surface temperature affects the chemical equilibrium at the surface

and thus the chemical composition of the surface layers. Governing processes
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include thermal decomposition of Cs compounds (e.g., CsH, see figure 4.4),

desorption of Cs (compounds) and a variation of the Cs sticking coefficient.

Physical interactions When plasma particles hit the caesiated surface, they can
be backscattered or absorbed in the Cs layer. Since a momentum transfer
between the incident and target particles takes place, physical sputtering

can occur. The threshold energy for this process is given by [Boh80]

Eb/h/(l - 7)]7 my < 0.377127
By, = (4.4)
8B (m1/m2)?*°, my > 0.3my,

where Ej, is the surface binding energy of the target particle, m; and msy
are the masses of the projectile and the target particle, and ~ is defined
as 4mymsy/(my + msy)?. As mentioned in section ]H, the surface binding
energy of Cs atoms above one ML is about 0.8 eV. Due to the involvement of
Cs compounds, however, a somewhat higher binding energy can be assumed.
The most energetic particles hitting the caesiated surface are positive ions
due to the energy gain in the plasma sheath. By using 0.8eV as a lower
limit for FJ,, the threshold energy for the sputtering of Cs atoms by incident
H* ions is 27.8¢V. In the case of D ions, the higher mass leads to a lower
threshold energy of 14.5eV. For the masses of the dominant molecular ions
Hi and Di at the ACCesS experiment (see section @), the calculated
threshold energies are 10.1 and 5.8 eV, respectively. However, it is expected
that these molecules dissociate to a large degree upon hitting the surface,

reducing the sputtering capability significantly [vATGS85].

The caesiated substrate is usually on the floating potential at ACCesS and
the positive ions can gain kinetic energies of about 10eV in the plasma
sheath in maximum. At the BUG and ELISE ion sources, the caesiated
plasma grid is biased positively with respect to the source body and the
difference between the plasma and plasma grid potential is typically not
higher than a few volts. Therefore, physical sputtering of Cs (compounds)
by positive hydrogen ions is expected to be ineffective both at ACCesS and
at the ion sources.! However, self-sputtering of Cs by impinging Cs™ ions

might play a role (Fip, Y 646V for E, = 0.8eV) [Wadl8]. In addition,

Significant physical sputtering of Cs occurs at the backplate of the NNBI ion sources due
to backstreaming positive ions with energies of several keV. These ions are created in the
extraction system by the interaction of negative ions with the background gas and are
accelerated back into the ion source [F*21al.
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impurity gases may physisorb on the caesiated surfaces with E, < 1eV

(weak van der Waals forces) and are likely to be physically sputtered.

Chemical interactions Significant modifications of the chemical equilibrium
and thus chemical composition and stoichiometry of caesiated surfaces can
occur by chemical reactions with the various plasma species. Impinging
hydrogen molecules, atoms and positive ions can be absorbed in the Cs
layer and form Cs-H compounds [vAT86, Wadl8]. Especially the atomic
hydrogen radical is chemically very active and can affect the Cs chemistry
considerably. Furthermore, chemical bonds of Cs compounds can be broken
via impinging VUV /UV photons and ions since the bond dissociation energies
are typically below 4 eV (see table @D Once Cs compounds are broken, the
fragments might remain at the surface and/or undergo further reactions with
particles at the surface. In case the resulting fragments and compounds are
more weakly bound to the surface than before, sputtering and/or desorption
processes (thermally driven and/or particle/photon stimulated) are enhanced.
In consequence, the chemical reactions with incident plasma species can
favor the release of Cs from the surface, which is usually subsumed under
the term chemical sputtering [WC92].

Figure 4.6 summarizes the interaction of hydrogen plasmas with caesiated
surfaces. At the ion sources, the plasma-induced Cs release from the surfaces
and walls is generally significant [FW12, W*18a| and is expected to be mainly
driven by chemical sputtering. The resulting Cs redistribution within the source
is exploited to deposit Cs onto the large plasma grid surface. At the ELISE test

facility for instance, the Cs ovens are positioned at the side walls of the expansion

Ad-/absorption processes,
increase of temperature,
chemical reactions (formation / conversion / dissociation of Cs compounds)
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Figure 4.6: Sketch of the interaction of hydrogen plasmas with caesiated surfaces.
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chamber and the Cs evaporation is directed toward the backplate [CT19]. During
a so-called Cs conditioning procedure [W*18b|, Cs is continuously evaporated into
the source and short plasma pulses of several seconds are repetitively applied to
enhance the Cs transport toward the plasma grid [M*17]. The gradual caesiation
of the plasma grid leads to a significant improvement of the ion source performance
due to the resulting reduction of the surface work function.

During plasma phases from minutes up to hours, the Cs flux toward the plasma
grid must be high enough to counterbalance the plasma-induced Cs removal from
the plasma grid surface. Furthermore, the Cs layer needs to be re-conditioned after
operational breaks due to degradation effects caused by the residual gases, which is
typically done by the evaporation of fresh Cs in combination with the application
of short repetitive plasma pulses [WT18b]. Since the occurring processes and the
resulting chemical composition at the caesiated surfaces depend on the condition
of the Cs layer and the plasma exposure time, the plasma impact on the work
function can reach from a reduction to an increase, as mentioned in section 2.3.3.
Hence, the usage of Cs introduces pronounced temporal dynamics and systematic
investigations on the behavior of the surface work function in dedicated scenarios
are required to gain insights into the impact of the physico-chemical interactions

on the work function of the plasma grid.
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5 Experimental setup and

determination of fluxes

5.1 The ACCesS experiment

The experimental setup ACCesS (abbreviation for Augsburg Comprehensive
Cesium Setup) is schematically illustrated in figure 5.1. It consists of a cylindrical
stainless steel vessel with an inner diameter of 15 cm and a height of 10 cm, which
is evacuated with a pumping system comprising a turbomolecular and rotary vane
pump. The vacuum vessel has an exchangeable bottom plate and is equipped
with several ports for the attachment of peripheral components. Cs is introduced
into the chamber by means of a Cs oven attached to the bottom plate, which is
described in detail in section 5.2. The background pressure is monitored with a cold
cathode gauge and is typically in the range of 1075 — 1075 mbar (limited by Viton
O-ring seals used at the experiment). A gas supply system with calibrated mass
flow controllers allows a controlled gas inlet (mostly Hy and Dy), and the absolute
pressure in the vacuum system is measured with a capacitance manometer. An
installed angle valve in between the vessel and the turbomolecular pump supports
the adjustment of the desired gas pressure (typically in the range of 1 — 10 Pa) by
reducing the effective pump rate.

Since the composition of the background gases in the vacuum system can provide
valuable insights into the chemical behavior of Cs and the possibly affected Cs
dynamics, a residual gas analyzer (RGA) is applied. The RGA is a compact
quadrupole mass spectrometer (Pfeiffer Vacuum PrismaPlus® QMG 220) and
is installed at a differentially pumped side arm of the experiment (separate
turbomolecular and rotary vane pumps). The side arm is heated to 80°C to
prevent Cs accumulation and is separated from the main chamber by an aperture
with 300 pm diameter, which is necessary in order not to exceed the maximum
allowed operating pressure of the RGA (107> mbar) in the side arm during plasma
operation. The RGA detector has a distance of about 60 cm to the main chamber

and is capable to detect masses in the range of 1 — 200 u either with a Faraday
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Figure 5.1: lllustration of the experimental setup ACCesS.

cup or with a secondary electron multiplier (SEM) for higher sensitivity. However,
Cs cannot be detected due to the small diameter of the aperture in combination
with the high affinity of Cs to adsorb at the walls. The RGA can be used to
record mass spectra as well as time traces of selected masses. A typical mass
spectrum of the unbaked vacuum system at ACCesS in the range of 1 — 100 u is
depicted in figure @ (not calibrated for absolute partial pressures in the main
vessel). The largest peak in the mass spectrum corresponds to water vapor, and
the other smaller peaks can be attributed mostly to atmospheric gases and some
cracking products. The RGA is standardly used to monitor the relative behavior
of the residual gases over time.

Low pressure low temperature plasmas are generated in the vacuum vessel
via inductive RF coupling. This is done by using a planar RF antenna located
concentrically above the vessel in atmosphere. The dielectric between the antenna
and the vacuum is a Borosilicate glass plate. A Faraday screen is positioned on top
of the glass plate and is grounded during plasma operation for the suppression of
capacitive coupling components and the associated large electric fields [LL05]. The

antenna is a copper solenoid that is connected via an impedance matching network
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Figure 5.2: Mass spectrum recorded with the SEM detector of the RGA in the
vacuum phase at ACCesS (pressure in the main chamber = 1.1 x 10~° mbar,
pressure in the side arm of the RGA = 2.1 x 10~ mbar).

to the RF generator. The RF generator is capable to provide RF powers of up to
600 W at a fixed frequency of 27.12 MHz. The matching network consists of three
variable capacitors in a m-type configuration, which is necessary to adjust the
impedance Z of the load (consisting of the antenna, Faraday screen, plasma and
matching network) to Re(Z) = 50 and Im(Z) = 0 to match the requirements of
the generator for achieving maximum power output [LLO05]. Standard operational
parameters for the generation of Hy and Dy plasmas in this work are a gas pressure
of 10 Pa and an RF output power of 250 W.

As shown in figure 5.1, a sample holder can be installed close to the center of
the vessel. It is mounted with a ceramic block on the bottom plate to ensure
electrical and thermal insulation and has a distance of about 2cm from the
cylinder axis of the vessel. Since the previously used sample holder could be
heated to a temperature of only ~ 400°C in maximum (see [Fril3, Crilg]), a
new sample holder was designed and manufactured within this work to reach
temperatures up to 1000 °C. The new sample holder is presented in figure ‘5.3\(&).
It is made of stainless steel and provides a support area of 44 x 30 mm?, to which
samples can be attached with clamps of various sizes. The sample holder support
has a hole with a diameter of 5mm close to the center in order to provide the
possibility for Langmuir probe measurements above the sample surface (provided
that the sample is also punched, see section ]ﬂb The support area can be
heated with an embedded heating wire (see photograph in figure 5.3(a)), which
is operated with a proportional-integral-derivative controller (maximum heating

power ~ 147 W). The controller uses the temperature feedback from a K-type
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Figure 5.3: (a) Schematic of the sample holder at ACCesS with installed ther-
mocouples, heating wire and bias against the grounded vessel wall. The photograph
shows the embedded heating wire in the sample holder. (b) Exemplary heating of a
stainless steel sample.

thermocouple installed at the sample holder support (Thoger) to reach the set
temperature via pulse width modulation. The temperature of the sample is
monitored with a separate K-type thermocouple (Ty,¢), which is attached to the
front surface by using one of the clamps. The temperature response of an installed
stainless steel sample (30 x 30 x 2mm?) upon heating the sample holder support
to 815 °C is exemplarily demonstrated in figure @(b) The sample holder support
reaches the set temperature within ~ 1 min and maintains it with fluctuations
of only a few degrees. The measured temperature at the sample’s front surface
follows this temperature increase with a time delay of several minutes and reaches
a value of about 87 % from Tiqer. Since a water cooling system surrounds the
vessel walls, thermal radiation from the sample and sample holder leads to an
increase of the wall temperature of only a few degrees. After the heating is
switched off, the temperatures of the sample and sample holder gradually decrease
due to radiative cooling (no active cooling possible).

The heating wire and thermocouples are in coaxial design and the vacuum
feedthroughs (realized via port #1, see figure 5.1) ensure electrical insulation of the
sample holder against the grounded vessel walls. Furthermore, the temperature

control unit is galvanically isolated against the ground potential by the use
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of an isolation transformer to suppress capacitive coupling to the ground. In
consequence, the sample holder and thus also installed samples can be reliably
biased against the ground potential, which is necessary for instance for measuring
the work function of the sample surface (see chapter 6). For the bias connection
either the feedthrough port #2 or a feedthrough from the installed Cs source (see
section 5.2) is used.

Within this work, the ACCesS experiment has been equipped with a Siemens
SIMATIC programmable logic controller and WinCC software. The customized
system controls the mass flow controllers, the RF generator and a switch for
the grounding of the Faraday screen. Furthermore, it allows the readout of the
pressure gauges and thermocouples. An automatic data acquisition of the set
values in the WinCC software and the data from the thermocouples and pressure
gauges has been realized with a routine implemented in LabVIEW. The main
advantage of the SIMATIC system is the possibility to run the experiment in a
pulsed operational mode, i.e., to repetitively apply short plasma pulses of a few

seconds.

5.2 Cs source

The applied Cs source is a Cs ampoule oven, which is attached to the bottom
plate of the vacuum vessel as shown in figure 5.1l The Cs oven was designed
and manufactured at IPP, where it is also applied at the test facilities BUG (see
figure[2.3) and ELISE [C*19]. In figure 5.4(a), a schematic drawing of the Cs oven
is depicted. The different parts of the oven can be heated by five installed heating
sleeves, which are feedback controlled by the use of implemented thermocouples.
The electronics for the heating sleeves are controlled by a customized software,
which enables automatic data acquisition of all temperatures. As illustrated by
the cutaway drawing in the inset, a sealed glass ampoule containing 1 g of pure Cs
is installed in a stainless steel tube at the bottom part of the oven. The tube can
be pressed from outside to crack the ampoule without breaking the vacuum, and
the Cs is collected in the reservoir above the cooling plate (coldest spot of the
oven). By gradually heating the reservoir to temperatures in the range of typically
110 — 130 °C, the Cs vapor pressure rises and Cs is transported via a tube made
of Ni plated Cu (8 mm inner diameter) to the nozzle of the oven. The other parts
of the oven are kept at a temperature of about 280 °C to avoid Cs condensation
and to assure a proper Cs transport. The oven nozzle protrudes about 2.5 cm

into the vessel and has a 45° edge cut toward the sample holder to enhance the
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Figure 5.4: (a) [llustration of the applied Cs ampoule oven at ACCesS. The
red components represent the heating sleeves, which are controlled by the use of
implemented thermocouples. The cutaway drawing in the inset shows the location
of the Cs ampoule. (b) Illustration of the removable oven SID.

Cs evaporation toward an installed sample surface. A valve at half height of the
oven can be closed to quickly stop the evaporation into the vessel. The valve also
provides the possibility to aerate the experimental chamber while keeping the Cs

reservoir in vacuo, which is necessary to avoid Cs oxidation and contamination.

Four insulated vacuum feedthroughs are available to install a surface ionization
detector (SID) directly above the Cs oven nozzle. The SID serves as a monitoring
tool for the Cs outflow from the oven. As illustrated in figure 5.4(b), it consists of
two tungsten filaments with 300 pm diameter that are biased against each other
with about 60 V. By passing a current of 2 — 3 A through each of the filaments,
they are ohmically heated to temperatures T > 900 °C to avoid Cs adsorption
on them [TL33]. Cs atoms that approach the surface of the first hot filament are
positively ionized due to the fact that the value of the work function of tungsten
(xw ~ 4.5¢eV) is higher than the ionization energy of Cs (E; s = 3.89¢V), leading

to the following relationship for the fraction of the positive to neutral Cs flux
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leaving the filament surface [ST00]:

FCS+ (XW - Ei,Cs) (5 1)

— x exp
OO kpTh

The positive ions are accelerated and collected onto the second filament (ion
collector), and the measured current flowing between the two filaments is propor-
tional to the impinging flux of Cs atoms onto the ionization filament. The control
and data acquisition of the SID diagnostic is fully implemented in the Cs oven
electronics and software. Since the SID at ACCesS is not yet calibrated for the
determination of absolute evaporation rates, it can only be used as a tool for the
temporal monitoring of the relative Cs outflow from the oven. In general, the
SID cannot be used during plasma operation because the bias would draw a high

electron current.

The commissioning of the Cs oven at ACCesS is described in [Cril8|, where
also a stable and reliable Cs evaporation is demonstrated both in vacuum and
plasma phases. An exemplary operation of the Cs oven in the vacuum phase is
presented in figure ]ﬁ(a). First, the different parts of the oven except the Cs
reservoir are gradually heated to 280 °C, monitored by the temperatures 7T2%

oven?

Tyalve Telbow and TamP- . The temperature 72" shows a slight oscillation of about
+5°C around the set value of 280 °C due to a delayed response of the feedback
controlled temperature regulation. After the working temperature of the oven
is reached, the Cs reservoir temperature 775 is increased carefully in steps of
5 — 10°C. The release of relevant amounts of Cs into the vacuum chamber can be
seen by an increase of the SID current, which is given at T = 110°C (typically

oven
in the range of 110 — 120°C). The further increase of T} leads to a further
increase of the SID current and after some minutes, Cs can also be detected via
tunable diode laser absorption spectroscopy, which is used to measure the neutral
Cs density in front of the sample holder (detection limit ~ 2 x 10" m~3, details see
section 5.4.1). By keeping T2, constant at 120 °C for almost 3h, the measured
SID current and Cs density remain at a stable level, confirming that a stable Cs
evaporation is provided. The oscillation of T2 Jeads to a slight fluctuation of the
Cs density, which, however, stays below 10 % and can be neglected. When the Cs
oven valve is closed, the Cs evaporation declines strongly on the minute scale. The
SID diagnostic shows that the Cs evaporation reaches a certain background level,
which is below the detection limit of the laser absorption spectroscopy system.
The background evaporation can be attributed to some Cs reservoirs that were

built up at the inner surfaces of the nozzle because shorty after the heating of
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Figure 5.5: (a) Typical operation of the Cs oven and monitoring of the Cs
evaporation with the SID diagnostic as well as via tunable diode laser absorption
spectroscopy for the measurement of the neutral Cs density in front of the sample
holder. (b) Variation of the temperature of the Cs oven nozzle while monitoring
the Cs evaporation via laser absorption spectroscopy.

the upper parts of the oven is stopped and T3V and T start to decrease, the
background evaporation vanishes.

Since the inlet of hydrogen gas of several Pa into the vacuum chamber leads to
convective cooling of the oven nozzle and thus to a reduction of T>% by about
10 — 20°C, the influence of a variation of Tp% on the Cs density in front of the
sample holder was tested. In figure ]ﬁ(b), the measured Cs density is plotted for
a variation of T7:% between 210 and 280 °C. As can be seen, no influence on the

Cs density can be observed, showing that the Cs evaporation is stable upon a

variation of Th%% by several 10 °C.

oven

5.3 Upgrade by an external plasma source

In order to expose caesiated samples to specific hydrogen plasma species, the
ACCesS experiment has been upgraded by an additional RF plasma source within
this work. As shown in figure 5.6, the plasma source is attached to a flange
(inner diameter of 22 mm) whose cylinder axis forms an angle of 45° to the normal
of the sample surface. The plasma is inductively driven by a helical two-turn
copper coil wound around a cylindrical quartz glass tube, which has an outer

diameter of 50 mm, a wall thickness of 3.5 mm and a length of 200 mm. The
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Figure 5.6: Schematic of the experimental setup ACCesS upgraded by an external
ICP source.

quartz tube is installed with two grounded stainless steel mounts and sealed
with the use of O-rings. For the RF power supply, the same RF generator as
for the plasma generation in the main vessel is used (27.12 MHz, 600 W max.),
i.e., plasma operation is possible either in the main vessel or in the quartz tube.
The RF impedance matching network consists of variable capacitors in an L-type
configuration. The matching is adjusted with the help of an RF voltage and
current probe installed in between the generator and the matching circuit, which
allows to measure the phase-resolved RF current and voltage in real time. Since a
capacitive pressure gauge at the back end of the plasma source confirms that the
filling pressure in the main vessel is maintained in the quartz tube, no separate gas
feed system is installed. Inside the flange to which the ICP source is connected, a
grounded stainless steel mesh is inserted to prevent capacitive plasma ignition in
the main vessel during the operation of the source.

The commissioning of the external ICP source was accompanied by severe RF
interference at devices operated at or nearby the experiment. A reduction of
induced RF disturbances could be achieved by encaging the quartz tube with a

stainless steel mesh and by improving the grounding of the quartz tube mounts.
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With this, hydrogen discharges can be generated with RF output powers of up
to 600 W in the Pa range. However, it has to be noted that RGA and work
function measurements (see chapter 6) cannot be conducted when the source is in
operation due to a still too high RF influence on the sensitive current measurement
devices. In order to monitor the temperature of the quartz tube, a thermocouple
is attached to it in between the coil and the mount at the back end. With the
typically applied RF powers in the range of 400 —600 W, the temperature increases
above 100 °C within a few minutes during plasma operation. To maintain the
thermal stability of the elastomer seals of the quartz tube, air cooling systems
are installed that limit the temperature increase to about 150 — 200 °C and allow
steady-state operation.

As depicted in figure 5.6, a rotatable shutter is installed in the main vessel via
the feedthrough port #2. The shutter enables to cover the flange of the additional
ICP source to prevent Cs diffusion into the flange during a caesiation process.
The shutter can be rotated from the outside without breaking the vacuum. In
order to select the plasma species for the irradiation of caesiated samples, a MgF,
window can be installed inside the flange and magnets can be attached from the
outside (details see chapter 8).

5.4 Particle and photon flux determination

According to the descriptions provided in chapter|3, the particle and photon fluxes
onto a sample surface immersed in a plasma are determined as follows: Neutral
particle fluxes are calculated via equation m and hence, the particle densities
and temperatures must be known. The positive ion flux onto the surface is given
by equation @D and thus, the positive ion density and the electron temperature
above the surface are needed. Photon fluxes are obtained via equation (3.19)
so that the respective emissivities are required. In order to determine these
parameters for the different hydrogen plasma species experimentally, a Langmuir
probe, optical emission spectroscopy (OES) and a VUV measurement device
(named VUV diode system) [FB22] are applied. Furthermore, the neutral Cs
density and temperature (and thus the neutral Cs flux) are measured via tunable
diode laser absorption spectroscopy (TDLAS) in the vacuum phase (typically
107% — 107> mbar), gas phase (typically 10 Pa) and plasma phase. An overview of
the applied diagnostics and the respective measured quantities is given in table 5.1
and detailed descriptions are provided in the sections|5.4.1—5.4.4.
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Table 5.1: Overview of the diagnostic systems for the quantification of particle
and photon fluzes. The spatial resolution, applicability and quantities that can be
evaluated from the diagnostics are listed.

Diagnostic Spatial res. Appl. Evaluated quantities
Tunable diode laser Vacuum, o Cs density ngg
. LOS
absorption spectros- ‘nteer gas & o Cs temperature Ty
copy (TDLAS) &t plasma — Cs flux I'cs

o Electron temperature 7,

« Electron density n,
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« Floating potential ¢g

— Maximum ion energy

Langmuir
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spectroscopy irI;tE))Sr Plasma « H atom density nyg
(OES) &t « Gas temperature Ty,
— H flux I3 H
VUV diode Cone Plasma e VUV emissivity eyyvy
system integr. — VUV flux I'yyv

In figure 5.7, the arrangement of the different diagnostics is depicted. As can
be seen, the TDLAS measurements are performed along a diagonal line of sight
(LOS) through the vacuum vessel, which is in parallel to and at a distance of about
2cm from the sample holder. To let the applied laser radiation pass the vacuum

vessel, small quartz windows are implemented below and above the flanges.

The Langmuir probe can be flexibly used at the experiment and in case it
is installed at the port behind the sample holder, it can be fed through the
sample holder (provided that the sample is punched as shown in figure 5.7). Thus,
measurements can be performed directly above the sample surface from which
the positive ion flux onto the surface can be evaluated. Moreover, an upper limit
for the energy of the positive ions can be determined by the measurement of

electrostatic potentials within the plasma.

Via OES, the plasma emission along a LOS is recorded spectrally resolved from

the UV to the near IR. A high resolution spectrometer is applied to determine
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Figure 5.7: Overview of the arrangement of the applied diagnostic systems for
the quantification of particle and photon fluzes at ACCesS.

absolute emissivities either in the main vessel along a LOS at half height through
the vacuum vessel (in parallel to the sample holder) or in the external plasma
source along the cylinder axis. Diagnostic access to the plasma emission is provided
by the use of quartz glass blind flanges. From the measurement of specific line
emissivities, LOS-averaged plasma parameters (typically axisymmetric profiles
[ST01, FB22]) can be evaluated, from which in particular the atomic hydrogen
flux is determined.

The VUV diode system is a measurement device for the quantification of VUV
photon fluxes. It is applied both at the main vessel and at the external plasma

source to measure VUV emissivities within a distinct viewing cone.

5.4.1 Tunable diode laser absorption spectroscopy for Cs

TDLAS is a reliable and robust measurement technique for the quantification of
the density and temperature of Cs atoms within a Cs gas [FW11]. It is based on
the absorption of laser radiation (tuned over characteristic Cs absorption lines)

and the measurement of the transmitted laser light intensity.
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Fundamentals

When a beam of light with intensity I (), z¢) travels in x-direction (x > z) through
a homogeneously absorbing medium at the wavelength A, its intensity is reduced

exponentially according to the radiative transfer equation:
I(A\, z) = I(\, o) exp [—a(N)(x — x0)] . (5.2)

Here, a denotes the absorption coefficient, and scattering of light and photon

emission from excited particles are neglected.! From equation 1) follows

a(N) = - _1% In [II((AA’,“;)” . (5.3)

When the absorption is due to the excitation of particles from the state k to the
state i, the wavelength-integrated absorption coefficient over the absorption line
can be expressed by [TLJ99]
M
/ a(\)dx = nkiAikS ki (5.4)
line

9k e

where n;, is the LOS-integrated population density of the lower state k, Ag; is the
central wavelength of the line (see equation (3.17)), Ay, is the Einstein coefficient
for spontaneous emission, and g; and g, are the statistical weights of the states
i and k, respectively. Hence, the density n; of the absorbing particles can be
calculated from equations (5.4) and (5.3) by

8mcgy, I(),0)
— ] dA 5.5
Airl N, 9; /1 " l[()\, Nl (5:5)

where z is set to 0 and x = [ is the absorption length.

ng =

For the quantification of the Cs ground state density, the resonant transition from
the Cs ground state k = 62S;/2 (gx = 2) to the excited state i = 6°Py/5 (g; = 4) is
exploited (A = 3.279x 107 s [K+22]). The energy difference between the 6 *Pj )
and 6 281/2 states is 1.455eV and corresponds to a wavelength of A\y; = 852.1nm
(so-called Cs Dy line). As illustrated in figure W(a), both energy levels underlie a
hyperfine splitting due to the coupling of the total electron angular momentum J

of the outer electron with the total nuclear angular momentum I. The resulting

'In the plasma phase, radiation resulting from electronically excited Cs atoms is present.
However, the laser intensity within this work is several orders of magnitude higher than the
plasma-induced radiation so that an emission source term can be neglected here [FW11].
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Figure 5.8: (a) Illustration of the hyperfine splitting of the atomic Cs states
62512 (ground state) and 6 * P35 [Ste19]. Optically allowed transitions between
the hyperfine energy levels are indicated by blue arrows. (b) Simulated spectrum
of the Cs Dy line from the hyperfine lines (labels indicate the transition F'—F”),
taking into account natural line broadening and Doppler broadening at 300 K.

total atomic angular momentum F' = J + I exhibits the corresponding quantum
numbers |J — I| < F < J + [ with AF =1, where J and [ = 7/2 [Rum21] are
the quantum numbers of J and I, respectively. This leads to the possible values
of F' =3 and 4 for the 6°S; 5 state (J =1/2) and F = 2,3,4 and 5 for the 6*P3/,
state (J = 3/2), resulting in six lines according to the selection rules for optical
transitions (AF = 0,41 and F =0 « F = 0). Since the energy splitting of the
ground state is much more pronounced than that of the 6°Pj, state, three lines
at about 852.11 nm and three lines at about 852.13nm are generated. The exact
central wavelengths A\ of the hyperfine lines and their relative intensities can be
found in [Stel9] and [WE33], respectively.

The line profile of the hyperfine lines is determined by broadening effects [TLJ99].
The main contribution is the Doppler broadening due to the thermal motion of
the Cs atoms, leading to a Gaussian line profile with a FWHM of

)\0 21H(2)]{7]3TCS

A/\Dopp(TCs) - 27 (56)

mcs
For typical temperatures in the range of 300 — 500 K within this work, AXpgpp is of
the order of 1 pm. Another contribution to the line profile comes from the natural

line broadening due to the uncertainty principle for energy and time, leading to a
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Lorentzian profile with a FWHM of

21
AAM:AO< 4 ) (5.7)

c \21T, 27T

71, and 7; denote the lifetimes of the states involved in the transition. Since the Cs
D, line is a resonant transition, only the excited state 6 2Ps /2 contributes to the nat-
ural line broadening. The lifetime of 752p, , = 30.4ns leads to Adya = 0.013 pm,
which is two orders of magnitude lower than the Doppler broadening. Further
broadening mechanisms have an even smaller contribution to the line profile within
the present work and are thus not considered (e.g., pressure broadening with a
Lorentzian profile and a FWHM of the order of 1073 pm [Fri13]). Figure|5.8(b)
shows a simulation of the six hyperfine lines considering their relative intensities
and both Doppler and natural line broadening, i. e., the line profile is a convolution
of a Gaussian and Lorentzian distribution and is thus a Voigt profile. As can be
seen, the three hyperfine lines at 852.11 nm and at 852.13 nm overlap already at
room temperature so that the total line profile, which is the sum of all the six
lines, shows only two peaks. The peak centers have a distance of 21.4 pm and

each peak can reasonably be approximated by a Gaussian profile.

Experimental setup

A schematic block diagram of the TDLAS system applied at ACCesS is shown in
figure|5.9(a). The setup basically consists of a laser that crosses the experimental
chamber and a photodiode for signal detection. The LOS, which is depicted in
figure 5.7, leads to an absorption length of [ = 16 cm. The laser system consists of
a laser controller and a laser head. It is a single mode distributed feedback (DFB)
diode laser with a tunable wavelength range of 851 — 853 nm, a spectral line width
of ~ 0.01pm (< Alpepp), & side mode suppression of 39dB and a maximum
output power of about 45 mW at 852nm. In operation, the laser wavelength is
scanned mode-hop free over the range of the Cs Dy line by modulating the diode
laser current linearly with a sawtooth voltage, while the temperature of the diode
is kept constant at 31.80 °C. The laser diode is connected via an optical fiber to a
lens head, which generates a parallel laser beam with a diameter of about 8 mm.
The laser intensity is reduced with a neutral density filter installed at the optical
head (0.07 % transmission at 852nm) to avoid significant depopulation of the Cs
ground state density, which would lead to a severe underestimation of the real
particle density [Linl7, FW11]. The photodiode is an amplified Si detector with

an active area of 3.6 x 3.6 mm?, which converts the received light intensity linearly
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Figure 5.9: (a) Schematic block diagram of the TDLAS setup for the measurement
of the neutral Cs density. (b) Exemplary absorption spectrum with a base line fit
for the determination of the intensity of the laser beam before entering the vacuum
vessel.

into a voltage signal (response to a wavelength range of 350 — 1100nm). An
interference filter with a maximum transmission of 70 % at the central wavelength
of 850nm and a FWHM of 10nm is placed in front of the photodiode to block
stray radiation from the plasma for minimizing the signal offset of the photodiode.
The photodiode and the laser controller are both connected to a computer via an
analog-to-digital (A/D) and digital-to-analog (D/A) converter.

The evaluation of the neutral Cs density is fully automated by a LabVIEW
program. The wavelength of the diode laser is tuned with a sawtooth voltage
of 10 Hz so that 10 spectra per second are read out from the photodiode with a
sampling rate of 10kHz. An exemplary absorption spectrum measured at ACCesS
is depicted in figure 5.9(b). As can be seen, the intensity of the laser increases
with the scanned wavelength due to the variation of the diode laser current. Since
the such obtained spectral intensity can be subject to slight changes over time due
to environmental influences (e. g., vibrations or RF noise), the base line 7,(0) is
determined for each measured absorption spectrum I, (/) specifically. This is done
by artificially removing the absorption signal from the spectrum and fitting the
remaining signal with a polynomial of ninth order. Since the linear variation of
the diode laser current leads to an almost linear variation of the laser wavelength

[Lin17], the wavelength calibration of the measured spectrum is done by a linear
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transformation of the time axis using the known distance of the peak centers
(21.4pm). By fitting the two peaks of the resultant spectrum In[7,(0) /()] with
a cumulative Gaussian function, the neutral Cs density is obtained by the use of
equation @) The determined Cs densities are plotted over time in the LabVIEW
program and are written to a text file typically every 5s. Additionally, recorded
spectra can be saved at any time in order to perform a manual evaluation, which
is preferred when the signal-to-noise ratio (SNR) is low.

The line profile of the absorption peaks is mainly determined by Doppler
broadening and thus by the Cs temperature (see equation (5.6)). In [Linl7], the

relationship

3.65 — A/\E{}VHM/pm> (5.8)

1
R T ET= R ( 2.70

was found for an estimation of the Cs temperature from the FWHM of the
left absorption peak (at about 852.11nm). Knowing the neutral Cs density

and temperature, the neutral Cs flux toward the sample can be calculated after

equation (3.25).

Limitations and measurement errors

Since the density of neutral Cs atoms in the ground state is evaluated from
the absorption of laser light on its way through the vacuum vessel, the spatial
profile of the Cs density within the vacuum vessel is not accessible. The detection
limit of the LOS-averaged Cs density is given at the point where the absorption
signal can no longer be distinguished from the base line, which is the case at
about 2 x 101¥m™3 at the present setup. The uncertainty of the evaluated Cs
density is mainly determined by the SNR, the quality of the base line fit, the
assumption of a linear transfer function between the time and wavelength axis
and the determination of the absorption length, resulting in a total error of about
+10%. The error of the Cs temperature is estimated from the standard deviation
from several evaluations at the same conditions and is about +40 K.

In the vacuum and gas phases, the measured Cs density represents the total
Cs density. In the plasma phase, however, electronically excited and ionized Cs
atoms must be taken into account. While the population density of excited Cs
atoms at the considered plasma conditions does not contribute significantly to
the total Cs density [FW11], a considerable amount of Cs atoms is ionized by
electron impact ionization due to the low ionization energy of 3.89 eV. Simulations
for the BUG and ELISE ion sources have shown that up to 70 % of the total Cs
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density can consist of Cs™ ions close to the plasma grid [M*18]. In consequence,
the determined neutral Cs density in the plasma phase must be understood as a

lower limit of the total Cs density.

5.4.2 Langmuir probe

A Langmuir probe is a standard diagnostic tool for the measurement of spatially
resolved plasma parameters [MSL26, LL05, CB11]. It represents a small electrode
that is inserted into the plasma and biased negatively and positively with respect

to the potential of the plasma.

Fundamentals

As illustrated in figure 5.10(a), a cylindrical Langmuir probe is used within this
work (probe tip is a thin metal wire) that is biased against the grounded vessel
walls (reference electrode). When a voltage ramp is applied and the resulting
probe current [, is measured, a current-voltage (/— V') characteristic is obtained.
An exemplary I—V characteristic is depicted in figure ’m(b) In case negatively
charged ions can be neglected, the probe current is composed of the electron
current I, and the positive ion current [+, where I,(V) = |I.(V)| — |L+(V)].
When the applied voltage is equal to the potential of the plasma ¢, the probe
is to be seen as part of the plasma and the probe current is carried almost
exclusively by electrons due to the much higher electron than positive ion flux,
as described in section 3.3.2. The plasma potential marks the inflection point of
the I—V curve and can thus be found from where the second derivative crosses
zero. For V' > ¢, electrons are attracted to the probe (electron branch) and the
effective collection area for electrons increases with increasing voltage, leading to
an increase of the probe current. For V' < ¢, the probe current decreases due
to a repulsive potential for the electrons (transition regime). When the probe
current is zero, the electron and positive ion currents are equal and the probe is
on the floating potential ¢q. For voltages sufficiently below ¢g, the probe current
is almost exclusively carried by the positive ions (ion branch), and the magnitude
of the ion current increases with decreasing voltage due to an increasing effective
collection area. The magnitude of the current in the ion branch is much smaller
than in the electron branch due to the much higher electron than ion fluxes within
the plasma.

The presence of negative ions can influence the shape of the I—V curve. An

increasing negative ion density leads to a decreasing electron density to maintain
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Figure 5.10: (a) Fundamental electric circuit for a Langmuir probe measurement.
(b) Typical current-voltage characteristic of a cylindrical Langmuir probe. The
deducible plasma parameters from the different curve regions are indicated.

quasi-neutrality and thus to a decreasing probe current in the transition regime
and electron branch [WPL73]. In hydrogen plasmas with H™ ions being the
dominant negatively charged species, the I—V characteristic is consequently
symmetrized with respect to the floating potential, which is the case in front of the
caesiated plasma grid at negative hydrogen ion sources [MS10, T*12]. However,
the influence of negative ions on the probe characteristic can be neglected within
this work because ny-/n. < 1 [Cril8].

From the I—V characteristic the electron temperature as well as the electron and
positive ion density can be evaluated. The electron temperature is determined from
the current in the transition regime: According to the well-known Druyvesteyn
formula, the EEDF f, is obtained from the electron current for voltages below

the plasma potential by [Dru30]

2
\/Sme \/Ea Ie

folE) = 34, oV

(5.9)

where A, denotes the surface area of the probe tip. The electron energy is
given by E = e(¢p — V) and the second derivative 9?1,/0V? can reasonably
be approximated by 9?1,/0V?, which is described in detail in [GD11]. Since
for a Maxwellian EEDF the relation f. o< VEexp[—FE/(kgT.)] is given (see
equation @D), the electron temperature can be determined from the slope of a

linear fit to In(0*I,/0V?) plotted against V. Knowing the electron temperature
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and using the expression

kBTe

2T My

(3:25) eAp1n0<vC> = eApne

I(¢p1) = Ayl

(5.10)

with Io(¢p) =~ I,(¢p1), the electron density can be calculated from the probe

current at the plasma potential via

_[2mme I(dp1)
ne=\ g o (5.11)

The positive ion density is equal to the electron density due to the immanent

quasi-neutrality of the plasma. The positive ion density could also be deduced
from the ion branch of the [—V characteristic. However, several theories exist for
the evaluation of the ion density from the ion branch (see [Che01]) and there is
no unanimous opinion on the exact criteria to determine which theory is most
appropriate for a particular measurement situation [GD11]. Moreover, for all
theories the ion composition within the plasma needs to be known because the
mean ion mass is required for the evaluation of the ion density. Consequently,
the determination of the ion density from the ion branch is subject to a high
uncertainty and the evaluation of the ion density via the electron density is thus

preferred in this work.

Experimental setup

Since the Langmuir probe represents an invasive plasma diagnostic, a small probe
tip is required to avoid severe plasma disturbance. The dimensions of the electrode
should satisfy the condition [GD11]

£:=rpln (fo;) < Ao, (5.12)
where 7, and [, are the radius and length of the electrode and A, denotes the
mean free path of the plasma electrons. The electron mean free path is estimated
by (n.o.)~!, where n, is the neutral particle density and o, the energy dependent
effective momentum transfer cross section, which can be found in [Phe22|. In
order to fulfill inequality (5.12), a thin tungsten wire with a radius of 50 pm and a
length of 10 mm is used, leading to a 1 —2 orders of magnitude larger A\, compared
to &. The tungsten wire is fed in a stainless steel rod, which is put inside a quartz

tube to shield it from the plasma.
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The electronics to which the probe is connected allows the application of a
voltage ramp in the range of —60V <V < 460V with respect to ground (AV
typically 0.05V) and the measurement of the probe current via an implemented
shunt. The electronics is connected to a computer via fiber-optic cables to ensure
galvanic insulation. It is controlled by the software PlasmaMeter™ (version 5.3),
which is described in detail in [M*09]. The software also allows an automatic
evaluation of plasma parameters from the measured probe data after the procedure
described above. The required second derivative of the I—V characteristic is
calculated via two-time numerical differentiation and since the measured probe
data is inherently noisy, a smoothing technique is implemented to perform the

differentiation with noise suppression [M*09].

In order to conduct measurements above an installed sample surface in the main
chamber, the probe is moved through the sample as shown in figure 5.7. To avoid
adsorbates and in the case of Cs evaporation the accumulation of Cs on the probe
tip, +60V are applied regularly for several seconds to heat the tungsten wire to
red heat by drawing a high electron current. From the measured electron density
and temperature in the direct vicinity of the surface, the positive ion flux onto
the surface is calculated via equation (3.29) using the mean ion mass of 3u (6 u)
for hydrogen (deuterium) plasmas, as described in section ]m The maximum
kinetic energy of the ions is determined from the difference between the plasma
potential and the potential of the floating sample, the latter being measured with

the installed bias connection at the sample holder.

Measurement errors

A thorough error analysis for the determination of the plasma potential, electron
temperature and electron density was performed within the work of [Cril8]. The
main influence on the uncertainty of the plasma parameter evaluation is given by
the presence of an inherently oscillating plasma potential at the RF frequency of
27.12 MHz, which is not compensated within the probe system and can thus lead
to distortions in the /—V characteristic [F*96]. Moreover, the two-time numerical
differentiation of the I—V characteristic with the application of data smoothing is
associated with uncertainties. The resulting uncertainty for the plasma potential
is found to be +1.5V, and the statistical errors for the evaluation of the electron

temperature and density are £0.2eV and +20 %, respectively.
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5.4.3 Optical emission spectroscopy

OES is a non-invasive diagnostic that is used to analyze the plasma emission from
atomic and molecular transitions spectrally resolved from the UV to the near IR
range. The determination of emissivities in combination with population models

allows access to a multitude of plasma parameters.

Fundamentals

Population models are used to predict the population densities of excited atomic
and molecular states depending on the plasma parameters. From the population
densities, emissivities can be calculated by using the respective Einstein coeffi-
cients (see equation (3.18)). By matching the calculated emissivities with the
experimentally determined ones, plasma parameters (such as the atomic hydrogen
density in the ground state) can be identified.

In the present work, zero-dimensional collisional radiative (CR) population
models are applied [WF16, W*21a]. The CR models balance all relevant popu-
lation and depopulation channels of the particle states of interest and are used
to predict the emissivities of the Balmer lines of the hydrogen atom (see sec-
tion 3.2.1) as well as the emissivity of the Fulcher-« system (d°IL, — a®%}) of
the hydrogen molecule (see section m The latter is determined experimentally
via the diagnostically well accessible emissivities of the first twelve Q branch lines
(N"=1,..,12, N” = N’) of the first four diagonal vibrational bands (' =0, ..., 3,
V" =) of the Fulcher-« transition (single and double primes denote the upper
and lower levels that are involved in the optical transition). The corresponding
central wavelengths can be found in [Die72] and [FSC85] for hydrogen and deu-
terium, respectively. It should be noted that the upper Fulcher state is split into
the d3IT] and d*II; states, and the Q lines originate solely from the d*II; state.
The analysis of the distinct Fulcher-« lines includes the evaluation of the gas
temperature Ty,s, which is required for the determination of the neutral particle

density via equation (3.26) and the calculation of particle fluxes.

Tgas and Fulcher-« emission The procedure for the evaluation of the gas tem-
perature is described in detail in [BF20] and is briefly summarized here.
The rotational levels of the hydrogen (deuterium) molecule in the electronic
ground state (X 12;, X in short) are predominantly populated via inelastic
heavy particle collisions. In the present case of low pressure low temperature
plasmas, the population of the rotational levels is well described by two

temperatures: The population of the levels with low rotational quantum
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numbers (N < 5) is described by the temperature Tio1 = Tgas (typically
several 100 K) and the population of the higher rotational levels is charac-
terized by a temperature Tyo1 2 > Tyas (in the range of a few 1000 K). The
overpopulation of the high-N levels is mainly due to the energy gain of
recombinative desorption of hydrogen (deuterium) atoms from the plasma
vessel walls [VSEO4]. Since the surface recombination of atoms can also
lead to vibrational excitation, the population of the vibrational levels in the
electronic ground state is also described by a “cold” temperature Ty, ; for
low vibrational quantum numbers and a “hot” temperature Ty, 2 for high
vibrational quantum numbers. In order to evaluate the gas temperature from
the cold rotational population, simulated relative rotational and vibrational
populations are compared to the measured ones from the Q) lines of the first
four diagonal vibrational bands. The vibrational population is simulated by

the two-temperature Boltzmann distribution

nx(l/) — (1 — 5VIb)ZV:n(V, TvibJ) + /BVlb%: n<1/7 Tvib’z) (513)
with
n(v,T) = exp _Ey) - Ew=0) (5.14)

kT ’

and the rotational population within a vibrational state v is simulated by

v _ n”(N, Trot,l) n”(N, Trot,2)
nx(N) - (1 - ﬂrot) Z n”(N, Troml) + 6rot Z TlV(N, Tmt’2) (515)
N N
ith
. y E(N)—-E(N=1)
n’(N,T) = g(N)exp |- (5.16)

kT

The weighting factors Sy, and [y as well as the temperatures T2 and
T ot,2 are set equal, since both the hot vibrational and rotational population
originate predominantly from the surface recombination. F(v) and E(N)
denote the energies of the vibrational and rotational levels, respectively,
and g(N) is the statistical weight of the different rotational levels. The
distributions are normalized to >y n%(N) = nx(v) and >, nx(v) = 1. The
projection of the ro-vibrational population out of the ground state into
the upper Fulcher state d®II; is implemented by the usage of vibrationally
resolved electron impact excitation rate coefficients (dependent on 7;) and

radiative decay into the lower Fulcher state a32g is considered via vibra-
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tionally resolved Einstein coefficients. In an iterative fitting routine the best
match between the measured and simulated rotational and vibrational pop-
ulations is identified and the rotational and vibrational temperatures of the
electronic ground state are determined. The evaluation yields Tiot,1 = Tias
with a typical error of £25 K [BF20].

The emissivity of the whole Fulcher-a system (P, Q and R branches) is
required for the evaluation of plasma parameters via CR modeling (see
below) and is determined from the Q line emissivities and the evaluated
ro-vibrational population of the d®II; state. As described in detail in
[BF20], the measured Q line emissivities are scaled with factors determined
by the application of a population model, which considers electron impact
excitation from the X into the d®II/~ states and spontaneous emission
into the a32g state, both vibrationally resolved. As an approximation, the
evaluated ro-vibrational parameters for the d *II; state are also used for the
d3II} state.

CR modeling The applied CR models are Yacora H and Yacora H, for the

hydrogen atom and molecule, respectively. A detailed description of the
models is provided in [WF16, W*21a]. The model Yacora H comprises
excited states up to the principal quantum number 40 including the transition
to the ionic continuum. Several population and depopulation channels for the
excited states are implemented, where not only H, but also Hs, the positive
ions Hf (z =1,2,3) and H™ are considered. Examples are electron impact
excitation and de-excitation of H, dissociative excitation of Hs, dissociative
recombination of H, and mutual neutralization of H~ and H;. Furthermore,
photon re-absorption of the Lyman emission lines is taken into account.
The model Yacora H, includes electronic states of the singlet and triplet
system up to the principal quantum number 10 without consideration of
ro-vibrational levels. For this model, recently improved cross section data

for electron impact excitation processes are used [Wt21la, W*21¢].

For the simulation of emissivities, the densities of the heavy particle species as
well as the electron temperature and density are required as input parameters.
The neutral particle density n,, = nyg + ny, is given by equation @D using
the evaluated gas temperature from the Q) line emissivities of the Fulcher-o
transition and is thus a fixed input parameter. Technically, the models
are applied iteratively, i.e., the free input parameters are varied until the

simulated emissivities match the measured emissivities. In this work, the
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most relevant excitation channels are electron impact excitation of H and H,
from the electronic ground state and dissociative excitation of Hy. Processes
with ionic species play a subordinate role and can thus be neglected to a
good approximation. This reduces the free input parameters to the electron
density, electron temperature and the ratio ny/ny,, which are iteratively
determined by matching the calculated emissivities of the first five Balmer

lines and the emissivity of the Fulcher-o system with the measured values.

It should be noted that specific CR models for deuterium are not available
up to now. As discussed in detail in [Fril3, Raul8] though, the Yacora H
and Yacora Hs; models can also be applied to deuterium to a reasonable

approximation in the case of the plasmas generated within the present work.

Experimental setup

In order to measure the Balmer and Fulcher-« emissivities in the main chamber
and in the external plasma source, the LOS that are depicted in figure|5.7 are
used. The plasma emission is transmitted through quartz glass ports, is collected
by a lens tube and is guided by fiber optics to the entrance slit of a high resolution
spectrometer. As illustrated in figure ‘5.11‘(a), the lens tube is equipped with
an aperture stop and the acceptance volume for plasma light collection can be
approximated by a cylinder with a diameter of 10mm. An edge filter with a
cut-on wavelength of 495 nm is inserted into the lens tube to record the spectral
range above 500 nm, which is done to suppress higher diffraction orders of lower
wavelengths within the spectrometer. The spectrometer is in Czerny-Turner
configuration (Princeton Instruments Acton SP2750) and equipped with a grating
of 1800 grooves/mm and a CCD camera. Counts are recorded as a function
of the scanned wavelength for a set exposure time (> 200 ms), from which the
spectral intensity I is calculated in counts per second. The apparatus profile is
of Gaussian shape with a FWHM of about 20 pm. The spectrometer is intensity
calibrated in the spectral region of 380 — 900 nm with an Ulbricht sphere. The

emissivity of a distinct wavelength interval A\ can thus be obtained by

E=— I)\K)\d)\, (517)

lpl AN
where [ is the length of the LOS in the plasma volume (15cm in the case of the
main vessel and 20 cm in the case of the external plasma source) and K is the
wavelength dependent calibration factor. K, takes all optical components into

account, i.e., the quartz window, the lens tube with the edge filter for A > 500 nm,
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Figure 5.11: (a) Schematic of the OES setup with the high resolution spectrometer.
(b) Exemplary measured emission spectrum of a hydrogen discharge in the main
vessel at ACCesS (10 Pa gas pressure, 250 W RF power).

possibly inserted neutral density filters in the optical path to avoid overexposure
of the CCD chip, the optical fiber (600 um diameter, UV enhanced) and the
components of the spectrometer. An exemplary calibrated emission spectrum of a
hydrogen discharge in the main vessel at ACCesS is depicted in figure ’ﬁ(b),
showing the Balmer and Fulcher-« lines in the range of 380 — 700 nm. For the
determination of the emissivity of a single line, a Gaussian fit is used (apparatus
profile dominant).

Additionally, a flexible survey spectrometer (Plasus Emicon MC, Gaussian
apparatus profile with a FWHM of ~ 1.5nm) is applied at the experiment. The
survey spectrometer allows to capture the spectral range of 200 — 1100 nm with a
single shot. The survey spectrometer is usually used for continuous monitoring
of the plasma stability (temporal resolution ~ 500 ms) and for the detection of

plasma impurities.

Limitations and measurement errors

The emissivities and determined plasma parameters represent average values
along the LOS in the plasma. A spatial resolution could only be obtained with
tomographic techniques by the usage of many LOS, which is, however, not applied
in the present work. The uncertainty for the evaluation of absolute emissivities of

emission lines is determined mainly by the uncertainty of the calibration factors,
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the determination of the exact plasma length and the accuracy of the Gaussian
fit for the line integral. The total error can be estimated at £10 % [Fril3].

Plasma parameters are determined by matching CR simulations to measured
values. This procedure defines a certain region of uncertainty within which the
agreement is given, and typical errors are £0.5¢eV for the electron temperature,
+35 % for the electron density and +35 % for the atomic hydrogen density.

5.4.4 VUV emission spectroscopy

Radiation in the VUV is strongly attenuated in air due to the absorption by oxygen
and nitrogen. Therefore, diagnostic systems for the measurement of VUV radiation
must be connected to the vacuum system. Since the installation and absolute
calibration of a VUV monochromator is expensive, a flexible and easy-to-use
diagnostic tool for the quantification of absolute photon fluxes down to the VUV
region has been developed within the work of Frohler-Bachus [FB22, FFBF22]
and is applied here.

Experimental setup

The diagnostic system has a small size of roughly 20 x 20 x 20 cm?® and can be
directly attached to the plasma chamber without the requirement of a separate
pumping system. It is based on a silicon photodiode and a filter wheel in front of
the diode to select the photon energy by optical filters, as depicted in figure 5.12(a).
The photodiode has an active area of 10 x 10 mm? and is sensitive in the wavelength
range of 10 — 1100 nm (responsivity curves can be found in [FB22]). The filter
wheel provides five mounts for filters with a diameter of one inch and can be
rotated manually by an external actuator without breaking the vacuum. One
filter position is permanently occupied by an aluminum cover to block the plasma
radiation, which is necessary to measure the dark current and to shield the diode
during periods when it is not in use to minimize degradation effects. The output
current of the photodiode is amplified and converted into a voltage signal by
means of a preamplifier (amplification factor 10* V/A). The voltage signal is
recorded over time with a digital multimeter, which is controlled and read out by
a LabVIEW program.

The standard measurement procedure with the VUV diode system is demon-
strated in figure 5.12(b). First, the offset is measured with the aluminum cover in
the optical path. Then, measurements with the different filters in the filter wheel

are carried out (one after the other). In figure 5.12(b), an exemplary measurement
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Figure 5.12: (a) Sketch of the VUV diode system. (b) Demonstration of the
standard measurement procedure with the VUV diode system at a hydrogen dis-
charge. The offset is monitored before and after the measurement with the optical
filter and the measured voltage signals for a period of 30s for each filter position
are averaged over the last 15s (average values are depicted).

with a 122nm bandpass filter at a hydrogen discharge is shown (details about
the applied filters are given below). Afterward, the offset is measured again. The
measurement period for each filter position is set to 30s and the voltage signal is
taken as the average of the last 15s, which is done to avoid fluctuations at the
beginning of the measurement period that might occur, as demonstrated in [FB22].
The evaluated offsets before and after the filter measurements are averaged and
the result is subtracted from the signals obtained with the respective filters. The
offset is determined during each measurement procedure as it can be influenced
by thermal effects or RF interferences for instance.

In the present work, interference filters with central wavelengths of 154 nm
(30nm FWHM) and 122nm (14 nm FWHM) as well as a MgFy window are applied.
The transmission curves of the interference filters and the MgFy window are
depicted in figure 5.13, where the typical emission spectrum of a hydrogen plasma
in the range of 60 — 190 nm is supplementary depicted (taken from [FB22]). The
transmission interval of the 154 nm filter is determined for a measured transmission
> 5%. This is given for the shaded range of 147 — 187nm (8.4 — 6.6 eV), where the
dominant emission of the Lyman band of the hydrogen molecule is located. Since

the transmission curve of the 122 nm filter could not be measured due to a lack of
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Figure 5.13: Transmission curves of the interference filters and the MgF, window
applied in the VUV diode system. The resulting spectral ranges that are accessed
with the diode system in the present work are shaded. Additionally, an absolutely
calibrated emission spectrum of a hydrogen plasma in the VUV range is depicted.

radiation sources, only data from the manufacturer are depicted in figure 5.13 as
dotted line (scaled by a factor of five). The transmission interval is defined by
the FWHM of 14 nm around the central wavelength of 122nm (10.8 — 9.6¢eV) and
includes the dominant Lyman-« line of the hydrogen atom at 10.2eV. The cut-on
wavelength of the MgFy window is defined at 5% of the measured transmission
and is at 113nm (11.0eV). Hence, the conduction of measurements with the MgFy
window and without any filter gives access to the shaded spectral region above
11.0eV, where the molecular Werner band and the atomic Lyman series without

Lyman-« are located.

Determination of VUV emissivities

In contrast to OES measurements, no collimating optics can be used with the
VUV diode system. An aperture stop with a diameter of 4 mm is used between
the plasma vessel and the photodiode (blackened on both sides to avoid reflec-
tions), leading to a fixed viewing cone with a solid angle of about 0.03sr. For
the determination of absolute emissivities, the VUV diode system is calibrated
at a dedicated ICP experiment, which is equipped with an absolutely calibrated
VUV spectrometer in the wavelength range of 46 — 300 nm. Details about the
experimental setup and the spectrometer can be found in [FB22, FB*21]. By
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simultaneous measurements with the diode system and the spectrometer, cali-
bration factors Ky, for the different interference filters and the MgF5/no filter
combination are determined, which is done by calculating the ratio of the inte-
grated spectral emissivity in the respective wavelength ranges (see figure 5.13) to
the measured voltage signals Viyer with the diode system ([Kgje;] = m2s71V 1),
The calibration factors apply only to the geometry of the plasma volume Vyegec
that is detected within the viewing cone at the calibration setup. Therefore, Vyeec
must be quantified and considered when the diode system is transferred to another
experiment. This is done by introducing the effective volume of emission Vig.
Under the assumption of an isotropic photon emission at each position p within

Vietec, the effective volume is given by [I720, FB22]
V=[P, (5.18)

Vietee 4T

where €2(p) is the solid angle subtended by the area of the photodiode Aq4. Since
the square photodiode is illuminated circularly due to the aperture stop, Aq is
approximated by the circular areas A4; and Ago, where Ay, has a diameter
equal to the side length of the photodiode (10mm) and Ag» has a diameter equal
to the diagonal of the photodiode (10v/2mm). Using a cylindrical coordinate
system with the z-axis being defined by the normal of the diode as illustrated
in figure 5.14, the respective solid angles for the positions p within Vjee. are
calculated by Q(p) = Aq.cos(0)/p* (x = 1,2), where 6 is the angle between p
and the z-axis. At the calibration setup, the viewing cone lies fully within the
plasma volume, which means that V. represents a truncated cone as depicted
in figure 5.14. Under the assumption of a homogeneously emitting plasma, the

effective volume is calculated by

I N S
Ver = =5 (22— 21) (1 1+(R/22)2>’ (5.19)

where z5 — 27 is the length of the truncated cone and R is the radius of the cone

at the position zy. By averaging the effective volumes calculated for Aq; and Aq 2,
the effective volume at the calibration setup is given by Vg catin = 43.70 mm?.
As depicted in figure 5.7, the VUV diode system is applied at ACCesS both
at the main chamber and at the external plasma source. At the main chamber,
the viewing cone lies fully within the plasma vessel and the effective volume can
thus be calculated after equation w Since the plasma chamber is identical to

the one of the calibration setup, the effective volumes are the same. When the
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Figure 5.14: Illustration of the viewing cone of the VUV diode system by the
approximation of the square photodiode with circular areas. Positions p within
the plasma volume that is detected by the diode (Vgetec) are described within a
cylindrical coordinate system.

diode system is attached to the external plasma source, the plasma vessel (quartz
tube) lies fully within the viewing cone, i.e., the vessel is the limiting boundary
in this case. Thus, the integration in equation (5.18) must be performed over the

cylindrical plasma volume within the vessel, which yields

Adz
Vg = ;’ (z2—21+\/R2+z%—\/R2+z§> (5.20)

with z5 — z; and R being the length and the radius of the plasma volume. The
result is in an effective volume of 26.54 mm?®. By using the determined effective

volumes, emissivities can be calculated via

‘/e cali
T,callb. (5.21)

€= ‘/}ilterKﬁlter
Vest

Photon fluxes are determined from the emissivities by the multiplication with
the volume to surface ratio of the discharge vessel, which is 0.02m for the main

chamber and 0.01 m for the external plasma source at ACCesS.

Limitations and measurement errors

In [FB22], a reliable application of the VUV diode system has been demonstrated.
The accuracy of the evaluated VUV emissivities depends on the errors of the

calibration factors for the different filters, which are determined mainly by the
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uncertainty of the calibration factors for the VUV spectrometer that are used to
determine spectral emissivities (see [FB*21]). The resulting uncertainties for the
determination of emissivities with the VUV diode system are evaluated in [FB22]
and are estimated to +24 % for the 122 nm filter, 17 % for the 154 nm filter, and
+60 % for the MgF5/no filter combination.

Since the diode system collects VUV radiation from a rather large viewing cone
(solid angle =~ 0.03sr), an integration over possible spatial profiles of the plasma
emission is performed. An evaluation of spatial gradients of the spectral VUV
emissivities is not possible at ACCesS and thus, a homogeneous plasma emission
is assumed in the calculation of the effective volume of emission. In consequence,

the uncertainties given above represent lower limits.
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6 Diagnostic for the surface work

function

The absolute electronic surface work function x of installed samples at ACCesS is
accessed in situ by photoelectron yield spectroscopy (PYS). PYS makes use of the
external photoelectric effect: The sample surface under investigation is exposed to
electromagnetic radiation with varying photon energies and the photoelectrically
extracted electrons are measured [Ish18]. A photoelectric yield curve is obtained
by plotting the photoelectric currents per unit incident light intensity as a function
of the photon energy. For metals at 7' = 0 K, the photoelectric threshold energy
is equal to the work function, i.e., only photons with an energy hr > x allow the
extraction of electrons into vacuum. For T > 0 K, thermal excitations lead to an
energy dispersion of the order of kg7 at the Fermi edge and the photoelectric
threshold is thus smeared to some extent. This is illustrated in figure 6.1, where
the product

/
D(E.) x frp(Ee) = 217r2 <2me>3 2 B x : (6.1)

is plotted as a function of the electron energy F, for T' = 25°C (room temperature),
T = 250°C and T = 500°C. D represents the 3D density of states of the free
electron model and fpp denotes the Fermi-Dirac distribution. The chemical
potential p in the Fermi-Dirac distribution is set here and in the following equal
to the Fermi energy Eg, which is a reasonable approximation for temperatures not
higher than a few 100°C [GM18]. The measurements in this work are typically
performed with sample surface temperatures at/near room temperature or with
elevated temperatures to ~ 250 °C in maximum after plasma operation, which
translates to kg1 = 0.026eV and kg1 = 0.045¢eV, respectively. The energy
smearing at the Fermi level thus remains weak and the photoelectric threshold

can be approximated by the work function.
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Figure 6.1: Schematic energy diagram of a metal-vacuum interface. The potential
barrier for an electron to escape from the surface is represented by its image
potential. The thermal smearing of the occupied electronic states at the Fermi
level of the valence band is illustrated for different temperatures (calculated after
equation W) with a Fermi energy of 4€eV). The respective photoelectrically
releasable electron densities according to the Fowler theory (equation @)) are
depicted in the inset graph as a function of the energy difference between the
irradiating photon energy and the metal work function.

6.1 Fowler theory

The evaluation of the work function from photoelectric yield curves is typically
done by fitting or extrapolating techniques due to a limited experimental threshold
sensitivity, determined mainly by the finite detection limit for photocurrents and
often limited available photon energies. To do so, the application of the Fowler
theory [Fow31] is common practice, which is a prominent semiclassical approach
for the description of photoemission at metal-vacuum interfaces. The Fowler
theory is based on Sommerfeld’s description of the metal electrons inside the
valence band, i.e., the metal electrons are considered as uniformly distributed
in momentum space obeying the Fermi-Dirac statistics. Hence, the number of
electrons per unit volume with velocities between v and v + dv (v = (v,, vy, v2))

can be expressed by

me dv,dv,dv,

3
me(v2+v24+0v2)/2— :
h ) eXp |: ( z+ z;Tz)/Z EF:| _I_ 1

BN, =2 ( (6.2)
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The extractable photocurrent per unit incident light intensity, Ihy, is assumed
to be proportional to the number of electrons in the valence band whose kinetic
energy component normal to the surface (mqv?/2) exceeds the surface potential
barrier after the augmentation by hr. The photon absorption probability is taken
to be independent of the photon energy and the initial energy state of the electron.
Under these assumptions, the available electron density for photoemission is
calculated by [Fow31]

by r
jv;’ph ( ) / /d(p/drexp me v2+r2)/2 EF} +1

EF+X hv 0 0
me/2
47Tk:BT Me Er — mev? /2
— In (1 —— || do, 6.3
Me (h) n[—i—exp( kgT Ve (6.3)
Ep+x—hv

me/2

where cylinder coordinates are used for the integration. By introducing the

substitution variable y = mev?/(2ksT), equation (6.3) transforms to

Nopn = 227 <k3m6>3/2T3/2 7 I [1+exp (25 — )] .

2
h Ep+x—hv \/g
e
N In |1+ exp (25 — y — Eebxhw
_ CT3/2 { (kBT Yy kT )} dy (64)
FEr+x—hv ’
0 Y+ =5

where C' 1= 2v/27(kgme)??h=3 ~ 1.36 x 10*' m—*K~%/2. By using the variable
= (hv — x)/(ksT), equation (6.4) reads

Ny = CT2 / In[1+ exp (—y + k)]

E
0 VY~ K+ T

The inset graph in figure 6.1 shows the numerical solution of equation (6.5) as a

dy. (6.5)

function of hv — y for temperatures in the range of 25 — 500 °C (Er = 4¢€V). It can
be seen that for hv — y the photoelectrically releasable electron density decreases
strongly, which elucidates that a high experimental sensitivity is needed to detect
photocurrents close to the work function. Furthermore, the progressions for the
different temperatures show that an increase of the photocurrents is expected for
increasing temperatures only for photon energies in the close vicinity of the work
function: While the increase is +34 % at hv — xy = 0.1eV for T'= 25 — 250°C; it
is only +2% at hv — x = 0.5€V for instance. For hv < x, the decrease of N,
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is very steep: At room temperature, it is two orders of magnitude within 0.1eV,
showing that photoemission from photon energies below the work function need

not be considered.

Due to the usually unknown Fermi energy in particular in the context of
adsorption processes, equation m) is simplified for the experimental application
under the assumption that only photon energies close to the work function are
considered. This approximation yields [Fow31]

CVTS/Z

eph N~ [ ()

Ex/(ksT)
= OT*f(k), (6.6)

with C':= C’lf]lg/QEF_l/2 and the function

F(k) == / In[1 + exp(—y + #)] dy (6.7)
S (~1)"* exp(nr) /n?, k<0,
= ¢n=t (6.8)

/6 + K22 + 5 (—=1)"exp(—nk)/n? Kk >0.
n=1

Consequently, the relation I, o< T?f(k) can be used to describe the relative
progression of the photocurrents independently of the Fermi energy. This approach
has proven excellent experimental agreement for hv Z x [Fow31, DuB32, DR32]
and its application has become routine for photoelectric work function evaluations.
It should be noted that several authors also use the T' = 0 K approximation of
equation (6.6), i.e., [Fow31]

aro ] =Y <X (6.9)
o o (hv — x)?, hv > x.

However, it has been pointed out in [ABZ14] that errors of ~ kgT might be
introduced by this approximation so that equation m) is used within this work.
Since the proportionality factor for the relation Iy, , oc 72 f(x) depends on factors
such as the Fermi energy and optical properties of the metal surface (e.g., surface
reflectance), the level of the photocurrent can vary strongly for different surfaces

with the same work function.
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6.2 Experimental realization

A tunable light source with a narrow spectral bandwidth is required to record
photoelectric yield curves. In this work, a set of several discrete photon energies
is provided by the broadband emission of a high pressure mercury arc-discharge
lamp (Osram HBO 100W/2) in combination with 20 interference filters with 10 nm
nominal FWHM. The mercury lamp is positioned inside a specialized lamphouse
and the filters are installed in a motorized filter wheel in front of the lamphouse.
The filter wheel can host six filters. As illustrated in figure|6.2, the transmitted
light is collimated via two quartz lenses, is guided through the quartz viewport at
the main vessel and strikes the sample holder perpendicularly. The illumination
spot is located centrally above the hole for the Langmuir probe and is adjusted
with the second lens for maximal photocurrent (/= 15mm spot diameter as a
compromise between the irradiated power density on the surface and the absolute
absorbed power). Halos of the illumination spot are suppressed by an aperture
in between the two focusing lenses. Emitted photoelectrons are drawn to the
grounded vessel walls by applying a bias of —30V to the sample holder and surface
(well above space charge limitation) and the photocurrent is measured with a

Keithley 6487 picoammeter. The illumination period is controlled with a shutter
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Figure 6.2: Schematic of the photoelectric work function measurement setup.
The emission spectrum of the mercury lamp together with the transmitted spectra
through the applied interference filters are shown.



94 Chapter 6 Diagnostic for the surface work function

in the optical path.

The emission spectrum of the mercury lamp and the transmitted spectra through
the interference filters are measured behind the quartz window with the survey
spectrometer (optical setup separated from the vacuum vessel). As can be seen in
the diagram in figure the spectrum ranges from the UV to the near IR region
and the central wavelengths of the 20 filters are distributed within 239 — 852 nm.
The transmitted wavelength and energy ranges of the filters are determined by
a cut-off at 5% of the respective maximum transmissions and are presented in
table 6.1. In order to determine the transmitted mean photon energies, the
transmitted spectra are calibrated to obtain the spectral emissivities £\ and the
following formula is used:

. fgz\(Eph>Epthph

(Epn) = (N (6.10)

Table 6.1: Wavelength range, energy range, mean energy and radiant power of
the light irradiating the sample holder with the interference filters for the work
function measurement. The filter label indicates the nominal central wavelength
of the filters in nm.

Filter Wavelength range Energy range Mean energy Radiant power

label in nm in eV in eV in mW
239 235.9 — 253.2 4.90 — 5.26 5.04 0.276
254 244.3 — 253.3 4.89 — 5.08 4.96 0.040
280 274.8 — 303.8 4.08 —4.51 4.31 0.133
289 284.4 — 306.4 4.05 — 4.36 4.19 0.384
300 292.7 — 320.6 3.87 —4.24 4.06 0.558
313 307.2 — 324.6 3.82 —4.04 3.94 0.630
334 330.8 — 342.7 3.62 — 3.75 3.69 0.094
365 360.3 — 372.4 3.33 — 3.44 3.39 0.273
405 400.8 — 411.3 3.01 — 3.09 3.05 0.871
430 424.1 — 439.2 2.82 —2.92 2.86 1.242
480 474.2 — 490.0 2.53 — 2.61 2.57 0.276
505 497.4 — 513.3 2.42 — 2.49 2.45 0.133
550 543.5 — 554.8 2.23 —2.28 2.26 2.398
589 580.6 — 597.8 2.07 —2.14 2.11 0.193
610 601.9 — 616.8 2.01 — 2.06 2.04 0.212
656 644.5 — 675.8 1.83 —1.92 1.88 0.193
671 662.6 — 680.5 1.82 — 1.87 1.85 0.066
694 687.6 — 714.3 1.74 — 1.80 1.77 0.031
730 721.9 — 749.4 1.65 —1.72 1.69 0.065
852 839.6 — 865.8 1.43 —1.48 1.45 0.093
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As can be seen from table 6.1, the mean photon energies cover the range of
5.04 — 1.45eV. The respective radiant powers P, are measured with a power
meter (Newport model 818-UV/DB) and are mostly of the order of ~ 0.1 — 1 mW.
Fluctuations of P,y are less than 5% after the mercury lamp has reached thermal

equilibrium (after about half an hour), which was tested for a period of up to 10h.

In order to evaluate the work function, the photocurrents for several photon
energies near the work function must be recorded. To do so, a routine for an auto-
mated data acquisition and evaluation has been implemented in LabVIEW within
this work. A screenshot of the graphical user interface is shown in figure 6.3(a).
The LabVIEW program communicates with the Keithley picoammeter, the filter
wheel and the shutter in the optical path. Before the program is started, the
sample surface temperature Ty,s (measured with the SIMATIC control system),
the installed filters at the six positions in the filter wheel and the position of the
filter to be applied first are entered into the respective fields. During one run, the
current is continuously recorded and the shutter opens for all the six filters for a
certain period of time, as illustrated by the measured raw data in the diagram.
The time period the shutter opens for each filter can be freely selected. Usually
6s are used as a compromise to obtain a reasonable average value for each filter
and to restrict the total measurement time to ~ 2min. The time interval for the
readout of the current data is typically set to At = 1, and each current value

that is read out is an average of five recorded samples to reduce noise.

For the evaluation of the work function, the recorded raw data is processed as
follows: The absolute photocurrents I, ((Epn)) are calculated by averaging the
current measured during the periods the shutter is open and subtracting the dark
current. The dark current is determined separately for each irradiation phase by
averaging the currents before and after the shutter is open. With this, temporal
changes of the dark current that may occur are taken into account. In case the dark
current is highly dynamic during the measurement, a polynomial interpolation
and subsequent subtraction of the dark current is performed manually afterward
to enhance the accuracy (not implemented in the LabVIEW program). Typically,
photocurrents up to 1—2 orders of magnitude below the dark current are detectable.
The photocurrents are then divided by the filter dependent relative intensities F'
of the irradiated light, which are calculated by converting the radiant powers Py,
given in table|6.1 from mW to photons/s. The screenshot in figure 6.3(b) shows
that the photoelectric yield data are finally represented in two ways: (I,,/F)Y?
is plotted as a function of (E,,) and In(I,,/F/T2,) is plotted as a function

surf

of (Epn)/(kgTsue). The first representation is chosen to readily approximate
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Figure 6.3: Graphical user interface of the work function measurement program
developed with LabVIEW. The tabs for the photocurrent measurement and the work
function evaluation via the Fowler method are shown in (a) and (b), respectively.

the work function in a first step: According to the Fowler theory for 7' = 0K
(equation Q@)), the x-intercept of the implemented linear least-squares regression
yields the work function value. The second representation is a classical Fowler

plot [Fow31], which is used to evaluate the work function with higher accuracy:
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By the application of equation @), the data can be fitted via

In [W] — A+ [f (%)] (6.11)

surf

with the work function y and the constant A being fit parameters. The filters to be
included in the fits can be selected in the program and the evaluated work function
via equation m is shown. The exemplary evaluation of the work function
depicted in figure 6.3(b) corresponds to a caesiated surface and demonstrates that
the photoelectric yield data are well described by the Fowler function.

Since not only the work function but also the temporal evolution of photocurrents
can provide valuable insight into changes of the surface properties, a separate
LabVIEW program is available with which photocurrents can be continuously
recorded (not shown here). Photocurrents are usually converted to quantum

efficiencies QEs within this work, which are calculated by

(Eph) Ipn

E =
Q BPph

(6.12)

and give the number of photoemitted electrons per incident photon.

6.3 Enhancement of the photoelectric threshold

sensitivity

The evaluation of reliable work function values from photoelectric yield curves
depends critically on the experimental sensitivity to the photoelectric behavior
close to the threshold. The decisive impact of the photoelectric threshold sensitivity
on the work function determination has been described in detail in a recent
publication by the author [HFF22] and is briefly discussed here by means of an
exemplary caesiation process of a Mo substrate, which is depicted in figure 6.4.
The upper diagram of figure 6.4 shows neutral Cs densities monitored with the
TDLAS system and measured surface work functions via the Fowler method.
The relative evolution of the fit parameter A from the Fowler evaluation (see
equation (6.11)) is also represented and is discussed further below. The lower
diagram contains the measured dark current /4., and photocurrents obtained
with some of the irradiated photon energies. The Mo surface is already caesiated
from a preceding campaign (left in vacuum for several days) and exhibits an

initial work function of 3.5eV. By ramping up the Cs evaporation rate, the Cs
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Figure 6.4: Caesiation of a pre-caesiated Mo surface at room temperature. In
the upper diagram, the measured neutral Cs density, the evaluated work function
and the evolution of a relative representation of the A-parameter from the Fowler
fit are shown. The evaluated work function and the corresponding behavior of the
A-parameter in the case of a restricted threshold sensitivity (lack of photocurrents
for photon energies below 3eV) are depicted with the open symbols. In the lower
diagram, the evolution of the dark current and photocurrents for some of the
irradiating photon energies are shown.

density rises and the photocurrents increase significantly. The applied photon
energies must be gradually adjusted to lower values due to a drastic reduction of
the surface work function (plotted by the full symbols). With a reached Cs density
of 2.6 x 10 m~3 at t ~ 2.1h, the lowest photon energy with which photoelectric
response is obtained is 2.04eV, and a work function of slightly below 2eV is
evaluated. The measured work function is comparable to the one of pure bulk Cs,
which is remarkable due to the given moderate vacuum conditions (8 x 10~% mbar)
and is discussed in detail in chapter |7. The low work function is sustained as long

as the Cs density is kept above 10 m~2. When the Cs evaporation is reduced



6.3 Enhancement of the photoelectric threshold sensitivity 99

and eventually shut down (¢ > 3h), the photocurrents decrease rapidly and the

work function increases.

The threshold sensitivity of the work function diagnostic is determined mainly
by the available photon energies (number of filters per energy interval and covered
energy range) as well as by the detection limit for photocurrents. At ACCesS,
first work function measurements were performed with the use of 9 interference
filters with (Epn) = 5.04 — 3.05eV [GWF11, Fril6]. This restricted filter set was
later extended [Cril8], allowing access to the energy range from the UV to the
near IR region with a resolution of mostly 0.1 — 0.3eV as shown in table The
photocurrent detection limit is determined mainly by the radiant power and the
dark current in the electric circuit. The radiant power is moderate at the present
setup (~ 0.1 — 1 mW, see table @) to ensure that the surface under investigation
is not affected by strong photon irradiation. To minimize the dark current,
ground loops and external noise sources leading to the induction of electrostatic
or electromagnetic interference must be avoided. Therefore, unnecessary devices
are switched off or are disconnected from the experiment during the conduction
of measurements (e.g., heating of the sample holder). With the Keithley 6487
picoameter used in this work, a low dark current of the order of 107! A in

minimum is provided.

Depending on the operational scenario, the level of the dark current may
increase. As can be seen in figure 6.4 the dark current increases slightly when
Cs is evaporated into the vacuum chamber, which might be due to an elevated
thermionic electron emission caused by the work function reduction and/or ionized
Cs atoms resulting from collisions with electrons due to the applied bias of 30 V. A
by far larger impact is given, however, by the operation of the SID diagnostic (see
section @) This is demonstrated in figure @, where photocurrent measurements
are shown that are taken sequentially with and without the operation of the
SID during a similar caesiation process as in figure 6.4. When the SID is in
operation, the dark current is of the order of 1077 A. Such a high dark current
can be attributed to thermionic electron emission and/or a substantial fraction of
ionized Cs atoms due to the hot tungsten filaments. The lowest photon energy
with which photocurrent is detected here is 2.86€V (detection limit ~ 1072 A).
When the SID is switched off, the dark current and hence also the detection limit
decrease by about three orders of magnitude, allowing to detect photocurrents for

photon energies below 2.86¢€V.

The influence of an unfavorable threshold sensitivity, which is given either by

restricted photon energies or a high dark current, is demonstrated in figure In
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Figure 6.5: Photocurrent measurements during a caesiation process with the SID
diagnostic switched on and off. The gray shaded areas indicate the time when the
sample is irradiated with the indicated mean photon energies.

figure 6.6(a), an exemplary Fowler plot is created from the measured photocurrents
for (Epn) =2.04 —5.04€V at the time indicated in figure 6.4. With the next
lower photon energy of 1.88eV, no photoelectric response could be detected.
The x-error bars result from the transmitted energy range of the filters (see
table ’671) The performed Fowler fit of the first five photocurrents above the
threshold ((Epn)min = 2.04€eV, (Eph)max = 2.57€V) yields xa = 1.95¢V with a
standard error of £0.01eV (fitting range #1). The extrapolation of the fitted
function to higher photon energies shows that the Fowler theory underestimates
the photocurrents for photon energies far above the threshold, with the deviation
becoming larger the further the photon energies are above the threshold. It is
demonstrated that when (Epp)min = 3.05€V is used for the fit of five consecutive
photocurrents (fitting range #7), the Fowler fit yields a substantially higher
value of xg = 2.63 = 0.02eV. In figure 6.6(b), the respective evaluations are
shown for the Fowler 7' = 0 K approximation and yield virtually the same results.
In figure 6.6(c), the evaluated work functions with both methods are plotted
as a function of the fitting range, which comprises each time five consecutive
photocurrents, i.e., (Eph)max — (Eph)min S 1€V (shown in blue). This illustrates
that the work function is gradually overestimated by increasing the distance of
(Eph)min and (Eph)max to the threshold of 1.95eV.

One reason for the failure of the Fowler method for photon energies > x is the

near threshold approximations that are performed to derive equation (6.6). These
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Figure 6.6: (a) Photoelectric yield curve measured at t =~ 3.0 h during the caesi-
ation process shown in figure ]67 (Tswrt = 33 °C). The work function is evaluated
via a Fowler fit close to the threshold (fitting range #1: gray shaded area) and for
the case that photocurrents for photon energies <3 eV are not measurable (fitting
range #7: red shaded area). In (b), the work function evaluation is demonstrated
via the Fowler T=0K approzimation. In (c), the evaluated work function is
shown as a function of the method and fitting range used, and the differences
to the threshold of 1.95eV are labeled. Additionally, the differences between the
mazimum and minimum photon energies to the threshold of 1.95 eV are plotted
for each fitting range.

approximations lead to an underestimation of the photocurrents for hv > vy,
which is more pronounced the lower the Fermi energy [Fril6]. Furthermore, the
Fowler theory is in general not appropriate to predict the photoemission over a
wide wavelength range, since wavelength dependent coefficients relevant to the

photoemission process are neglected in the calculation of the photoelectrically
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releasable electron density N, and are also not considered in the proportionality
factor between I, and N, p, (taken as constant). Wavelength dependent properties
of the surface include the surface reflectance, penetration depth of the photons
and escape depth of the photoelectrons. Moreover, the concrete evolution of the
density of states and the electronic band structure are generally not considered.
In consequence, the Fowler method is only accurate for photon energies in the
vicinity of the threshold, which is typically a range of 0.5 — 1.0eV above the work
function [DuB48, BS64, BS66].

As shown in figure 6.6(a), the overestimation of the work function is not
necessarily apparent from the performed Fowler fit. In figure 6.4, the resulting
work function evolution by using the restricted filter set (i.e., (Eph)min = 3.05€V)
is simulated (open symbols). The overestimation is 0.7 €V in maximum, resulting
from the difference between the evaluated work functions with the fitting ranges
#1 and #7 in figure 6.6. When the extended filter set is used but the SID
is in operation, the fitting range #6 in figure @(c) applies (see figure @),
resulting in an overestimation by 0.6 eV. Unfortunately, the previously performed
investigations on the work function dynamics of caesiated surfaces at ACCesS were
performed with the restricted filter set and/or the operation of the SID diagnostic.
In consequence, the work function values determined in [FGW10, GWF11, Fril3,
FF15, Fril6, CFF17, FF17, Cril8, CFF20a, CFF21] can only represent upper

limits of the actual work function.

Due to the fact that the accuracy of photoelectric work function measurements
depends strongly on the threshold sensitivity, the A-parameter obtained from the
Fowler fit is proposed in [Fril6] as a control parameter during the temporal work
function monitoring. According to equation (6.11) that is used for the Fowler fit,

the measured photocurrent after a work function change from x( to x; is given by

M T\ £ 001 T
I (hw) = L (hw) ( ) £ (¢t Tt 1)

z ) 6.13
er f(X(b Tsurf,O) ( )

Tsurf ,0

The term e” represents the proportionality factor between the photocurrent and
T2 . f (X, Tsurt) and should be constant after the Fowler theory. Hence, if at a
certain point the determined work function x( and the corresponding A-parameter
Ag are taken as reference values, subsequent changes of A in the evaluation of
x may indicate an erroneous work function determination. In the exemplary
caesiation process shown in figure 6.4, the state “0” is defined at t = 0.75h. At
this point, photoelectric response is obtained for the first time for (E,,) = 3.05¢V

and hence, the applied five photon energies for the work function evaluation
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are as close as possible to the expected real work function (xo =~ 3.0e¢V). The
calculated fraction e? /e for the subsequent evaluations (full symbols) shows
small deviations of the order of 1 from unity. However, in the case of the simulated
restricted threshold sensitivity where photocurrents for photon energies below
3.05eV are not available, e/e?* increases to close to 20 in maximum (open
symbols). Since it is shown that this increase is correlated with an overestimation
of the work function by 0.7eV, it is confirmed that the increased A-parameter
indicates that lower photon energies should be used to evaluate the work function
with higher accuracy [Fril6]. It must be pointed out, however, that changes of A
might also occur due to variations of the surface properties (e. g., optical properties
or Fermi energy), which implies that the evolution of the A-parameter can only

serve as a tool for a plausibility check.

Limitations and measurement errors

o At the present setup, photocurrents (typically < 1077 A) can only be detected
when the dark current does not exceed the photocurrents by more than 1 —2
orders of magnitude. In the vacuum and gas phases, the dark current is
usually in the range of 1071 — 1071 A and photocurrents down to the pA
range can be measured in operando. In the plasma phase, an applied bias
of =30V between the sample holder and the vessel walls would result in a
high current masking the photoelectrically emitted electrons. Consequently,
work function measurements are performed immediately after the plasma is
switched off.

o In order to meet the condition hr Z x, the interference filter with the lowest
photon energy with which photoelectric response is still obtained must be
identified. This may last several minutes due to the required exchange of
filters in the filter wheel and can thus limit the temporal resolution of the
work function measurement, which must be considered in case the work

function changes on the minute scale or even faster.

o The available photon energies allow access to the photoelectric yield from
the UV (5.04eV) to the near IR (1.45¢eV). Hence, work functions 2 5eV
cannot be evaluated via the Fowler method and the accuracy of the work
function determination for work functions below 1.4¢eV is reduced due to
a lack of photon energies. In the latter case, the A-parameter is thus used
to check whether indications for an erroneous work function evaluation are

given.
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o The standard error of determined work functions via the Fowler fit is
typically below +0.03eV. Since the irradiated photon energies have a finite
spectral bandwidth, a sensitivity analysis was conducted by simulating the
photocurrent after equation @D both for monochromatic light and for
different spectral bandwidths by a convolution with a Gaussian function
(reasonable approximation for the applied filters). The analysis showed
that the narrow bandwidths of the filters have a negligible influence on the
Fowler evaluation and thus, this aspect is not taken into account in the
fitting routine or the error analysis. However, taking the available photon
energy resolution of mostly 0.1 — 0.3 eV into account, the absolute error of

determined work functions is taken as 0.1¢€V.
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7 Caesiation under moderate

vacuum conditions

Finding scenarios for a reliable reduction of the work function of the extraction
electrode surface to a stable value as low as possible during plasma operation is
one of the main issues in ion source development. In previous works at ACCesS
(GWF11, FF17, Cril8|, the minimum achievable work function of Mo and stainless
steel substrates upon caesiation under vacuum conditions of the order of 10~¢ mbar
was found to be ~ 2.7eV. This work function is substantially higher than that of
pure bulk Cs (1.95 — 2.14eV) and was attributed to the formation of non-metallic
Cs compounds with the background gases. A reduction of the work function to the
value of bulk Cs could only be measured after the exposure to hydrogen plasma
pulses and was ascribed to a plasma cleaning effect [FF17, Cril8|. However, the
presented measurements with the enhanced threshold sensitivity in figure 6.4]
reveal that substantially lower work functions than 2.7eV can be achieved also
in the absence of plasma pulses. This finding opens the window for improving
the knowledge about the Cs work function behavior under the given vacuum
conditions. Therefore, dedicated investigations on the work function dynamics
during the caesiation process under moderate vacuum conditions are conducted
with the enhanced sensitivity, with the aim to identify the caesiation scenario
providing the lowest possible surface work functions in preparation for plasma

operation.

7.1 Formation of ultra-low work function layers

In this section, investigations on the caesiation of polycrystalline Mo and stainless
steel substrates are shown. Main parts of the results described here have recently
been published in [HEF22].

In order to start the caesiation process from a Cs-free source, the experimental
chamber is cleaned with distilled water, acetone and isopropyl alcohol to completely

remove Cs and Cs compounds from previous campaigns. After the cleaning of the
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source, a hydrogen plasma (10 Pa/250 W) is generated in the main vessel for a
couple of hours and it is checked whether Cs can be detected in the plasma phase
via TDLAS and high resolution OES. In case Cs is detected, the experiment is
opened and cleaned again. This procedure is repeated iteratively until no more
Cs is detected.

Within this work, a Mo substrate is usually installed at the sample holder. The
Mo substrate represents a 3 pm polycrystalline Mo coating on a 5mm thick Cu
material and is the same as that used for the plasma grid at the BUG and ELISE
test facilities. After the installation of the substrate and the evacuation of the
experiment, a hydrogen plasma (10 Pa/250 W) is applied for a couple of hours
to remove adsorbed impurities from ambient air from the substrate surface. The
cleaning of the source and the plasma treatment of the substrate are applied
every time prior to the first caesiation to ensure reproducibility. The surface work

function measured after this procedure lies reproducibly above 4eV.

In figure ]ﬂ(a), the work function and neutral Cs density measured during the
caesiation of the Mo substrate at room temperature are shown, conducted one
day after the hydrogen plasma treatment. Prior to the caesiation, the background
pressure is 107° mbar, i. e., considerable adsorption of residual gases (mainly H,O)
is expected on the surface. The measured surface work function is 4.3 +0.1¢€V.
When the Cs oven is activated, the Cs evaporation into the vacuum chamber
starts a few minutes before Cs can be detected via TDLAS (see figure 5.5) so
that the work function already starts to decrease before the Cs density can be
measured. Within the next 45min, the Cs density is increased to 2.5 x 10 m=3
and the work function decreases to slightly below 2eV. By maintaining the Cs

density for a period of about 40 min, this work function is kept constant.

For ¢t > 2.8h, the Cs density in the vacuum chamber is gradually increased
toward 10 m~2 and the work function is reduced even further. When the Cs
density is slightly above 10> m™2, photoelectric response is obtained for the
photon energies in the near IR range. This is demonstrated in figure \7.1(b)7
where an exemplary photocurrent measurement for photon energies in the range
of 2.04 — 1.45¢V is depicted. The corresponding Fowler evaluation is shown in
the inset and yields a work function of 1.25eV with a low fit error of +0.01eV.
Additionally, the evolution of the A-parameter is presented in figure E(a) and
shows a reasonably constant progression during the work function reduction
to 1.25€V. In consequence, the trustworthiness of the evaluated work function
is rated as very good within the error of +0.1eV. The background pressure is

6.9 x 1079 mbar when the ultra-low work function is reached. It should be pointed
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Figure 7.1: Caesiation of a Mo substrate in the vacuum phase. In (a), the surface
work function and neutral Cs density are plotted, and the progression of the A-
parameter from the Fowler fit is presented. In (b), an ezemplary photocurrent
recording is shown for photon energies in the range of 2.04 — 1.45 €V (dark
current already subtracted), with the corresponding Fowler fit for the work function
evaluation depicted in the inset.

out that the presented caesiation of the pre-caesiated Mo substrate in figure|6.4|
does not lead to such low work functions with Cs densities > 10 m—3, which is

discussed in more detail in section [7.2.

In previous works at ACCesS, work function measurements were usually con-
ducted with stainless steel substrates due to machinability reasons [Fril3, Cril§].
Therefore, the caesiation process is also applied to a stainless steel substrate (bulk
material with 1 mm thickness) to identify possible substrate specific effects. The
measurement results are presented in figure |7.2(a), where the measured work

functions and Cs densities from figure ﬂ\(a) are plotted semitransparently for
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Figure 7.2: Caesiation of a stainless steel substrate in the vacuum phase. The
applied neutral Cs densities and the evolution of the surface work function together
with the A-parameter are shown in (a). The Cs densities and work functions from
the caesiation of the Mo substrate shown in figure m(a) are plotted semitrans-
parently for comparison. In (b), the dark current and photocurrents for photon
energies in the range of 2.04 — 1.45 eV are plotted. Exemplary photoelectric QF
curves are depicted in the inset.

the sake of comparison (time axis shifted with respect to initial Cs detection).
The work function of the stainless steel surface is slightly below 4 eV prior to the

caesiation. Upon Cs exposure, the work function reduction is comparable to Mo.
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At a Cs density of some 10 m~3, a work function of slightly below 2 eV is obtained.
Since Cs densities in this range were usually applied in [Cril8]| for the caesiation of
stainless steel substrates under the same conditions, it is unambiguously confirmed
that the determined minimum value of 2.7eV was an overestimation due to the
insufficient threshold sensitivity of the measurement system (mainly caused by the
SID diagnostic, see section m The direct comparison of the measurements with
Mo and stainless steel suggests that the work function reduction of Mo occurs
somewhat faster. However, it must be considered that the temporal correlation of
the Cs density and work function is subject to an uncertainty of several minutes
in the case of drastic work function changes, since the applied interference filters
for the work function measurement must be continuously adapted. The increase
of the Cs density to 10 m™3 results in a work function of 1.2540.10€V also with
the stainless steel substrate, and the A-parameter remains reasonably constant.
Hence, it can be concluded that the same caesiation process leads to the same

surface work functions of the Mo and stainless steel substrates.

In figure ]ﬁ(b), measured photocurrents for photon energies in the range
of 2.04 — 1.45eV are depicted during the caesiation of stainless steel, and the
dark current is additionally plotted. The work function reduction from 1.95eV
(t = 5.0h) to 1.25eV (¢ ~ 5.6h) leads to an increase of the photocurrent for
(Epn) = 2.04€V by about two orders of magnitude. This demonstrates that not
only the photoelectric threshold is lowered, but also the photoelectric yield is
substantially improved. The dark current increases during the transition from
the low to the ultra-low work function regime by almost one order of magnitude.
Such a large increase of the dark current is not observed during the caesiation
shown in figure 6.4, where at even higher Cs densities the work function remains
at 1.95eV. Thus, the dark current increase can predominantly be ascribed to an
enhanced thermionic electron emission resulting from the ultra-low work function

surfaces within the experiment (Richardson’s law).

After the work function of 1.25€V is reached at t = 5.6 h, the Cs evaporation
is continued for several hours and the Cs evaporation rate is varied to examine
the evolution of the photocurrents and the work function. Within the first two
hours, the Cs density is gradually increased from about 1.0 to 2.6 x 10 m= and
the evaluated work function remains constant within the error bars. However,
the depicted photocurrents for photon energies in the range of 2.04 — 1.45eV
increase over time. Since also the A-parameter increases slightly, indications
for a possibly further reduced work function are given, and photon energies

below 1.45¢V would be needed for a more accurate determination of the work
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function (currently not available due to the limited emission spectrum of the
Hg lamp, see figure 6.2). In the inset in figure 7.2(b), photoelectric QE curves
in the energy range of 1.45 — 5.04eV at t; =~ 6.1h and ¢, = 7.6h are depicted
(calculated after equation (6.12)). The comparison shows that the proceeding
Cs evaporation leads to an increase of the QE for photon energies below 3.4 eV
and to a decrease for photon energies above 3.4eV. The change of the QE curve
reveals that the electronic properties of the Cs layer change and depend on the
applied Cs density, even if the determined work function does not change. The
increase of the QE near the photoelectric threshold indicates a higher electron
density at the surface, which is expected to be beneficial for the production of
negative hydrogen ions, as described in section 2.1.2, The dependence of the
QE on the Cs density becomes also evident at ¢t = 7.7h, where a slight decrease
of the Cs density is followed by a small decrease of the photocurrents near the
threshold. When the Cs density is increased to 1.3 x 10'm™3 (factor of about
5 higher compared to the maximum applied Cs density during the caesiation of
Mo in figure 7.1), the photocurrents for (Eyn) = 2.04 — 1.69 €V reach maximum
values and the photocurrent for (E,,) = 1.45¢€V is slightly reduced. The respective
evaluation of the work function results in 1.32eV with a significantly increased

A-parameter, indicating a pronounced uncertainty of the evaluated value.

As described in chapter 4, it is known from literature that surface work functions
below the work function of bulk Cs can be generated with Cs submonolayer cover-
ages as well as with Cs oxides under UHV conditions. However, the achievement
of ultra-low work functions in a vacuum environment of 10> — 10~% mbar has
not been reported so far. The presence of a Cs submonolayer coverage as an
explanation for the measured ultra-low work functions can be ruled out due to
several reasons. First, work functions even lower than the minima reported for Cs
submonolayer coverages on Mo and stainless steel are measured (cf. figure 4.1(b)).
Second, the ultra-low work function can be kept stable for several hours with
continuous Cs evaporation. An increase of the work function toward the value
of bulk Cs is not observed. Third, a color change of the surface is visible by eye
after some time during the caesiation process. This can be seen in figure ’ﬁ‘(a),
where a photograph of the Mo surface upon caesiation is shown, taken through
the quartz viewport when y = 1.25eV is measured. A clear darkening of the
Mo surface can easily be recognized because right next to the left clamp, the
surface is much brighter and looks the same as before the caesiation (care has
been taken that this is not obtained due to optical effects). In this region, the

Cs deposition is obstructed: Since the Cs transport is ballistic as described in



7.1 Formation of ultra-low work function layers 111

(a) Mo upon caesiation  (P)
(photograph)

Caesiated stainless

Clamp steel at atmosphere

Figure 7.3: (a) Photograph of the Mo substrate upon caesiation with a measured
work function of 1.25 eV, taken through the quartz viewport. The spot for the work
function measurement is indicated and the experimental arrangement is illustrated.
(b) Caesiated stainless steel substrate exposed to ambient atmosphere.

section 4.2 and the Cs oven nozzle is located to the left of the sample holder as
illustrated, it is shadowed by the clamp to some extent. In consequence, the color
change is attributed to an adlayer with a thickness > 1 ML, i.e., a thick Cs coating

is present on the Mo substrate where the ultra-low work function is measured.

For an analysis of the chemical composition of the Cs layer, in situ/operando
surface analysis techniques would be required. An ex situ analysis of the Cs
layer is not meaningful because pronounced surface changes occur as soon as the
substrate is exposed to air, which is due to the high reactivity and deliquescence
of Cs (compounds). This is demonstrated in figure 7.3(b), where photographs of
the caesiated stainless steel substrate exposed to air are shown: After only a few
minutes, the surface texture becomes inhomogeneous and dissolves to some extent.
Since it is known, however, that work functions down to 1.0eV can be achieved by
the formation of Cs oxides (see section|4.2), the measured ultra-low work functions
are expected to be the result of the formation of an oxidized Cs layer. As the
residual gas is dominated by water vapor, the growth of an oxidized Cs layer is
explained by the inherent coadsorption of Cs and HyO, where the partial and/or
full dissociation of H,O is promoted, as explained in section The interaction
of Cs with HoO becomes also evident from a decreasing background pressure by a
factor of 1.5 — 1.8 during the caesiation process. Furthermore, small amounts of

residual Oy might also contribute to the formation of Cs oxides at the surface. As
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the Cs compounds have a substantially lower vapor pressure compared to pure
Cs, a thick layer can grow on the metal substrate.

In figure 7.4, a compilation of work function data from various caesiation
processes of Mo and stainless steel is presented. In the left diagram, the work
function is plotted as a function of the applied neutral Cs density, and the
corresponding background pressure is depicted. Under consideration that the
correlation between the measured work function and Cs density underlies a larger
uncertainty during the initial ramp-up phase of the caesiation process, an excellent
reproducibility is given: The work function is reduced to ~ 2eV with a Cs density
in the range of 2—4 x 10 m~2 and to 1.25+£0.10eV with a Cs density > 10 m=3.
The Cs density threshold of ~ 10 m™ must be reached for the achievement
of work functions in the range of 1.25 £ 0.10eV and cannot be compensated by
increasing the fluence with a lower Cs density instead (not shown). Since it is
expected that the formation and stoichiometry of Cs-O compounds and thus the
surface work function are strongly determined by the ratio of the Cs to H,O flux

onto the surface, the compiled work function data are plotted against the flux
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Figure 7.4: Compilation of work function data from various caesiation processes
of Mo and stainless steel. The work function is plotted as a function of the neutral
Cs density in the left diagram, and as a function of the flux ratio of neutral
Cs atoms to residual water molecules in the right diagram. The corresponding
evolution of the background pressure is shown to the top of the left graph.
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ratio of Cs to H2O in the right diagram of figure|7.4. The fluxes are calculated
via equation M), where the HoO particle density is derived from the measured
background pressure and the ideal gas law (the much lower partial pressures of
other residual gases are neglected). At a flux ratio of typically I'cs/In,0 ~ 0.005,
the work function of 1.25¢€V is reached. For I'cs/In,0 > 0.005, the evaluated work
function remains constant within the error bars. However, the QE curve and the

A-parameter change and the work function of 1.25eV might be an upper limit.

7.2 Degradation and re-caesiation

As described in the previous section, the ultra-low work function is kept stable
with a sustained Cs density of > 10 m™ in the vacuum chamber. When the
Cs density is reduced below 10"* m™3 i.e., I'cs/I,0 < 0.005, the work function
increases. This is demonstrated in figure 7.5, where the work function behavior
during and after the shutdown of the caesiation process shown in figure 7.2 is
depicted. As soon as the heating of the Cs oven reservoir is stopped, the Cs density
of slightly above 10 m=3 decreases rapidly (~ one order of magnitude within
five minutes). The decrease of the Cs density and thus of the flux ratio of Cs to
H50 onto the surface leads to an almost instant decrease of the photocurrents and
to an increase of the work function. At ¢t = 10h, the Cs density is 8 x 103 m~3
and a work function of about 1.9€eV is measured. Some minutes after the Cs
density is below the TDLAS detection limit, the caesiated surface is exposed

solely to the residual gas flux and the work function increases from 2.10 to 2.66 eV
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Figure 7.5: Behavior of the surface work function during and after the shutdown
of the caesiation process shown in figure 7.2.
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within 1.5h, i.e., with a rate of roughly +0.4eV/h. Afterward, the degradation is
slowed down and work functions of 2.77 and 3.45eV are obtained after 18 h and
19 days, respectively. The background pressure in the vacuum chamber is kept at
6 — 7 x 10~ %mbar throughout the whole time. The gradual increase of the work
function is explained by the passivation of the Cs layer due to the continuous

accumulation of residual gases and the formation of Cs compounds (e. g., CsOH).

In figure (a), the work function behavior of the stainless steel substrate upon
re-caesiation after the 19 days of degradation is compared to the first caesiation
(see figure 7.2). The work functions and Cs densities are plotted against the Cs
fluence @, which is a measure of the total amount of Cs atoms to which the
sample surface is exposed during the caesiation process. As can be seen, the
Cs density vs Cs fluence traces of the first and second caesiation process are
almost identical, i.e., similar Cs densities are applied for comparable time periods.
Moreover, the background pressures are almost identical during both caesiation
processes, which confirms comparable vacuum conditions (not shown). While the
work function before the first caesiation is 3.95¢€V, it is 0.5eV lower before the
re-caesiation. In both cases, the evaporation of Cs into the vacuum chamber leads
to a work function decrease to 2.2¢V at a reached Cs fluence of about 2 x 109 m~2,
where the Cs density is at 3 x 1014 m™3. During the first caesiation, the subsequent
increase of the Cs density to ~ 10 m~2 leads to a drop of the work function into
the ultra-low regime, and y = 1.25 & 0.10¢V is obtained at @, = 2 x 102 m—2.
During the re-caesiation process, however, the work function remains constant at
2.2+£0.1eV up to Pcs ~ 2 x 102 m~2. After keeping the Cs density of the order of
10 m~3 for some minutes, the work function gradually decreases to 2.0 — 2.1¢V.
Only by the increase of the Cs density up to ~ 10 m~2, the work function is
reduced further to 1.8 £0.1eV (P > 2 x 102 m~2). As shown in figure 7.6(b),
the work function decrease from 2.2 to 1.8 eV is accompanied by an increase of
the photoelectric QE throughout the accessible spectral range (curves labeled 3
and 4). Also plotted are the QE curves recorded during the first caesiation at
x = 2.0eV (labeled 1) and 1.3eV (labeled 2). It can be seen that at a reached
work function of 1.8eV during the re-caesiation, the QEs for (E,) > 2.0eV are
still lower compared to the surface with y = 2.0eV obtained during the first
caesiation. Furthermore, the QE at (E,,) = 1.9eV (close to the threshold) is
three orders of magnitude lower compared to the surface with y = 1.3V, which is
obtained during the first caesiation with even lower Cs fluxes and fluences. This
impressively demonstrates that the photoelectric surface properties generated

during the first caesiation are far from being restored upon re-caesiation.
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Figure 7.6: (a) Work function evolution during the first caesiation of the stainless
steel substrate and during its re-caesiation after 19 days in vacuum. The work
functions as well as the neutral Cs densities are plotted against the calculated
Cs fluence applied during the caesiation processes. In (b), QF curves recorded at
different times during the first and second caesiation process are shown, and the
corresponding work functions are indicated.

The measurements show that in the absence of Cs evaporation, the residual
gases alter the properties of the caesiated surface in a way that prevents the
re-establishment of an ultra-low work function coating upon re-caesiation. It is
probable that the Cs adsorption on (HyO covered) Cs compounds leads to much
weaker electrostatic dipoles compared to the adsorption on bare metal substrates.
Thus, a different surface chemistry is present, and the structural and chemical
composition of the Cs layers that grow on the surface are affected (e. g., hampered
water dissociation via the electrostatic field-induced effect, see section @D In
consequence, different evolutions of the QE and of the Fermi level are plausible.

Various conducted re-caesiations of the Mo substrate after different degradation
times (few days up to several weeks) showed a similar behavior of the QE and
work function of the surface. It was confirmed that a work function in the ultra-
low regime cannot be retrieved upon re-caesiation without any further surface
treatment. The actual work function dependence on the Cs density and fluence

depends, however, on the experimental history of the substrate (e.g., degradation

!The reduction of the QE upon re-caesiation is also reported for Cs/Os activated photocathodes
and is not fully understood up to now [C*14, F17b].
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time and plasma exposure), which underlines the statement that the Cs layer
growth is determined by the chemical composition of the layers underneath it.
Typically, work functions in the range of 1.9 — 2.1 eV are obtained with applied

Cs densities of the order of 10 m~3 upon re-caesiation.

7.3 Vacuum heat treatment after degradation

First investigations at ACCesS have shown that elevated surface temperatures are
beneficial to counteract the degradation of the Cs layer [Fril3, FF15]. Therefore,
the influence of heat on a degraded Cs layer is thoroughly investigated with the
improved work function diagnostic. In figure 7.7, the result of an annealing process
of a degraded caesiated Mo surface from room temperature to close to 900 °C is
shown (without Cs evaporation from the oven). Before the annealing process,
the Mo substrate was exposed to a Cs fluence of about 7 x 102 m~2 and a work
function in the range of 1.25 + 0.10eV was reached. Afterward, the substrate was
left in vacuum for several days, leading to an increase of the work function to 3.3 eV.
As can be seen in figure ma), the heating is performed incrementally in steps of
50— 100 °C and the sample is kept at each temperature for about 20 — 30 min. The
TDLAS system is continuously running to track possibly desorbed Cs atoms from
the surface. The corresponding RGA signals for Hy, H,O, Ny and O, are plotted
in figure 7.7(b). The work function is measured at each temperature step and is
plotted as a function of the surface temperature in figure W(c) As explained in
section 6.3, the heating is switched off during the work function measurement in
order not to disturb the photocurrent measurement. Consequently, the surface
temperature decreases during the work function measurement, and the decrease
is more pronounced the higher the temperature. Up to 400 °C, however, the
temperature decrease is only a few degrees during the period of 2min needed
for the work function measurement, and the work function is plotted against the
average temperature during the measurement. For temperatures above 500 °C,
the dark current increases to above 10~7 A due to thermionic electron emission,
which is too high to perform reliable work function measurements (see figure 6.5).
Therefore, the work function is measured after the sample has cooled down to
~ 400°C. It is plotted against the applied temperature before the measurement,
and the temperature during the measurement is indicated.

The initial temperature increase to 50 °C does not lead to a measurable influence
on the work function. However, by further increasing the temperature, the work
function is reduced. At 200 °C, the work function is 2.25 + 0.10eV and thus more
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Figure 7.7: Vacuum heat treatment of a degraded caesiated Mo surface. In (a),
the surface temperature and the measured neutral Cs density desorbed from the
surface are plotted over time, and in (b), the corresponding RGA signals for
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work function is measured after the sample has cooled down for some minutes, and
the temperature during the work function measurement is indicated. The depicted
photographs of the sample surface are taken before and after the annealing process.
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than one eV lower than before the heating. Up to this temperature, thermal
desorption of Cs is not detected. However, the RGA signal for HyO increases
slightly, indicating thermal desorption of residual gases from the surface. By
increasing the temperature to 250 °C, the work function increases by 0.2eV, and
significant desorption of Cs from the surface occurs: The measured Cs density
increases to 1.2 x 10" m~3 and drops to below 10® m~2 within a few minutes.
Subsequent increases of the temperature lead to further deteriorations of the work
function and after a temperature above 600 °C has been applied, the work function
is at about 3.75eV. The temperature elevation leads to recurrent Cs desorption,
showing that the Cs atoms have different binding energies at the surface. Each
time Cs is desorbed, the background pressure rises (not shown) and the RGA
signals for HoO, Ny and Hs increase. In particular, the dominant peaks in the RGA
signal for Hy suggest thermal dissociation of Cs-H bondings (e. g., decomposition
of Cs hydride, see section @)2 The assumption that Cs-H bondings are present
and thermally cracked is corroborated by the fact that the Hy signal remains
constant when the bare substrate is heated, while the signals for HoO and N, also
increase in this case (not shown). Concerning the RGA signal for O,, a decrease
is occasionally observed during the desorption of Cs, which indicates chemical
reactions between Cs and O,. Moreover, ex situ EDX spectroscopy after the
cool-down of the sample revealed a significantly increased amount of oxygen on
the surface, which means that the surface is strongly oxidized due to the applied
high temperatures. As shown in figure W(c), the Mo surface exhibits a reddish
discoloration after the cool-down, which is attributed to the oxidation. Cu from
the bulk material beneath the Mo coating could not be detected in the EDX
analysis, showing that the Mo coating is not damaged. Furthermore, Cs could not
be detected on the surface, which implies that the Cs coating is almost completely
desorbed upon the temperature elevation to close to 900 °C.

In summary, the measurements clearly show that an increase of the surface
temperature to 200 °C is an effective way to recover a low work function from
degraded caesiated surfaces. The reached work function minimum is in the range of
2.2540.10 €V and is slightly higher than what is typically achieved via re-caesiation
(see section|7.2). The thermal stability of Cs coatings with a work function in
the range of 1.25 + 0.10eV was not investigated explicitly, but measurements
presented in [MS91] indicate that Cs oxide coatings are stable for temperatures
up to about 200 °C.

2As a side note, also the heating of the SID wires to their operating temperature (> 900 °C)
during a caesiation process leads to a sudden evaporation of Cs from the wires accompanied
by a dominant Hy peak in the RGA recording.
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7.4 Influence of gas exposure

Apart from residual gases, the surface upon caesiation is exposed to hydrogen gas
at negative hydrogen ion sources. Furthermore, impurity gases such as nitrogen,
oxygen or water might leak into the system. In consequence, a clear understanding
of the impact of the various gas species on the work function of caesiated surfaces

is indispensable.

The issue of impurity gases leaking into the vacuum system becomes evident
from figure 7.8, where the inlet of hydrogen gas during a re-caesiation process at
ACCesS is shown. Before the hydrogen gas line is opened, the RGA signals for
Hs, HyO, Ny, Oy and Ar are constant, and the background pressure in the source
is 7 x 10~ %mbar. The Cs density is stable at 9 x 10'*m~3 and a constant surface
work function of 2.0V is given. At t = 297 min, hydrogen gas is introduced and
the absolute gas pressure is adjusted to 10 Pa. As can be seen, the Cs density
instantly drops below the TDLAS detection limit when the hydrogen gas enters the
chamber. Furthermore, the work function increases to 3.1 eV, which is more than
1eV higher than before the gas inlet. The RGA recording reveals that not only
Hs,, but also substantial amounts of Ny, O, Ar and HyO enter the chamber. Thus,
these gases have accumulated in the gas line and have gradually contaminated
the hydrogen gas. The partial pressures of Ny, Oy, Ar and HyO increase up
to 0.636, 0.159, 0.014 and 0.009 Pa, which is estimated by using experimentally
determined relative calibration factors for the RGA [Wol22]. Within the next
minutes, the RGA signals of the impurity gases gradually decline, showing that
the impurity gases are gradually pumped out and the feedgas is composed of
high-purity Hy. The Cs density remains, however, below the TDLAS detection
limit, even though the temperature of the Cs oven reservoir is the same as before
the gas inlet. The temperature of the Cs oven nozzle is decreased from 280 to
265 °C due to convective cooling, but as demonstrated in figure 5.5(b), such a small
temperature reduction can be excluded as a reason for the reduced Cs density in
the vacuum chamber. Therefore, strong chemical reactions are present that lead
to the reduction of the Cs density as well as to the increase of the surface work
function: Reactions in the gas phase may lead to chemical vapor deposition of Cs
compounds onto the surfaces, reactions at the surfaces can lead to an enhanced
Cs gettering and formation of Cs compounds, and reactions at the inner oven

surfaces might lead to a reduced diffusion of Cs out of the oven [Fril3].

The amount of accumulated impurities in the gas supply depends on the time

period it is not in use, which was one week in the case of the experiment shown
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Figure 7.8: Influence of impure hydrogen gas feeding on the caesiation process.
The evolution of the RGA signals for selected masses is shown in (a), the pressure
in the vacuum chamber is plotted in (b), and the neutral Cs density and work
function of the Mo substrate are depicted in (c).

in figure 7.8, If the inlet of impurity gases needs to be minimized during the
conduction of measurements, the gas supply is opened for ~ 1h prior to the
experimental campaign. In order to analyze which gases are harmful to the
caesiation process, investigations on the influence of selected gases on the work

function and Cs content within the vessel are presented in the following.

7.4.1 Hydrogen

Prior to the caesiation process shown in figure ’m(a), accumulated impurities
in the Hy gas supply were pumped out. When a stable work function of 1.3eV
is reached in the vacuum phase, a Hy gas pressure of 10Pa is applied. The
corresponding RGA signals for Hy, HyO, Ny, Oy and Ar are plotted in figure W(b)
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Figure 7.9: FExposure of a Cs coating with a work function of 1.3eV to 10 Pa
Hy gas. In (a), the evolution of the neutral Cs density and of the work function
is depicted and in (b), the RGA recording of selected gases is shown. In (c),
photocurrent measurements with photon energies in the range of 2.26 — 1.45 eV
before and after the Hy gas exposure are depicted (dark current already substracted),
and the corresponding Fowler fits for the work function evaluation are shown in
the inset.

and show that the increase of the RGA signal for Hy is accompanied only by
a slight increase of the RGA signal for H,O. Consequently, the Hy gas can be

considered as virtually pure.

In the moment H, gas is introduced, the Cs density increases by a factor of
1.3. An increase of the Cs density caused by Hs gas at a pressure of several
Pa is already described in [Fril3], where it was only observed in the presence
of hot filaments in the vacuum chamber (glowing SID wires). It was speculated
that thermally catalyzed chemical reactions of Hy with Cs compounds might be
initiated, leading to an additional Cs source. Here, an increase of the Cs density
is given without hot filaments, but it is less pronounced compared to what was
observed in [Fril3]. Therefore, it is assumed that the increase of the Cs density
in the absence of hot filaments is primarily due to the reduced mean free path
of the Cs atoms, leading to a hindered diffusion to the vessel walls and thus to

an increased density in the gas phase. The subsequent slight decrease of the Cs
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density might be due to a hampered Cs diffusion out of the oven. Since such a
decrease is, however, only occasionally observed, it is also likely that the increased
amount of HoO that is detected with the RGA plays a role here. In any case,
this effect is not severe and could be easily mitigated by a slight increase of the
temperature of the Cs oven reservoir.

The measured work function of the caesiated surface is not influenced by the H,
gas. As shown in figure @(C), the measured photocurrents for photon energies
close to the threshold before and after the Hy gas inlet are comparable, and the
respective Fowler plots that are depicted in the inset yield the same work functions
within the error of £0.1eV. Hence, no influence of the Hy gas on the surface work

function can be identified. The same result is obtained with Ds.

7.4.2 Inert gases
Argon

The impact of noble gases on the caesiation process is of particular interest for
negative ion sources for fusion since He that is produced in the fusion reactor might
enter the NNBI beamline. Furthermore, the application of non-evaporable getter
(NEG) pumps is considered [ST17b, ST19] and already foreseen for the SPIDER
test facility [T+21]. NEG pumps provide reactive surfaces for the sorption of gas
molecules, but noble gases cannot be trapped as they do not chemically react with
the getter material.

To gain insight into the impact of small amounts of noble gases on the caesiation
process, investigations with an elevated partial pressure of Ar are conducted. The
investigations are performed by the application of a NEG pump from the company
SAES group (CapaciTorr® HV 200), which uses the ZAO® getter alloy (composed
of Ti, Zr, V and Al) in the shape of porous sintered disks stacked in a cartridge.
Active gases like Oy, Ny, HyO or CO, that impinge onto the getter surfaces are
dissociated and permanently trapped in the form of stable chemical compounds,
while Hy and its isotopes dissolve in the bulk of the getter material and form a
solid solution. In figure 7.10(a), a caesiation process is shown where both the
NEG pump and the regular pumping system are attached to the vacuum vessel at
ACCesS. The regular pumping system is separated from the vacuum vessel after a
stable Cs density of ~ 10 m™3 is reached and a work function of 2.1€V is given
(re-caesiation process). The separation of the regular pumping system is realized
via a gate valve installed in between the turbomolecular pump and the vacuum

chamber. The NEG pump is able to take over the pumping instantly after the
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Figure 7.10: Generation of an Ar dominated background pressure during cae-
station by the application of a NEG pump: At t; < t < ts, the reqular pumping
system is separated from the vacuum system and only the NEG pump is used
to pump the system. In (a), the work function of the Mo sample together with
the neutral Cs density and the background pressure are shown. For t > t;, the
work function values obtained via the Fowler method are plotted as open symbols,
and the full symbols show the lowest photon energy with which photocurrents are
detected. In (b), the RGA monitoring of pertinent gases is depicted.

gate valve is closed, and only a slight initial increase of the background pressure is
observed. The RGA recording in figure|7.10(b) shows that this can be attributed
to a small increase of the Ny content within the vessel due to the reduced total

pumping speed. However, the Cs density and work function are not affected.

During the time ¢; < t < t; when only the NEG pump is attached to the vacuum
chamber, the RGA recording reveals that Ar gas permeates through the Viton seals
(contained in ambient air at 0.9 %) and is not removed by the NEG pump. After
a few minutes, the gradually increasing Ar content in the vessel determines the
background pressure. An increase of the RGA signal for He is also observed, but is
much less pronounced. During the two hours of “only NEG pumping”, the pressure

increases by about two orders of magnitude, from 5 x 107% to 3 x 10~ mbar.
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Nonetheless, the Cs density remains constant during the pressure increase. The
continuous Cs flux onto the caesiated Mo substrate leads to a further reduction of
the work function as the lowest photon energy with which photoelectric response
is obtained is decreased from 2.1 to 1.9eV. However, the work function evaluation
via the Fowler method leads to values that are increasingly below the lowest
photon energy with which photocurrents are measured. After about 1.5h, the
evaluated work functions are even far below 1eV, which is considered as physically
unreasonable under the given conditions. Therefore, the lowest photon energy
(Eph)min With which photoelectric signal is obtained is taken as an upper limit
for the surface work function. As soon as the valve to the turbomolecular pump
is opened again (t = t5), the increased Ar content is instantly pumped out. The
Cs density and the photoelectric threshold remain unaffected. Afterward, the
Fowler evaluation yields increasing work function values approaching the upper
limit (Epn)min-

The fact that the Fowler method is not applicable any more with an increased
partial pressure of Ar suggests that Ar atoms adsorb on the caesiated surface to
some extent and affect the escape probability of electrons from the surface upon
photon irradiation. Since the photoelectric threshold is, however, not affected, no
indications are given that impairing chemical reactions between Cs and Ar occur,
i.e., only physisorption is expected.

In consequence, an elevated Ar content within the vacuum system is not harmful
to the caesiation process. This result is in good agreement with literature data,
where small to zero work function changes are reported when Cs is exposed to
noble gases [CCF84]. Hence, it is a good indicator that also an increased partial

pressure of He is not problematic for the caesiation process.

Nitrogen

An elevated partial pressure of Ny has virtually no influence on the Cs density
in the vacuum chamber, as was already reported in [Fril3]. Furthermore, it is
observed that an increase of the Ny partial pressure intrinsically via the gas feed
or by the reduction of the pumping rate does not affect the surface work function.

Therefore, small amounts of Ny can be considered as unproblematic as well.

7.4.3 Oxygen

In contrast to Hy and inert gases, the Cs density in the vacuum chamber and the

work function of caesiated surfaces are heavily affected when O, leaks into the
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vacuum system. This is shown in figure 7.11(a), where O, is introduced during a
caesiation process via the gas supply system. Before O, is introduced, the work
function is 1.4 eV and the Cs density is 1.5 x 10" m~3. By the adjustment of the
minimum possible flow rate, the partial pressure of O, increases to ~ 1072 mbar
in the moment the mass flow controller opens (initial overshoot) and decreases
to slightly above 10~*mbar shortly afterward. In the moment O, enters the
vacuum chamber, the Cs density instantly drops below the TDLAS detection
limit of 2 x 10 m~3. About half a minute later, a dramatically increased work
function of 2.4eV is measured. During the next 17 min, the partial pressure of
O, is kept constant and the work function continues to increase, with a gradually
decreasing slope. The slope increases again by increasing the Oy partial pressure,
which is demonstrated at ¢ ~ 32min where the partial pressure is elevated to
3.5 x 10~*mbar. After the O, inlet is terminated, the work function is 3.5eV.

Since the Cs density is diminished by at least two orders of magnitude in less
than one second when Oj enters the vacuum chamber, considerable chemical
reaction kinetics are present. The instant increase of the work function by 1eV
reveals a pronounced change of the chemical composition and stoichiometry at
the surface, i. e., strong chemical reactions are initiated at the surface due to the
high electropositivity of Cs and the high electronegativity of oxygen. Furthermore,
surface processes on the minute scale are present because the work function

continues to increase with increasing O fluence.

In figure 7.11(b), the work function evolution shown in figure 7.11(a) is depicted
as a function of the O, fluence to which the caesiated surface is exposed. Fur-
thermore, it is compared to the work function behavior of a degraded caesiated
surface with y = 2.7V that is exposed to O,. After an applied Os fluence of
9 x 1022 m~2, the work function of the surfaces with initially y = 1.4 and 2.7eV
is increased by 1.3 and 0.3 eV, respectively. Thus, the surface with the ultra-low
work function reacts much more sensitive to the O, gas. After an applied O,
fluence of ~ 5 x 102 m~2, the work function is about 3.5€eV in both cases. This
fluence is comparable to the fluence of residual HoO molecules after about 8h at
a base pressure of 5 x 1075 mbar, after which the work function is typically not
higher than 3eV. Hence, the degradation of caesiated surfaces upon Oy exposure
is more pronounced than upon HyO exposure. A further substantial increase of
the O, fluence to ~ 10?° m~2 leads to a further increase of the work function to
about 3.8eV.

As can be seen in figure 7.11(a), it takes about 6 min for the TDLAS signal to

reappear after the Oy exposure is stopped, and about 18 min until the Cs density
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Figure 7.11: (a) Behavior of the surface work function and neutral Cs density
during and after an elevated partial pressure of Os in the vacuum chamber.
(b) Evolution of the work function as a function of the Oy fluence to which
caesiated surfaces with different initial work functions are exposed. (c¢) Evolution
of the QE of a caesiated surface with repetitive Oy dosages (estimated fluence per
Og dose: ~ 10% m™#).

is about the same as before the O5 inlet. The time it takes for the Cs density
to reestablish depends on the amount of Oy that is introduced into the vacuum
chamber. In figure 7.11(c), measurements are shown where the O, gas feed is
opened several times for only a few seconds (pressure increase to ~ 1073 mbar,
comparable to the overshoot in figure 7.11(a)) and the times for the TDLAS
signal to reappear and the Cs density to fully recover are typically about 30s and
1 — 2min, respectively.

Before the TDLAS signal reappears in figure 7.11(a), the work function is 3.5 eV
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and a considerable amount of oxygen is expected to be adsorbed at the sample
surface. By the termination of the Oy flux and the re-establishment of the Cs flux
onto the surface, the work function decreases remarkably fast and x = 1.56eV
is measured after 17min. When the caesiated surface degrades to x = 3.5eV
within several days due to HyO exposure from the background pressure and is
subsequently re-caesiated, such a pronounced decrease of the work function is
not observed (see section 7.2). The fast recovery after O exposure becomes also
evident from figure E(c) Here, the QE at 2.3eV is continuously monitored
with a time resolution of 1s. An instant drop below the detection limit is given
every time Oy gas is added, and by the subsequent re-establishment of the Cs flux
onto the surface the QE is (more than) fully recovered within a couple of minutes.
The measured work function after the application of the repetitive O, dosages
is 1.4€eV. Therefore, it is suggested that the adsorption of O, on the caesiated
surface facilitates the formation of strong dipoles upon re-caesiation, possibly due

to the formation of Cs oxides.

7.4.4 Conclusions

The investigations on the addition of selected gases during the caesiation of a Mo
substrate have shown that Hy (D2) gas at several Pa as well as small amounts
of inert gases (Ar and Ny) with partial pressures of ~ 107 — 1073 mbar have a
negligible influence on the Cs density within the vessel as well as on the work
function of the caesiated surface. However, when O, leaks into the vacuum system
with a partial pressure of ~ 107 — 1072 mbar, an instant reduction of the Cs
density by several orders of magnitude and an increase of the work function of
the order of 1eV occur. Therefore, the immediate reduction of the Cs density and
increase of the work function from 2.0 to 3.1 eV observed after the impure hydrogen
gas feeding in figure 7.8 can primarily be ascribed to the O, impurity. Here, the
estimated O, fluence at the time when y = 3.1eV is measured is 3 x 10* m~2,
which is in good agreement with the measurements shown in figure|7.11(b). The
time it takes for the Cs density and work function to recover after the termination
of the Oy inlet is typically of the order of minutes and depends on the totally
entered amount of Oy into the vacuum system. Since the initial equilibrium can

be regained, no irreversible effects are identified.
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8 Impact of specific hydrogen
plasma species on the work

function of caesiated surfaces

The caesiated extraction electrode in negative hydrogen ion sources is exposed to
a low pressure low temperature hydrogen plasma. The plasma impact leads to
a complex interplay of photonic, ionic and atomic interactions with the surface,
and a multitude of processes can change the chemical composition and thus the
work function of the surface, as described in detail in section 4.3. The evolution
of the work function of the caesiated surface under such conditions can hardly
be predicted by theoretical models due to a lack of knowledge about the exact
chemical composition of the surface as well as the decisive processes influencing

the chemical composition of the surface.

It has already been observed at ACCesS that the ignition of a hydrogen plasma
in the main chamber decreases the work function of degraded caesiated surfaces
|[FF17, CFF20a). In order to identify the mechanisms that are responsible for the
decrease of the work function, investigations are conducted where the interactions
with the energetic VUV photons, reactive hydrogen atoms and positive hydrogen
ions from the hydrogen plasma are decoupled to some extent, and a plasma-induced
redistribution of Cs (compounds) within the experimental chamber is suppressed.
This is done by the application of the external plasma source that is described
in section 5.3. Apart from the examination of how well degraded Cs layers can
be “reactivated” upon the exposure to hydrogen plasma species, i.e., how far the
work function can be decreased after an increase due to residual gas adsorption,
the durability of Cs coatings with a work function in the range of 1.25 +0.10eV
is studied. For the sake of clarity, an overview of the work function dynamics
found in the previous chapter is provided in the bar diagram in figure 8.1/ and the
aspects that are addressed within the present chapter are indicated as red dotted

bars with question mark.
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Figure 8.1: Querview of the work function dynamics of a caesiated Mo surface:
The minimum work functions reached in the vacuum and gas phase with active Cs
evaporation, the work function increase in the absence of Cs evaporation and the
decrease of the work function upon heating and re-caesiation are shown (from left
to right, details see chapter W The red dotted bars with question mark indicate
what is addressed in the present chapter.

8.1 Quantification and separation of photon and

particle fluxes

Plasma characterization

As described in section the VUV diode system is applied to quantify the VUV
emissivities averaged over the plasma volume of the external plasma source. In
figure 8.2(a), the measured emissivities of the Lyman band (E,, = 6.6 — 8.4¢V),
Lyman-« line (Ep, = 10.2eV) and Werner band together with the Lyman series
beyond Lyman-« (Ep,, > 11.0eV) are plotted for a variation of the RF power
from 100 W to the maximum available RF power of 600 W at a hydrogen gas
pressure of 10 Pa. The emissivities of the different energy ranges are comparable
within the error bars, highlighting the prominence of the Lyman-o line emission.
The emissivities increase with increasing RF power and at 600 W the summed
VUV emissivity is about 5 x 102 m~3s~!. However, RF powers in the range of
500 — 600 W pose the risk of critical temperatures for the elastomer seals of the
quartz vessel during steady-state operation so that the plasma source is typically
operated with a reduced RF power of 400 W. Since figure 8.2(b) shows that at

400 W the emissivity of the Lyman-« line decreases when the pressure is reduced
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Figure 8.2: VUV emissivities of hydrogen discharges generated in the external

plasma source: (a) RF power scan at 10 Pa gas pressure and (b) pressure scan at
400 W RF power.

below 10 Pa and remains virtually constant when the pressure is increased (tested
up to 18 Pa), 10 Pa gas pressure and 400 W RF power are chosen as standard
operational parameters to generate a high steady-state VUV emission. With
the volume to surface ratio of the quartz vessel of 0.01m, a VUV photon flux

of 3.4 x 10** m—2s7! is determined from the sum of the measured emissivities at

10 Pa/400 W.

OES measurements are performed for the evaluation of the gas temperature,
electron density, electron temperature and atomic hydrogen density of the dis-
charge. The determined values represent average values along the LOS, which is
aligned along the cylinder axis of the quartz vessel to cover the central regime of
the discharge (see figure 5.7). The evaluated plasma parameters at 10 Pa/400 W
are summarized in table 8.1, together with the calculated H atom flux and positive
ion (H7) flux. The ion flux represents the Bohm flux according to equation M}
Additionally, the determined VUV flux is listed.

Apart from the operational parameters of 10 Pa/400 W, the source is occasionally
operated at a reduced pressure of 4 Pa and an RF power of 600 W. The lower
pressure is applied to reduce collisions of H atoms and Hj ions with H, molecules
on the way toward the caesiated surface in the main vessel, which is discussed in
detail in the following subsection. Thus, the measured plasma parameters and
corresponding fluxes at 4 Pa/600 W are additionally given in table \g As can be

seen, the reduction of the pressure with the simultaneous increase of the RF power
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leads to a 38 % lower electron density and 3.5eV higher electron temperature.
The substantial increase of the electron temperature can be understood from
the ionization balance described in section [3.1.3. While the changed plasma
parameters lead to an increase of the VUV flux by a factor of 2 — 3, the ion flux
is only slightly influenced. The H atom flux is decreased by about 64 % due to a

decreasing H atom density with decreasing pressure.

Table 8.1: Plasma parameters and VUV photon and particle fluzes of hydrogen
plasmas generated in the external plasma source at 10 Pa/400 W and 4 Pa/600 W.

10Pa/400 W 4 Pa/600 W

Teos =Tn / K 662 656
ne / m=3 6.9 x 106 4.3 x 101
T,/ eV 4.4 7.9
np / m3 2.8 x 10% 1.0 x 10%°
Doyt / m~2s~! 2.6x 102 9.3 x 102

S

Fsrc,VUV / m2s~! 3.4 x 10%° 8.5 x 10%°

Dyeps /m72%70 41x10%° 34 x10%

Fluxes onto the caesiated surface

The flux I}y reaching the caesiated surface in the main vessel is calculated from
the determined flux [}, in the external plasma source under the assumption of
ballistic propagation by

It = Tnesh Fol e, (8.1)

where Then is the transmission of the stainless steel mesh installed inside the
flange and Fy, is a factor that takes the divergence of the flux into the main vessel
into account. The transmission of the mesh is 64 % and is determined with the
use of the Ulbricht sphere as radiation source and the survey spectrometer as
detector. The geometric constraints for the determination of Fy are sketched in
figure @, where A, represents the open front end surface of the quartz vessel
(taken as emitting surface, diameter of 43 mm) and dAy, is a surface element
positioned on the caesiated sample surface. The normal of A, is parallel to the
z-axis of the cylindrical coordinate system given by the quartz tube and the
normal of dAg, encloses an angle of 3 = 45° with the z-axis. The solid angle
of dAg, with respect to an arbitrary position (r,¢,z = 0) on A, is given by
dQgp = dAgp cos(f)/s?, where s is the distance between d Ay, and the position
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Figure 8.3: [llustration of the solid angle of a surface element dAs, on the
caesiated surface with respect to positions on the emissive area A, of the plasma
source. The flange to which the plasma source is connected defines the emitting
area Ag. from which plasma species can reach dAgp.

on Ap,. From these considerations, the factor Fg is calculated by [Kun09]

1 cos(f)
FQ—% Apcos(@) =

dA, (8.2)

where an isotropic hemispherical release of the species from A, is assumed (factor
of (2r)~1) and 6 is the angle between the direction of the emitted species and the
normal of A,. In the present case, it must be taken into account that the flange to
which the plasma source is connected limits the emitting area from which plasma
species can reach dAg,, which is illustrated in figure|8.3| Hence, the integration in
equation 4872) must be performed over the reduced area Ag.. The area Ay, on the
caesiated surface that needs to be considered is the spot where the work function
is monitored (diameter &~ 15mm), leading to a diameter of about 35 mm for Ag..
Since the distance zp = 220mm between Ag, and Ag., is much larger than the
diameter of A, and Ag,, cos(d) =~ 1 and s = z, are reasonable approximations.

In consequence, the average flux reaching Ay, is calculated from equations (8.1)

and (8.2) by
2 Aser
Fspl = TmeShZL/;zQ
0

where Fy, is determined by v/2A./(4722) = 2.3 x 10735,

FSI‘C? (8.3)

As the gas pressure in the vacuum system is 10 Pa (4 Pa) during the operation

of the plasma source, interactions of the plasma species with particles on the
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way toward the caesiated surface inevitably take place. In the case of photons,
reabsorption processes can lead to an attenuation of the photon flux. Reabsorption
processes are, however, intrinsically considered in the measurement of I vuy as
the VUV diode system is installed at a distance to the center of the discharge that
is comparable to the distance between the center of the discharge and the sample
holder. Consequently, the calculation of the VUV flux onto the caesiated surface
according to equation (8.3D is a good approximation. In the case of hydrogen
atoms and positive hydrogen ions, the usage of equation @) is to be seen as
an upper limit since collisional processes with the hydrogen gas are expected to
significantly reduce the particle fluxes. Moreover, the evolution of the electrical
potential from the plasma source toward the main chamber that is decisive for the
resulting ion flux is unknown (note that the mesh inside the flange is on ground

potential).

While unfortunately no diagnostic for the detection of the hydrogen atoms
propagating toward the sample holder is available at ACCesS, the ions can be
measured with the Langmuir probe. Therefore, the Langmuir probe is installed at
the flange at the opposite side of the plasma source and is inserted into the main
chamber with the sample holder being removed from the experiment. In figure 8.4,
the measurement setup is depicted and the measured ion fluxes onto the probe
tip are plotted as a function of the distance x from the flange when the source is
operated at 10 Pa/400 W and 4 Pa/600 W, respectively. The ion flux is calculated
from the measured ion current with an applied bias of —30V against the grounded
vessel walls to ensure that electrons are effectively repelled. The x-error bars
indicate the length of the probe tip. As can be seen, the determined ion fluxes
gradually decrease with increasing distance to the flange and the decrease is more
pronounced at 10 Pa than at 4 Pa. The lower detection limit of the probe system
is at about 5 x 10!"m 257! and is reached at 10 Pa at a distance of about 3 cm
and at 4 Pa at a distance of about 1 cm from the sample surface position. As the
generated ion fluxes in the plasma source are comparable at 10 Pa and 4 Pa (see
table ’871), the faster decrease of the measured ion flux onto the probe tip at 10 Pa
is attributed to a stronger attenuation of the ion flux propagating into the main

vessel due to a higher collision rate.

Since the ions are collected from a certain volume around the probe tip due to
the bias potential, the ion fluxes determined with the Langmuir probe represent
upper limits for the actual ion fluxes. As can be seen in figure 8.4, the measured
ion fluxes close to the detection limit are comparable to the calculated ion fluxes
after equation (8.3) when the determined Bohm fluxes I i from table E are

src,
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Figure 8.4: Positive hydrogen ion flux onto the Langmuir probe tip as a function
of the distance from the flange to which the external plasma source is connected.
The plasma source is operated at 10 Pa/400 W and 4 Pa/600 W. The measurement
setup is schematically illustrated in the inset. The calculated ion flux at the
sample surface position via equation @) using the determined Bohm flux from
the external plasma source (see table‘é’. 1) is additionally depicted.

used as input parameters. This evidently confirms that the calculated ion fluxes
after equation m are upper limits due to the neglection of particle collisions.
The same behavior is expected to be valid for the atomic hydrogen flux.

The bar diagram in figure 8.5 summarizes the calculated VUV photon and
particle fluxes onto the caesiated surface after equation (8.3) for the operational
parameters of 10 Pa/400 W and 4 Pa/600 W. The facts that the particle fluxes
represent upper limits and that the actual particle fluxes are further below the
upper limit at 10 Pa than at 4 Pa are indicated by the dashed upper parts of the
bars and the vertical arrows, both with different lengths. As will be shown and
discussed in chapter 9, the fluxes are orders of magnitude below the typical fluxes
impinging onto the plasma grid at the BUG and ELISE test facilities. Therefore,
the investigations presented in this chapter serve as a first exploratory approach
toward the understanding of the impact of the plasma species on the work function

of caesiated surfaces.

Separation of photon and particle fluxes

In order to investigate the impact of photons only and photons together with

particles on the work function of caesiated surfaces, the following experimental
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Figure 8.5: VUV photon and particle fluzes onto the caesiated surface by the
generation of hydrogen plasmas in the external plasma source at 10 Pa/400 W and
4 Pa/600W. As the particle fluzes are calculated under the assumption of ballistic
transport, the plotted values represent upper limits and the actual fluzes reaching
the surface decrease with increasing pressure, indicated by the dotted upper parts
of the bars and the arrows with different lengths. The VUV fluxes reaching the
surface at 10 Pa/400 W in the case a MgF, window is installed are depicted as
red bars.

configurations are applied:

1. MgF, window inside flange (section 8.2)

As illustrated in the picture on the right, a
MgF,; window is installed inside the flange ount

. . MgF, window M
(22mm inner diameter) to separate the pho- \ /

-~

' y,
<11eV
MgF, window (15mm diameter, 5mm thick- =e ‘v

ness) serves as a long pass filter with a cut-on

Plasma

tons from the hydrogen atoms and ions. The  photons source

wavelength in the VUV. The transmission of

the MgFy window was determined in the range of 120 — 700 nm by the manufac-
turer (Korth Kristalle GmbH), showing that the transmission is stable at 93 % and
starts to decrease for wavelengths below 200 nm. At 120 nm, the transmission is
still 69 %. Therefore, the VUV photons from the intense Lyman-« line and Lyman
band can pass through the window. The cut-on wavelength of the MgF,; window
was not determined, but from figure [5.13]it is expected to be roughly at 113 nm
(11.0eV). In this configuration, the plasma source is operated at 10Pa/400 W

and the respective fluxes reaching the sample surface are indicated as red bars in
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figure 8.5, taking the window transmission into account. The mount of the MgF,
window is not vacuum tight so that pumping and gas feeding of the plasma source

can still be done via the main chamber.

2. No window inside flange and optional application of magnetic filter (section 8.3)
In order to expose the caesiated surface to pho-
tons together with hydrogen atoms, no window

is installed inside the flange and a magnetic plasma

filter field for the positive hydrogen ions is ap- n atoms source

+ photons

plied, as illustrated in the picture on the right.

The magnetic filter field is created by perma-

nent magnets outside the flange, which have a

coercivity of 820kA /m and provide a magnetic flux density of the order of 100 mT
inside the flange [Zie22]. With this, the Larmor radius of the ions is of the order
of mm and thus much smaller than the experimental dimensions, i. e., the ions are
magnetized and cannot reach the sample surface. It should be noted that in this
configuration the photon energy is not limited any more, which means that VUV
photons with energies up to about 15eV can reach the surface (see figure 5.13).

When the magnets are removed, the surface is exposed to photons together with

hydrogen atoms and positive hydrogen ions.

8.2 VUV /UV photons

8.2.1 Impact on degraded Cs layers

For the investigation of the impact of energetic VUV /UV photons on the work
function of degraded Cs layers, the MgF, window is installed and the Mo sample
is prepared as follows: A Cs coating with a work function of 1.25€V is generated
in the vacuum phase by the evaporation of Cs with a density of the order of
10 m=3. During the caesiation process, the flange to which the external plasma
source is attached is covered with the installed shutter (see figure 5.6) to prevent
Cs diffusion into the flange and Cs adsorption on the MgF, window. After the
Cs evaporation is stopped, the sample is left in vacuum where the work function
gradually increases.

Figure 8.6(a) presents the influence of the photon irradiation on the work
function of Cs layers in different degradation states. The work function is plotted
as a function of the cumulative irradiation time, which is the cumulative plasma-on
time of the external source operated at 10 Pa/400 W. The corresponding VUV
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Figure 8.6: (a) Work function evolution of Cs layers in different degradation
states upon the irradiation with photon energies up to 11¢eV. (b) Corresponding
progressions of the QF at 3.1¢eV.

fluence to which the sample is exposed is shown on the x-axis on the top and is
calculated from the sum of the VUV fluxes transmitted by the MgF, window,
i.e., the Lyman-« line and the Lyman band (indicated in red in figure ’ﬁ) Since
during the operation of the source the work function cannot be measured due to
RF disturbance of the picoammeter, pulses of several seconds up to several minutes
are applied and the work function is measured instantly after each pulse, with the
hydrogen gas being maintained in the vacuum system. The curve labeled 1 shows
measurements one day after the caesiation process, where the work function of
the degraded Cs layer is 2.8V (not shown) and is increased to 3.0eV after impure
hydrogen gas (see section ﬂ) is introduced into the chamber. An irradiation time
of 30s leads to a reduction of the work function to 2.7eV, which is lower than the

work function of the degraded Cs layer before the impure hydrogen gas feeding.
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The work function remains in the range of 2.7+ 0.1V for a cumulative irradiation
time of 11 min, and for times 2 14 min, a work function of ~ 2.5€V is obtained. In
the cases the initial work functions are 3.2 and 3.3 eV after several days in vacuum,
an irradiation time of 30s leads to a work function of 2.7eV (curves labeled 2
and 3), and in the case the Cs layer is heavily degraded to x = 3.8 €V after four
weeks, an about three times longer irradiation time is needed to reach the work
function of 2.7eV (curve labeled 4). However, a further reduction of the work
function to 2.5€V is not observed in these three cases: For applied cumulative
irradiation times up to 5h, the work function stays in the range of 2.7 £ 0.1€V.
The temperature of the sample surface remains constant at room temperature

during the photon irradiation, i.e., thermal effects can be disregarded.

The progressions of the QE corresponding to the four work function curves
are depicted in figure W(b) exemplarily for a photon energy of 3.1eV. It can
be seen that the reached QE depends on the degradation state of the Cs layer:
it is systematically lower the higher the initial work function. While in case 1
the work function reduction from 3.0 to 2.7¢eV leads to an increase of the QE
from ~ 1078 to ~ 5 x 1077, the QE in case 4 is of the order of 10~® despite the
same work function is given within the error bars. This clearly shows that the
surface condition after the photon irradiation is still dependent on the previous
degradation state, which gets also evident from the fact that only in case 1 a

further reduction of the work function to 2.5¢V is obtained.

The QEs plotted in figure 8.6(b) are measured ~ 90s after the photon irradiation
from the external plasma source is stopped. In figure 8.7(a), the typical temporal
behavior of the QE within the first minutes after the termination of the irradiation
from the plasma source is demonstrated, with the retrieved work function being
2.7¢eV. The depicted QE measurements are performed with 3.9 and 5.0 eV photons
by using the Hg lamp with the 313 and 239 nm interference filters. The respective
photon fluxes onto the surface are 8 x 10®¥ m=2s7! and 3 x 10®¥* m~2s~! for the 3.9
and 5.0 eV photons, respectively, i.e., the photon fluxes are higher than the VUV
flux from the plasma source. The QE measurements are started in both cases
about 40s after the photon irradiation from the plasma source (60s irradiation
time) is stopped. The surface is continuously illuminated with the 3.9 or 5.0 eV
photons, and the measured QEs are normalized to the respective values measured
right at the beginning of the illumination. In the case of 3.9eV photons, a
continuous decrease of the QE can be observed. The QE is reduced by 50 %
after 25s and by 83 % after about 14 min, showing that the surface is subject

to a substantial degradation. The measured work function after the 14 min of
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Figure 8.7: (a) Evolution of the QFE for 3.9 and 5.0€V photons shortly after
irradiating the Cs layer with photon energies up to 11eV. (b) Evolution of the QE
at 5.0eV of an uncaesiated Mo surface and of caesiated Mo surfaces in different
degradation states.

illumination is 2.8 €V, i.e., the work function increases by about 0.1eV during the
illumination period. As the temporal behavior of the QEs for photon energies
below 3.9€V behave comparably (not shown), the QEs plotted in figure 8.6(b) for
3.1eV must be understood as a “snapshot”; taken ~ 90s after the termination of
the irradiation from the plasma source as mentioned above. In the case of 5.0eV
photons, the QE decreases within the first seconds of illumination in a similar
manner as for 3.9 eV photons. However, the decrease slows down and after about
1.5 min during which the QE is reduced by 43 %, the QE starts to increase again.
At the end of the illumination period of 14 min, the QE yields 93 % of the initially
measured value. The measured work function afterward is 2.8 eV, i.e., it is the

same as after the QE measurement with 3.9 eV photons.

It is generally observed that when degraded caesiated surfaces are irradiated
with 5.0 eV photons, the respective QE gradually increases during the period the
surface is irradiated. This is demonstrated in figure 8.7(b), where it can be seen
that during an irradiation time of 23 min the QE of degraded Cs layers with y = 2.8
and 3.4 eV increases by a factor of 2.1 and 3.0, respectively (no photon irradiation
from the plasma source applied beforehand). Since the additionally plotted QE of

an uncaesiated Mo surface remains constant over time as expected, the increase of
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the QE in the case of degraded Cs layers is attributed to photo-induced changes
of the surface. However, a reduction of the work function after the irradiation
with 5.0 eV photons is not observed (measured with photon energies in the range
of 3.05 — 4.19eV). Therefore, the significant work function decrease after the
irradiation with photons from the external plasma source shown in figure 8.6 is
attributed to the VUV photons with energies higher than 5eV and up to 11e€V.
It is suggested that the VUV photons effectively dissociate Cs compounds and
residual gas molecules at the surface, leading to a significant change of the chemical
composition of the surface. Moreover, photo-induced desorption processes might
play a role. During the VUV irradiation, Cs cannot be detected with the TDLAS
system, showing that no significant Cs desorption from the surface is induced.
Since RGA measurements are not possible during the operation of the plasma
source due to severe RF distortions, the possible desorption of residual gases from
the surface cannot be monitored at present.

As can be seen in figure g(b), the QEs of the degraded Cs layers with y = 2.8
and 3.4V are up to an order of magnitude lower than the QE of the uncaesiated
Mo surface with xy = 4.3eV. The lower QE despite the lower work function can
be explained by the following reasons [L.*17]: First, the electron density at the
caesiated surface is expected to be lower compared to the Mo surface because
the Fermi energy of Cs is 1.59eV [Rum21] and the Fermi energy of Mo is 6.77 eV
[PVT71]. Second, the penetration depth of the 5.0eV photons is much longer in
Cs (~ 100nm [McW97]) than in Mo (~ 5nm [KNN71, PDS95]), while the escape
depth of the photoelectrons is typically in the range of 1 — 10nm [SD79]. This
means that in the case of thick Cs layers a significant amount of photoelectrons
might not reach the surface. In the case of Cs coatings with a work function
of 1.25eV, however, the QE at 5.0eV is about one order of magnitude higher
compared to the uncaesiated Mo surface (see figure W), which implies that the

above mentioned effects are overcompensated by the ultra-low work function.

8.2.2 Impact on ultra-low work function layer

Figure m presents the impact of the VUV /UV photons from the external plasma
source on the work function of a Cs layer with y = 1.25 £ 0.10eV. The Cs layer
is generated on the Mo substrate by the application of a neutral Cs density of
the order of 10> m~3 in the vacuum chamber, and the Cs density is sustained
during the experiment. The work function is plotted both as a function of the

cumulative irradiation time (bottom x-axis) and as a function of the VUV fluence
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(top x-axis). While for irradiation times up to about 2min no influence on the
work function can be detected, the work function starts to increase for irradiation
times of several minutes, i.e., for VUV fluences > 10** m~2. After an irradiation
time of about 1.5h (VUV fluence ~ 10*' m~?), a substantially increased work
function of about 1.7¢eV is obtained. When the Cs layer with a work function of
1.25€V is exposed to 5.0 eV photons from the Hg lamp with comparable fluences,
no influence on the work function can be detected (not shown). Therefore, the
increase of the work function is attributed to the photons with energies of 5 to
11eV. A plausible reason for the work function increase is the damage/dissociation

of Cs oxides at the surface.

After the VUV irradiation is stopped, the work function of 1.25eV can be
regained. In the case of the work function increase to 1.7eV that is shown in
figure[8.8, the work function of 1.25¢€V is retrieved after about 12 min with the Cs
density of ~ 10" m~3 in the vacuum chamber. Hence, changes of the chemical

composition of the surface upon VUV irradiation are reversible.
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Figure 8.8: Impact of photons with energies up to 11 eV on the work function of
a Cs layer with x =~ 1.25 eV. The neutral Cs density is of the order of 101° m=*
during the experiment.
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8.3 VUV photons + hydrogen atoms and

positive hydrogen ions

8.3.1 Impact on degraded Cs layers

The work function change of degraded Cs layers upon the irradiation with VUV
photons together with hydrogen atoms and positive hydrogen ions is investigated
without the MgFy window inside the connection flange. The same experimental
procedure as in section 8.2.1 is applied to prepare the Cs layers, and in a first
step the plasma source is operated at 10 Pa/400 W. In figure ’@(a), the resulting
evolution of the work function is presented as a function of the cumulative
irradiation time. The corresponding VUV fluence is depicted on the top x-axis
and is calculated from the fluxes shown in figure 8.5 without the restriction to
energies below 11¢V. In the case the initial work function is 3.0eV (curve labeled
1), a work function reduction to 2.8€V is already given after an irradiation time
of 5s. Upon further irradiation, the work function decreases further and reaches
2.2eV after 60s. Thereafter, the cumulative irradiation time is extended up to
2.5h and the work function remains constant in the range of 2.2 £ 0.1eV. The
temperature of the sample surface increases only by a few degrees during the
irradiation and does not exceed ~ 30 °C. When the work function of the degraded
Cs layer is > 3 eV, comparable low work function values are obtained, which is
demonstrated by the curves labeled 2 and 3: The work functions of 3.2 and 3.5eV
are lowered to the range of 2.2 4+ 0.1V for irradiation times > 60s. However, it
can be seen from figure 8.9(b) that the reached QE is systematically lower the
higher the initial work function. This behavior was already observed with photon
irradiation only (see figure ’%} and shows that the retrieved surface properties

are still dependent on the previous degradation state.

It was shown in figure|8.6|that for a reduction of the work function from 3.0 to
2.5¢V, a VUV fluence of ~ 2 x 102 m~2 is required. Without the MgF, window
inside the flange, the work function of 2.5V is already reached after a VUV
fluence of ~ 7 x 10¥m™2, and xy = 2.2¢V is obtained after a VUV fluence of
~ 3 x 10"m~2. It has to be noted that without the window, the energy range
of the photons striking the surface is extended from 11 eV to about 15eV due to
the emission from the Lyman series beyond Ly-H, and from the Werner band.
However, it is expected that the additional photon energies play a subordinate
role as the dissociation energies of Cs compounds and residual gas molecules

as well as the typical adsorption energies are below 11eV. The enhanced work



144

Chapter 8 Impact of specific hydrogen plasma species

VUV fluence / m?

0 10" 1020 10 1022
4.0 | //// v LELELELILLL] | v LLRRR] | v LAY | LEL LA AL
a
- () VUV 10 Pa
> 3.5 _3g\5 Different degradation H+ 400w o
~ A 2:  states of Cs layer H
c { Stats
Ke)
©
c
=)
<
o
<
00’1/ | //,/ Lol L ol L sl L raanl ’l’
10' 10? 10° 10*
Cumulative irradiation time / s
5x10° 7/ T L) B LAY B
SH0TEE) | peesmasemmes — o= oo
< 107 b 4 2 v Y V- yV-y-vW ]
0 1.7 VY A AA--A :
L 10-8 __ L, x: A-A 3 _;
g g 3
10-9 [ Sl sl T Leenl
0 10’ 102 108 10*

Cumulative irradiation time / s

Figure 8.9: (a) Work function evolution of Cs layers in different degradation
states upon the irradiation with VUV photons, H atoms and HY ions from the
external plasma source operated at 10 Pa/400 W. (b) Corresponding progressions
of the QF at 3.1¢€V.

function reduction is thus attributed to the additional impact of the reactive
plasma particles. Since Cs cannot be detected with the TDLAS system during
irradiation times on the hour scale, the removal of Cs from the surface is inefficient

at the given fluxes.

For a further down-selection of the interacting species with the caesiated surface,
the positive hydrogen ions are magnetized by the installation of the permanent
magnets outside the flange. With this, the impact of VUV photons together with
hydrogen atoms can be studied. Furthermore, investigations are conducted with
the plasma source operated at 4 Pa/600 W with and without magnetic filter field
in order to increase the fluxes onto the surface (see discussion in section 8.1 and
figure 8.4 for ions). The results obtained in the different scenarios are summarized
in figure 8.10. It can be seen that at a pressure of 10 Pa, the work function of
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Figure 8.10: Work function reduction of degraded Cs layers upon the exposure
to hydrogen plasma species with and without H§ ions. The external plasma source
is operated both at 10Pa/400 W and 4 Pa/600 W. Typical QFEs at 2.83€V are
supplementary depicted.

degraded Cs layers can be reduced to 2.2 + 0.1eV even with the exclusion of
positive ions. At the reduced pressure of 4 Pa, the VUV and H fluxes also result
in a work function of about 2.2eV. When the magnetic filter field is removed at

4 Pa, however, a further reduction of the work function to 1.9€V is achieved.

Additionally depicted in figure W are the typical QEs at 2.3¢eV (i.e., close to
the work function). It is observed that the QE increases by about half an order
of magnitude when the pressure is reduced from 10 to 4 Pa with magnetic filter
field, which is attributed to the higher expected H atom flux and the higher VUV
flux by a factor of 2.5 (see figure ’ﬁ) At 10 Pa without magnetic filter, the QE
is comparable to the one at 4 Pa with magnetic filter because the lower H and
VUV fluxes are compensated by Hj ions striking the surface. At 4 Pa without
magnetic filter, the fluxes are expected to be the largest, leading to the highest

QE and the lowest work function.

The selective exposure of degraded Cs layers shows that VUV, atom and ion
fluxes are beneficial to reactivate the surface. Since the temperature of the
surface remains at about room temperature, thermal effects can be neglected.
Furthermore, Cs is not detected with the TDLAS system, implying that Cs is
not redistributed within the experiment. Consequently, beneficial changes of the
chemical composition of the surface are driven by photochemical processes and
interactions with hydrogen atoms and ions. A possible desorption of impurity

gases from the surface cannot be monitored due to the RF distorted RGA.
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8.3.2 Impact on ultra-low work function layer

The impact of VUV photons together with hydrogen atoms and positive hydrogen
ions on the work function of a Cs layer with x = 1.25 £ 0.10€V is investigated by
the operation of the plasma source at 10 Pa/400 W without the application of the
magnetic filter field. In analogy to the investigations presented in section 8.2.2,
a Cs density of the order of 10> m™3 is continuously provided in the vacuum
chamber and irradiation from the external source is applied from several seconds
up to several minutes. In figure 8.11| the evolution of the work function is plotted
as a function of the cumulative irradiation time. Furthermore, the work function
evolution is compared to the one resulting from the irradiation with photons only
that was shown in figure 8.8. It can be seen that the work function evolutions are
quite similar: While for short irradiation times up to ~ 100s the work function
remains in the range of 1.25 + 0.10€V, it increases for irradiation times exceeding
a few minutes and reaches ~ 1.7eV after about 1.5h. Consequently, the governing
processes that are responsible for the increase of the work function are expected
to be photochemical reactions (e. g., photolysis of Cs oxides) with photon energies
below 11eV, and the atomic and ionic particles seem to play a subordinate role
here. After the irradiation with the plasma species is stopped, the ultra-low work

function is retrieved within 15 min.
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Figure 8.11: Comparison of the work function evolution of a Cs layer with
X ~ 1.25 eV upon VUV irradiation (data from ﬁgure\&é’) and upon VUV irradi-
ation together with hydrogen atoms and positive hydrogen ions (external plasma
source operated at 10 Pa/400 W). The neutral Cs density is of the order of 101° m™3
during both experiments.
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8.4 Summary

The performed investigations have clearly shown that the work function of caesi-
ated surfaces is strongly affected by the interaction with hydrogen plasma species.
A possible influence from the redistribution of Cs (compounds) within the experi-
mental chamber was prevented by the usage of the external plasma source, and
thermal effects were negligible as measured at the sample holder. The found work
function dynamics are illustrated in figure W (extending the initial figure ’871)

and are summarized as follows:

e In the case of Cs layers with an ultra-low work function in the range of
1.25 £ 0.10eV, incident VUV photons with energies up to 11eV cause a
gradual increase of the work function. After the exposure to a VUV fluence
of the order of 102! m~2, an elevated work function of 1.7 eV is obtained. This
observation reveals that VUV photons cause photochemical reactions at the
surface and shows that the ultra-low work function coating is vulnerable in
a hydrogen plasma environment. When the VUV photons are accompanied
by hydrogen atoms and positive hydrogen ions, the work function increase
is comparable, i.e., an additional influence of the applied atomic and ionic

hydrogen fluxes on the ultra-low work function coating is not identified.
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Figure 8.12: Minimally achieved work functions of the Mo surface upon caesiation
and the exposure to plasma species as well as upon heating, re-caesiation and
the exposure to plasma species after the degradation due to residual gases. The
applied fluxes of the plasma species onto the caesiated Mo surface are provided in

figure ’W
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o In the case of degraded Cs layers with work functions 2 3eV, the VUV
photon irradiation enables an effective reduction of the work function to
values in the range of 2.8 —2.5eV. When the degraded Cs layers are exposed
to VUV photons together with hydrogen atoms, a further reduction of the
work function to 2.2 £ 0.1€V is obtained. Therefore, the hydrogen atoms
that are used for the production of negative hydrogen ions via the surface
conversion process can obviously change the chemical composition of the
surface. A further reduction of the work function to 1.9eV can be obtained
by the additional impact of positive hydrogen ions. This work function is
lower than the one achieved by heating to 200 °C and comparable to the one

obtained upon re-caesiation with Cs densities of the order of 105 m~3.
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9 Work function of caesiated
surfaces upon hydrogen and

deuterium plasma exposure

By the generation of hydrogen plasmas in the main vessel at ACCesS, the caesiated
Mo surface is exposed to molecular, atomic, ionic and photonic fluxes simulta-
neously, and Cs (compounds) deposited on the surfaces within the experiment
are effectively redistributed. Furthermore, the plasma leads to a considerable
thermal load on the surface. For the investigations presented in this chapter, the
discharges are generated with a gas pressure of 10 Pa and an RF power of 250 W.
With this, the plasma parameters are comparable to those close to the plasma grid
at the BUG and ELISE test facilities, i.e., the conditions to which the caesiated
plasma grid is exposed in NNBI ion sources are mimicked.

As illustrated in figure 9.1, the work function behavior of caesiated surfaces is
studied in various scenarios. Cs coatings with a work function in the range of
1.25 £ 0.10eV are exposed to plasma pulses with different lengths to investigate
their durability in the plasma environment. The reactivation of degraded Cs
layers is performed by the application of plasma pulses with and without active
Cs evaporation with the aim to identify the scenario resulting in the most effective
work function reduction. As NNBI ion sources are required to operate on the hour
scale, the work function performance of caesiated surfaces during steady-state
plasma operation is explored. The investigations are performed both in hydrogen

and deuterium to identify possible isotope effects.

9.1 Quantification of VUV and particle fluxes

The VUV, positive ion and atom fluxes generated by hydrogen discharges in the
main vessel at ACCesS are depicted as blue bars in figure[9.2. As described in
section 5.4, the VUV fluxes from the Lyman band, the Lyman-c line and the

Werner band together with the Lyman series beyond Lyman-« are determined
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Figure 9.1: Overview of the work function dynamics of a caesiated Mo surface:
The minimum work functions reached in the vacuum and Hy (Ds) gas phase with
active Cs evaporation as well as the decrease of the work function upon heating and
re-caesiation are shown (details see chapter m) The red dotted bars with question
mark indicate what is addressed in the present chapter.

with the VUV diode system. The different contributions are represented by means
of a stacked bar, showing that the total VUV flux is about 4 x 10 m~2s~!. The
flux of positive ions (predominantly H3) is determined from Langmuir probe
measurements directly above the Mo surface (T, = 2.1eV, ny+ = 1.4 x 10 m™3)
and is by a factor of 2.8 higher than the VUV flux. The atomic hydrogen flux
is determined via OES measurements (Tp.s = 550K, ny = 1.7 x 10 m™?) and
is about 1 x 10**m~2s7!, which is significantly higher than the VUV and ion
fluxes. While the mean kinetic energy of the hydrogen atoms is, however, only
about 0.05eV, the positive ions strike the surface with energies of about 8eV in
maximum, which is determined from the difference between the plasma potential
and the floating potential of the surface. The VUV photons have energies up to
about 15¢eV and are thus the most energetic species.

It can be seen in figure (9.2 that the fluxes generated in the main vessel are
significantly higher than the ones from the external plasma source (EPS) that
are applied for the investigations in chapter 8. While the flux of VUV photons is
about two orders of magnitude higher, the fluxes of the positive ions and atoms
are increased by (more than) two orders of magnitude.

Additionally shown in figure 9.2 are the fluxes onto the plasma grid measured
at the BUG test facility for typical operational parameters (0.3 Pa gas pressure,
40kW RF power). The VUV fluxes are determined from measurements with the
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Figure 9.2: VUV, positive ion and atom flures generated by hydrogen plasmas
in the main vessel at ACCesS (labeled ACC, plotted in blue). The corresponding
plasma parameters determined via Langmuir probe and OES measurements are
indicated. The fluzes from the external plasma source applied for the investigations
mn chapter@ (labeled EPS, see ﬁgure@ as well as the fluxes onto the plasma
grid at the BUG test facility together with the corresponding plasma parameters
for typical operational parameters [W*21c, BF18, SWF18] are depicted for the
sake of comparison. The VUV fluxes are represented as stacked bars, showing the
contributions from different energy ranges.

VUV diode system [FB22, ’m, the positive ion flux is determined from the
indicated electron temperature and positive ion density from Langmuir probe
measurements (mean ion mass = 1.8 u) [SWF18], and the H atom flux is calculated
from the indicated atomic density and gas temperature, both evaluated from OES
measurements [BF18]. The determined VUV flux is by a factor of five higher than
at ACCesS, which is mainly due to the intense emission from the driver plasma
reaching the plasma grid [FB22]. The determined positive ion density in front
of the plasma grid is found to be somewhat higher than in front of the installed
sample at ACCesS, resulting in a factor of three higher ion flux. The difference
between the plasma potential and the potential of the plasma grid is typically
not higher than a few volts so that the maximum kinetic energies of the ions can
be considered comparable to ACCesS. The atomic hydrogen flux is found to be
slightly higher at ACCesS due to a higher atomic density. As the differences of
the evaluated fluxes at BUG and ACCesS are, however, well below one order of

magnitude, the plasma-surface interaction can be considered comparable.
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Deuterium plasmas are ignited with the same operational parameters as hydro-
gen plasmas at ACCesS (10 Pa gas pressure, 250 W RF power), and the measured
plasma parameters and particle fluxes are compared to hydrogen in table [9.1.
As can be seen, the electron density, electron temperature and atomic density
are slightly higher in deuterium and the gas temperature is a bit lower, but the
calculated fluxes of the atoms and positive ions are almost identical. The differ-
ence between the plasma potential and floating potential of the sample is a few
volts higher in deuterium, leading to a higher maximum energy of the impinging
positive ions. Furthermore, the deuterium particles have twice the mass of the
hydrogen particles and the temperature of the sample surface reaches ~ 270 °C
in steady-state operation, which is about 50 °C higher than in hydrogen. VUV
fluxes have not yet been measured in deuterium, but since the electron density,
electron temperature and atomic density are slightly higher in deuterium, also

slightly increased VUV fluxes are expected.

Table 9.1: Comparison between the plasma parameters and particle fluxes in
hydrogen and deuterium plasmas generated at 10 Pa/250 W at ACCesS.

H, plasma D, plasma

ne / m—3 1.4 x 10" 2.0 x 10
T,/ &V 2.1 2.5
npp / m? 1.7 x 10 2.6 x 10"
Ty = Tiip | K 550 530
¢t —¢n / V 8 11

Iip / m2s7t 1.4 x 102 1.5 x 10%2
Lyt s / m2s7! 1.2x10%° 1.3 x 102

9.2 Reactivation of degraded Cs layers

The re-conditioning of the caesiated plasma grid at the BUG and ELISE test
facilities is performed by the evaporation of fresh Cs into the source together with
the application of short repetitive hydrogen (deuterium) plasma pulses of several
seconds with vacuum phases of a few minutes in between. To understand the
impact of this process on the work function of caesiated surfaces, re-caesiation
without the application of plasma pulses, application of plasma pulses without
re-caesiation as well as re-caesiation together with the application of plasma pulses
need to be studied. Investigations on the re-caesiation without plasma pulses have

already been presented in section and have shown that work functions in the
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range of 1.9 — 2.1eV are typically obtained. In the following section, the impact of
repetitive plasma pulses without Cs evaporation is analyzed, and in section 9.2.2,

the plasma conditioning with Cs evaporation is investigated.

9.2.1 Short plasma pulses without Cs evaporation

Figure|9.3|presents the results of different experimental campaigns where degraded
caesiated surfaces are exposed to repetitive hydrogen plasma pulses with pulse
lengths between 5 and 30s. In (a), the work function is plotted as a function of
the cumulative plasma-on time, and in (b), the corresponding QEs at 2.3eV are
depicted. The average neutral Cs densities measured during the applied plasma
pulses are shown in (c) (note that ionized Cs atoms as well as Cs compounds
are not detected), and in (d), the maximum temperatures of the surface reached
during the plasma pulses are plotted.

The data labeled 1 is measured one day after a caesiation process during which
a Cs layer with a work function of 1.25¢eV was grown on the Mo surface. It can be
seen that after a plasma exposure time of 5s, the work function is reduced from
3.0 to 2.2eV. During the plasma pulse, the measured Cs density is slightly above
10* m~3, showing that a considerable Cs redistribution is driven by the interaction
of the plasma with the caesiated surfaces within the experiment. The Cs density
instantly drops below the TDLAS detection limit (< 2 x 10¥m™3) when the
plasma is switched off. The application of a subsequent 5s plasma pulse leads to a
further reduction of the work function to 2.0eV. For cumulative plasma-on times
> 158, a stable work function plateau of 1.9 £ 0.1eV is reached, with the QE
remaining virtually constant. The Cs density during the plasma pulses is in the
range of 10** — 10 m~3 and increases again slightly above 10> m~3 during the
last plasma pulse, where the plasma pulse length is extended from 10 to 30s, i.e.,
the Cs release from the surfaces is enhanced with longer plasma exposure times.
As the temperature of the water-cooled vessel wall is about 22 °C (not shown) and
the temperature of the sample surface remains below 50 °C, thermal desorption
of Cs from the surfaces can be neglected (cf. figure 7.7) and the Cs release is
believed to be mainly the result of chemical sputtering. In the RGA recording, an
increase of the signals for HyO, Ny and CO; is observed during the first plasma
pulses, showing that adsorbed residual gases on the (caesiated) surfaces within
the experiment are released as well.

As indicated in figure 9.3(a), the reached work function of 1.9¢€V is the same as

the minimum work function achieved upon the irradiation with photons, hydrogen
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Figure 9.3: Application of short repetitive hydrogen plasma pulses in different
experimental campaigns to reactivate degraded caesiated Mo surfaces without the
evaporation of fresh Cs: In (a) and (b), the evolution of the work function and
QF at 2.3eV are shown as a function of the cumulative plasma-on time, and in
(c) and (d), the average neutral Cs densities and maximum temperatures of the
sample surface during the pulses are depicted.
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atoms and positive hydrogen ions from the external plasma source. Moreover,
also the obtained QEs at 2.3eV shown in figure m(b) are virtually the same,
indicating that the obtained surface conditions are very similar. Therefore, it
is suggested that the induced chemical reactions at the surface and resulting
modifications of the chemical composition of the surface are comparable. A direct
comparison of the work function evolution upon the fluences of the plasma species
is unfortunately not possible as the exact particle fluxes from the external plasma
source reaching the surface are not known. However, it can be stated that the
fluences corresponding to the applied total plasma-on time of 90s are at least
one order of magnitude larger compared to what was applied with the external
plasma source, i.e., the retrieved work function minimum is 1.9V also upon the

exposure to increased fluxes and fluences of the hydrogen plasma species.

Further campaigns have shown that the obtained surface conditions (work
function and QE) of degraded caesiated surfaces upon the exposure to short
plasma pulses without Cs evaporation depend strongly on the experimental
history. This is exemplarily demonstrated with the depicted campaigns labeled 2
and 3 in figure 9.3 The measurements labeled 2 are conducted one day after a
hydrogen plasma of 4 h was ignited in the main chamber. During the plasma phase
of 4h, Cs was redistributed from Cs reservoirs from a previous caesiation process
(measured Cs density of the order of 10 m™ during plasma), but no active Cs
evaporation was applied. The work function of the degraded caesiated surface is
3.3eV and is lowered to 2.5eV after a plasma pulse of 5s is applied. For plasma-on
times > 15s during which the measured Cs density is of the order of 101 m™3, a
work function plateau of 2.2 4+ 0.1eV is reached. The about 0.3eV higher work
function compared to the reached plateau in campaign 1 is accompanied by an
about one order of magnitude lower QE. The measurements labeled 3 in figure 9.3
are conducted after a Cs layer with y = 1.25eV was left in vacuum for four weeks.
Here, the application of a 5s plasma pulse leads to the reduction of the work
function from 3.6 to 2.8 eV. The Cs density during the plasma phase is higher than
10 m~3, showing that high amounts of Cs are present in the plasma chamber.
During the subsequent plasma pulses, the Cs densities decrease to ~ 10 m=3
and are still higher compared to the campaigns 1 and 2. Nonetheless, the work
function remains in the range of 2.7 — 2.8 eV for cumulative plasma-on times up
to 50s, and decreases into the range of 2.0 — 2.1eV after a plasma-on time of
2 2min. The reached QE is higher than the one of campaign 2 and lower than

the one of campaign 1.

In consequence, it can be stated that a distinct memory effect is given that
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prevents the reproducible conditioning of degraded caesiated surfaces by the
application of short plasma pulses without Cs evaporation. Comparable results

are obtained with deuterium.

9.2.2 Short plasma pulses with Cs evaporation

Figure M(a) presents an experimental campaign where the ion source conditioning
scenario is mimicked, i.e., short repetitive hydrogen plasma pulses together with
continuous Cs evaporation are applied. The length of the plasma pulses (indicated
by the vertical red lines) is 5 s and the vacuum phases in between the plasma pulses
last 3 — 5min during which the work function is measured. At the beginning,
a degraded Cs layer with a work function of 3.1€V is present, resulting from
the degradation of a Cs coating with a work function of 1.25eV due to residual
gas adsorption. During the first plasma pulse, the measured neutral Cs density
is slightly above 10 m— and a work function of 2.2eV is obtained afterward,
comparable to campaign 1 in figure|9.3. After the subsequent plasma pulse, the
work function is 2.1eV and the Cs evaporation is started. The evaporation rate
is gradually increased such that a Cs density of ~ 5 x 10 m™2 is given during
the vacuum phases (reached after the fifth plasma pulse). During the plasma
phases, the Cs density is each time ~ 2 x 10> m™. The work function decreases
further and reaches a stable value of 1.75 + 0.10eV after 12 pulses, i.e., after a
plasma-on time of 60s. This work function is lower than the minimally achieved
value of 1.9eV by the application of plasma pulses without Cs evaporation. The
decrease of the work function is accompanied by a significant enhancement of the
QE, which is exemplarily shown for 2.3eV: The decrease from y = 2.2eV after
the first plasma pulse to y = 1.75¢eV after the twelfth pulse is accompanied by an
increase of the QE from 7 x 107® to 9 x 10~7. Furthermore, the QE measured after
the subsequent plasma pulses continues to increase slightly and reaches 2 x 107
after the last (25'") pulse, which is more than one order of magnitude higher
than the maximally reached QE by the application of plasma pulses without Cs
evaporation. The surface temperature increases only by a few degrees during the
plasma pulses and remains below 50 °C.

After the application of the 25 plasma pulses, the Cs density is maintained in
the vacuum vessel. The measured work function after about 50 min (¢ ~ 3.6 h)
is 1.72eV, showing that the work function is sustained in the absence of plasma
pulses. However, the QE is slightly reduced. The Cs density is then gradually

increased and comparable to the known behavior from the first caesiation of the
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Figure 9.4: Evolution of the surface work function of a degraded Cs layer upon
caestation in vacuum together with the exposure to repetitive 5s plasma pulses
(indicated by the vertical lines). In (a), the plasma pulses are performed in hydrogen
and in (b) in deuterium. The continuously monitored neutral Cs density as well as
the progression of the QF at 2.3 eV from pulse to pulse are additionally depicted.

Mo surface (see figure 7.4), the work function decreases to ultra-low values of
1.3 eV for Cs densities > 10 m~3, accompanied by an increase of the QE by about
one and a half orders of magnitude. The work function of 1.3¢eV is kept constant
as long as the Cs density is > 10 m~3. When the Cs evaporation is decreased
and eventually shut down, the rapid work function increase already described in
section 7.2 is observed.

In analogy to figure 9.4(a), the work function behavior upon the exposure to
25 x 5s deuterium plasma pulses with a Cs density of ~ 5 x 104 m~=3 during the

vacuum phases is shown in figure ]9—4|(b) In this case, the Cs evaporation is already
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running before the first plasma pulse, leading to an initial work function of 2 eV
and a QE of 3 x 1077 at 2.3eV. Comparable to the conditioning with hydrogen
plasma pulses, a work function plateau of 1.7540.10¢€V is reached with deuterium.
However, the work function of 1.75€V is reached after the application of only
three plasma pulses, which is probably due to the fact that the Cs evaporation is
already running and the work function is already at a low value of 2eV before
the first pulse. The QE is 2 x 107% after the first three pulses, which is the same
as after the 25 pulses with hydrogen in figure @(a). By the application of the
subsequent deuterium plasma pulses, the QE increases further and saturates at
2 x 1075, while the work function stays at about 1.75eV. The surface temperature
remains below 50 °C and is only a few degrees higher than after the hydrogen
plasma pulses (not shown). By increasing the Cs density afterward, the work
function decreases and ultra-low values of 1.3eV are obtained for Cs densities
> 10% m=3. The reached QE is by a factor of 1.8 higher compared to the one
after the hydrogen plasma pulses.

Further investigations have shown that the exposure of degraded Cs layers to a
series of Hy (D2) plasma pulses of a few seconds in combination with stable Cs
densities of the order of 10’ m~ in the vacuum phases leads to a reliable retrieval
of work functions in the range of 1.25 4 0.10€V. It is generally observed that the
ultra-low work function is retrieved faster the weaker the degradation, but for a
detailed evaluation of the dependence of the temporal work function (and QE)
evolution on the initial degradation state and number of required plasma pulses

further studies would be required.

Since both re-caesiation without plasma pulses and plasma pulses without
re-caesiation lead to work functions of typically 1.9 — 2.1eV (see section W‘ and
9.2.1, respectively), it is unveiled that a beneficial synergistic effect is given by the
combination of both. This is also impressively demonstrated in figure|9.5, where
typical QE curves are plotted: While the reactivation via re-caesiation without
H, plasma pulses (y = 2.0eV) and via Hs plasma pulses without re-caesiation
(x = 1.9eV, from campaign 1 in figure lead to comparable QEs in the energy
range of 2.1 — 2.6eV, a 2 — 3 orders of magnitude higher QE is achieved in this
energy range after the re-caesiation together with Hy plasma pulses, where the
photoelectric response is extended to the near IR and the evaluated work function
is 1.3eV. As x = 1.3¢V is only achieved when the Cs density is > 10 m™3
during the vacuum phases, the flux ratio I'cs/I,0 still seems to be the decisive
parameter to reach the ultra-low work function values (cf. figure 7.4). However,
it is demonstrated in figure 9.5 that the QEs achieved near the photoelectric
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Figure 9.5: Typical QF curves of caesiated Mo surfaces measured (i) after the
reactivation of degraded Cs layers with short hydrogen plasma pulses together with
a Cs density of ~ 101> m™7 in the vacuum phase, (ii) upon re-caesiation with
a Cs density of ~ 10° m=? without the application of hydrogen plasma pulses,
(iii) after short hydrogen plasma pulses without evaporation of fresh Cs (from
campaign 1 in figure 9.3), and (iv) upon first caesiation with a Cs density of
~ 1012 m™3. Ewvaluated work functions from the measured QEs are indicated.

threshold are higher than those obtained by the first caesiation of the Mo surface
in vacuum. This suggests that the chemical composition of the surface is positively
affected by the impinging plasma species, as the higher QE indicates a higher
electron density at the surface, which is expected to be favorable for the generation
of negative ions. With increasing photon energies, the relative differences between

the QE curves generally decrease.

9.3 Durability of ultra-low work function layer

To investigate the durability of Cs layers with a work function of 1.25 4+ 0.10eV
upon Hs and Dy plasma exposure, plasma pulses with different lengths are applied
and the work function is measured directly afterward. The neutral Cs density
is kept on the order of 10> m™ during the vacuum phases and is in the range
of 5 x 10 — 1 x 10 m~3 during the plasma phases due to the plasma-induced
Cs redistribution within the vessel. The bar diagram in figure 9.6 presents the

resulting work functions as a function of Hy and D5 plasma pulse lengths between
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Figure 9.6: Surface work function after the exposure of Cs layers with a work
function of 1.25 + 0.10 €V to hydrogen and deuterium plasma pulses with different
lengths. The neutral Cs density is of the order of 101 m=% during the vacuum
phases and in the range of 5 x 101 — 1 x 10 m~? during the plasma phases.

5s and 20min. It can be seen that for plasma pulse lengths up to 30s, the work
function remains in the range of 1.25 4+ 0.10eV. This result is remarkable as a
plasma pulse of 30s leads to a VUV fluence of the order of 102! m~2 onto the
caesiated surface, where in chapter 8 an increase of the work function was observed
(cf. figure 8.8). Possible reasons for the enhanced durability of the ultra-low work
function layer might be the elevated Cs density during the plasma phase and/or
the redistribution of Cs compounds (e.g., Cs oxides) within the vessel, which

might lead to a beneficial effect regarding the chemical composition of the surface.

After plasma pulses with a length of 2 1 min, work functions above the range of
1.254+0.10eV are measured. The work function increase seems to be systematically
higher in deuterium than in hydrogen, however, the values still agree within the
error bars so that no difference is stated here. After plasma pulse lengths of 20 min,
the work function is about 1.7 eV. The surface temperature after the 20 min Hy and
D, plasma pulses is 182°C and 209 °C, respectively. As mentioned in section 7.3,
temperatures up to about 200 °C are not expected to be harmful for Cs oxide
coatings so that it is suggested that thermal effects play a subordinate role here
and the increase of the work function is mainly driven by chemical reactions with

the impinging plasma species. From these results, it can be concluded that the
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ultra-low work function coating is not stable during long plasma pulses at ion
source relevant conditions.

After the plasma exposure is stopped, the increased work function decreases
again in the vacuum phase and ultra-low values in the range of 1.25 + 0.10eV are
regained. The time it takes for the retrieval of the ultra-low values is shorter the
less the work function has increased during the plasma phase, i.e., the recovery
time depends on the applied plasma pulse length. In general, the retrieval of

1.25 £0.10eV occurs on a time scale comparable to the plasma pulse length.

9.4 Work function performance during

steady-state plasma operation

As described in section 2.3, the NNBI systems for ITER must deliver stable
negative ion beams for a duration of 1000s in hydrogen and 3600 s in deuterium.
In view of the demonstration power plant DEMO (currently in a pre-conceptual
design phase [FT19b, F™21b]) and a potential commercial fusion power plant,
the operation of NNBI systems on the hour scale would be generally necessary.
Therefore, it is of utmost importance that a stable ion source performance is
guaranteed, for which a stable low work function of the plasma grid surface is
necessary. As it was already shown in the previous section that Cs layers with
an ultra-low work function of 1.3eV are not stable upon plasma exposure times
2 1min, the lowest work function that can be maintained during steady-state
plasma operation needs to be identified. To do so, the work function behavior of
the caesiated Mo surface is analyzed after the application of several 30 — 60 min

plasma pulses during which different Cs fluxes onto the surface are provided.

Hydrogen plasma operation

Figure 9.7(a) shows an exemplary campaign where the work function of the
caesiated Mo surface is measured after the application of 60 min hydrogen plasma
pulses. The initial work function is 1.9eV and is prepared by the exposure of a
degraded Cs layer to a couple of short hydrogen plasma pulses (cf. campaign 1 in
figure @D The Cs oven is not activated during this experiment, i.e., the Cs flux
during plasma operation results solely from the plasma-induced release of Cs from
the caesiated surfaces within the vessel. When the first 60 min plasma pulse is
started, the measured neutral Cs density is instantly at 2 x 101 m~3 and increases

to 6 x 10" m=3 within 15 min. The Cs density of 6 x 1014 m™2 is maintained for a
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Figure 9.7: (a) Work function behavior of a caesiated Mo surface after the
application of 60 min hydrogen plasma pulses. The plasma phases are indicated by
the red shaded areas and the measured neutral Cs density is additionally depicted
(no active Cs evaporation applied). (b) Photographs of a re-caesiated Mo surface
in vacuum and after a subsequently applied hydrogen plasma-on time of two hours.
The reddish discoloration of the Mo surface results from a previously performed

annealing process (see figure 7. ?).

couple of minutes and decreases slowly afterward, showing that the Cs reservoirs
within the vessel are gradually depleted and Cs diffuses to regions where it is
lost for the experiment. At the end of the 60 min plasma pulse, the Cs density
is 4 x 10" m~3. While the temperature of the water-cooled vessel wall does not
exceed =~ 40 °C during plasma operation, the temperature of the sample surface
reaches about 220 °C in maximum. As soon as the plasma is switched off, the Cs
density drops below the TDLAS detection limit. The work function measured
right after the plasma is switched off is 1.8V, i.e., it is 0.1eV lower than what
was achieved by the previous reactivation of the degraded Cs layer with short
plasma pulses.

The plasma-on time is extended by two subsequent 60 min plasma pulses during

which the mean neutral Cs density is about 3 x 10 m=3.

After each plasma
pulse, the work function is 1.8 eV, demonstrating that the work function remains
at a constant value. Furthermore, it is shown that a pronounced work function
increase is given without further plasma exposure: 25 min after the last plasma
pulse, the work function is 2.5€V, i.e., the degradation rate after the plasma is
switched off and no Cs flux is given is in the range of 0.02 — 0.03 eV /min.

In a different campaign, the reddish discolored Mo surface obtained after the
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annealing process shown in figure|7.7 was re-caesiated in vacuum and subsequently
exposed to long hydrogen plasma pulses. The upper photograph in figure W(b)
shows the sample surface after the re-caesiation process, with the work function
being 1.9eV. The deposited Cs layer is clearly visible as a silvery coating, i.e., a
thick Cs layer is created on the substrate (right next to the left clamp, the surface
still has the reddish color since this region is shadowed by the clamp, as described
in section |7.1). After a plasma-on time of about two hours with a measured Cs
density of ~ 5 x 10 m~3 during the plasma phase, the work function is 1.8 eV
and the lower photograph in figure W(b) shows that the silvery layer is no more
visible. Hence, it can be concluded that a substantial amount of Cs is removed
from the surface by the long-term plasma impact, leading to a strongly reduced

Cs layer thickness.

Extensive investigations regarding the temporal stability of the work function
during long hydrogen plasma pulses are compiled in figure|9.8| The work functions
depicted as open symbols are measured after pulse lengths of 30 min and those
depicted as full symbols are measured after 60 min plasma pulses. The work
functions are plotted against the neutral Cs flux during the plasma phases, which
is calculated from the average neutral Cs density and the temperature of the Cs
atoms (=~ 550 K) from TDLAS measurements. The x-error bars result from the
standard deviation of the averaged Cs density. The Cs flux is provided either
solely by the plasma-induced Cs redistribution as in figure 9.7(a) (Cs oven not
active) or with the additional evaporation of Cs from the oven (Cs oven active).
It is observed that for Cs fluxes > 2 x 10 m=2s7! (ng, 2 3 x 10 m=3) a work
function of 1.8¢eV is given each time within the error bar of £0.1eV. Moreover,
this work function is maintained for cumulative plasma-on times of several hours
(cf. figure 9.7(a)) so that y = 1.8 +0.1€V is identified as a stable work function
plateau during steady-state plasma operation. Work functions below the range
of 1.8 £0.1eV are not measured after the long plasma pulses, which was tested
for neutral Cs fluxes up to ~ 2 x 10" m=2s7! (ngs ~ 2 x 10 m™3) during the
plasma phase. Furthermore, it can be stated that the equilibrium work function
of 1.8V is independent of the work function at the beginning of the pulse, which
was varied between 1.3 and 3¢V (indicated by the blue arrows). Therefore, it
is concluded that the temporal work function evolution of the caesiated surface
during long-term plasma exposure is determined only during the first minutes by
the work function generated in the vacuum phase: In the case the initial work
function is in the ultra-low regime, the work function gradually increases (cf.

figure m and in the case of a degraded Cs layer, the work function gradually
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Figure 9.8: Compilation of measured surface work functions after the application
of hydrogen plasma pulses with a length of 30 min (open symbols) and 60 min (full
symbols) as a function of the average neutral Cs flux during the plasma pulse.

decreases (cf. figure 9.3).

When the Cs flux is < 2 x 101 m~2s~! during the plasma pulse, a work function
> 1.8 eV is typically measured after a plasma exposure time of 30 —60 min. With a
Cs flux of only 2.4 x 101 m~2s7!, an elevated work function of 2.25¢V is obtained.
Moreover, it is known from [CFF20a] that the work function gradually increases
further for plasma exposure times of several hours, which means that the Cs layer

exhibiting the work function of 1.8 eV is gradually removed from the surface.

Deuterium plasma operation

As explained in section 2.3, a deterioration of the ion source performance is observed
when the operational gas is changed from hydrogen to deuterium. In order to
directly compare the work function performance in hydrogen and deuterium,
experiments with alternating Hy and Dy plasma pulses are performed at ACCesS.
Figure 9.9 presents an experimental run where 30 and 60 min plasma pulses
are performed and the isotope is changed a few times. The measured surface
work functions and neutral Cs densities are shown in the upper diagram and the
temperature of the sample surface T,¢ as well as the temperature of the Cs oven
reservoir Tr¢% are plotted in the lower diagram. Before the first plasma pulse, the

oven

Cs evaporation is already running and a Cs density of 6 x 104 m™3 is given in the
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Figure 9.9: Work function of a caesiated Mo surface after 30 and 60 min hydrogen
and deuterium plasma pulses with continuous Cs evaporation. The hydrogen
and deuterium plasma pulses are indicated by the red and green shaded areas,
respectively. The applied Cs oven reservoir temperature TS and the temperature

oven

of the caesiated Mo surface Tyt are plotted in the lower diagram.

vacuum phase with 7705 = 118 °C. The first plasma pulse is performed in hydrogen
for a duration of 60 min. As can be seen, a strong Cs redistribution is driven within
the first few seconds as the Cs density increases to values higher than 101 m=3.
After about 4 min, however, the Cs density has decreased to ~ 10"*m~3, showing
that the Cs reservoirs within the source are rather small and the Cs evaporation
out of the oven is reduced in the plasma environment. To reach the same neutral

Tres: must be increased

Cs density as in the vacuum phase before plasma ignition, 775

to 135 °C. During the 60 min Hy plasma pulse, the caesiated Mo surface reaches a
temperature of about 220 °C in maximum. Right after the plasma is switched off,
a work function of 1.8 eV is measured, in accordance with figure 9.8. Subsequently,
a 60min Dy plasma pulse is performed, followed by 30 min Hy and D, plasma
pulses. The series of plasma pulses shows that the Cs density in the first few

seconds after plasma ignition is comparably high and virtually the same Cs density
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is reached in steady-state (~ 10 m=3). Hence, the Cs evaporation from the oven
is not affected by changing the isotope and comparable Cs redistribution dynamics
are present. In Dy plasmas, the temperature increase of the caesiated Mo surface
is more pronounced than in Hy plasmas and a maximum temperature of about
270°C is reached after the 60 min D, plasma pulse. Nevertheless, comparable
work functions of about 1.8eV are measured after each pulse, showing that the

work function remains at a constant level and is independent of the isotope.

The compilation of work functions measured after 30 and 60 min hydrogen
plasma pulses as a function of the neutral Cs flux during the plasma pulse in

figure 9.8 is complemented in figure 9.10(a) by the corresponding results obtained
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Figure 9.10: (a) Compilation of measured surface work functions after the
application of hydrogen and deuterium plasma pulses with a length of 30 min (open
symbols) and 60 min (full symbols) as a function of the average neutral Cs fluzx
during the plasma pulse. The corresponding QEs measured at 2.3 eV are depicted

in (b).
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in deuterium. As can be seen, a work function in the range of 1.8 + 0.1eV is
reliably reached after deuterium plasma pulses for Cs fluxes > 2 x 10 m=2s~!
(ncs 2 3 x 101 m=3), which is in agreement with the results obtained in hydrogen.
In figure @(b), the corresponding QEs measured at 2.3eV are supplementary
depicted, showing that also comparable QE values are reached in hydrogen and

deuterium. For Cs fluxes < 2 x 10 m—2s7!

, a work function above the range
of 1.8 £ 0.1V is obtained, which is also in agreement with the results obtained
in hydrogen. The increase of the work function with the reduced Cs fluxes is

accompanied by a reduction of the QE.

9.5 Summary

The work function behavior of caesiated surfaces exposed to hydrogen and deu-
terium plasma pulses is generally found to be comparable, i.e., no isotopic dif-
ferences are identified. The observed work function dynamics are illustrated in
figure W (extending the initial figure ’971) and are summarized as follows:

o Cs layers with work functions in the range of 1.25 + 0.10eV are sustained
upon plasma exposure times < 1 min. For longer plasma exposure times,
the work function gradually increases above the range of 1.25 4+ 0.10eV, and
a work function of about 1.7eV is reached after 20 min. Hence, the chemical
composition of the ultra-low work function surface undergoes considerable
changes in a typical ion source plasma environment. As work functions
in the range of 1.25 £+ 0.10eV can be retrieved in the vacuum phase with
sufficiently high Cs densities (~ 10 m~3), the plasma impact does not lead

to irreversible effects.

o Concerning the reactivation of degraded Cs layers, a beneficial synergistic
effect is identified by the application of short repetitive plasma pulses of
the order of seconds in combination with continuous Cs evaporation. When
the Cs density during the vacuum phases is sufficiently high (= 10 m™2), a
work function of 1.25 + 0.10€V is reliably retrieved. The reduction of the
work function to the ultra-low regime is not observed upon re-caesiation
without the application of plasma pulses nor by the application of plasma
pulses without re-caesiation (minimum work function in both cases typically
in the range of 1.9 — 2.1eV).

« For long plasma pulses > 30 min, a stable work function plateau of 1.8 +

0.1eV is achieved when the neutral Cs density during the plasma phase
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is > 3 x 101 m™3 (corresponding to a Cs flux of > 2 x 10 m™2s™!). The
equilibrium work function of 1.8 €V is independent of the initial work function
in the vacuum phase, i.e., the work function gradually increases during
long plasma pulses in the case the initial work function is in the ultra-low
regime and gradually decreases in the case the Cs layer is degraded before the
plasma exposure. For Cs densities (fluxes) < 3x10Mm™3 (< 2x 100 m—2s71)
during the plasma phase, the work function gets unstable and gradually

increases.
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Figure 9.11: Minimally achieved work functions of a Mo surface upon caesiation
and the exposure to hydrogen (deuterium) plasma pulses, upon various reactivation
scenarios for degraded Cs layers, and upon steady-state hydrogen (deuterium,)
plasma exposure.
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10 Conclusions for negative

hydrogen ion sources

The conducted investigations on the work function dynamics of caesiated metal
surfaces under non-UHV conditions and upon the exposure to particle and photon
fluxes of hydrogen (deuterium) plasmas allow to draw valuable conclusions for
Cs seeded negative hydrogen ion sources. The studies were in particular carried
out with regard to negative hydrogen ion sources currently developed for NNBI
systems for nuclear fusion, where the optimization of the Cs management is one of
the most urgent and demanding tasks to achieve a temporally stable and reliable

ion source performance.

Cs layer growth in the vacuum phase

The non-UHV conditions under which ion sources commonly operate were pre-
viously considered unfavorable for the caesiation of surfaces since the minimum
achievable work function in the vacuum phase was determined to be 2.7¢V [FF17].
With the improved work function measurement setup, it has been unveiled that
non-UHV conditions with HoO being the dominant residual gas are highly benefi-
cial for the caesiation process because Cs coatings with ultra-low work functions
in the range of 1.25+0.10eV can be generated. The work function of significantly
below the one of bulk Cs (2.0 —2.1eV) is attributed to the formation of Cs oxides
at the surface due to reactions between Cs and HyO. The flux ratio I'cs/In,0
onto the surface is thus proposed as the figure of merit and must be 2 0.005 to
achieve 1.25eV. At the ion sources of the BUG and ELISE test facilities where
operational scenarios for the ITER NNBI systems are developed, the flux ratio
I'cs/Tw,0 is typically in the range of 0.003 — 0.009 during the vacuum phases (Cs
density ~ 5 x 10 m™3, base pressure ~ 1 — 4 x 107" mbar), which implies that
the growth of ultra-low work function coatings can be expected on the extraction
electrode (plasma grid).

Under UHV conditions, it is known from literature that the reachable work

functions are in the range of 1.5 — 1.6 eV in the case of submonolayer coverages
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(~0.5—0.7ML) and in the range of 2.0 — 2.1 eV for coverages 2 1 ML. Apart from
the fact that the minimum work function lies above the range of 1.25 +0.10eV,
a Cs submonolayer coverage has the disadvantage that the work function is
very sensitive to the surface condition of the substrate and that maintaining the
optimum Cs coverage upon plasma exposure is challenging. With the presence of
water vapor, Cs coatings with a work function of 1.25eV can become several MLs
in thickness because Cs compounds have a substantially lower vapor pressure than
pure Cs, and the quality of the coating seems to be widely independent of the
composition of the metal substrate. The possibility to prepare thick coatings in
the vacuum phase is a valuable countermeasure for the plasma-induced removal of
Cs (compounds) from the surface, especially with regard to long pulse operation

of the ion sources.

Impact of impurity gases

As Cs exhibits a high chemical reactivity, it is important to understand which
impact impurity gases that might leak into the vacuum system can have on the
caesiation process and the work function of caesiated surfaces. The performed
investigations have shown that elevated partial pressures of the inert gases Ar
and Ny do not have an adverse effect on the Cs content and the work function of
caesiated surfaces, indicating that also He, which is formed in the fusion plasma
and might enter the NNBI beamline, is not harmful to the caesiation process.
Based on these results, the application of NEG pumps that are not able to pump
noble gases is considered unproblematic for NNBI beamlines. However, it should
be considered that ionized impurity gases with masses higher than hydrogen
(deuterium) can strike the surface in the plasma phase with several eV so that
higher Cs removal rates might be given due to an enhanced sputtering yield.

In contrast to inert gases, additional amounts of Oy have a substantial impact
on the caesiation process: Even small partial pressures of > 10~*mbar lead
to an instant depletion of the Cs density in the gas phase by several orders of
magnitude, to a hindered Cs evaporation out of the oven and to an increase of
the work function of the order of 1eV, showing that strong chemical reactions
between Cs and Os occur. The initial equilibrium can be regained after the O,
inlet is terminated and the elevated Oy content is pumped out (recovery time
dependent on the totally entered amount of oxygen into the vacuum system), but
an undesirable increase of the Cs consumption and a prolonged conditioning time
of the ion source would be the result. Therefore, the leakage of Oy into the ion

source (e.g., via the gas supply system) must be avoided.
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In the absence of Cs evaporation, the HoO flux from the background pressure
causes a gradual increase of the work function. At a pressure of ~ 107%mbar,
work functions in the range of 2.7 — 2.8 eV are reached after one day and values
higher than 3eV are obtained after a few days. Hence, a severe passivation of
the Cs layer occurs during operational breaks due to the non-UHV conditions.
However, the passivation can fully be reversed by the application of an appropriate

Cs conditioning procedure (see below).

Impact of elevated temperatures

Elevated surface temperatures are beneficial to counteract the degradation due
to residual gases, and an optimum temperature of about 200 °C is identified to
retrieve work functions in the range of 2.2 — 2.3eV in the vacuum phase without
the evaporation of fresh Cs. For temperatures above 200 °C, a significant thermal
desorption of Cs is observed, accompanied by an increase of the work function. At
the test facilities BUG and ELISE, the optimum temperature of the plasma grid
was determined empirically and comprises a rather broad range of 130 — 200 °C.
Recent experiments with plasma grid temperatures of up to 450 °C at BUG have
shown that the source performance is strongly reduced for temperatures exceeding
~ 250°C, i.e., a strong increase of co-extracted electrons and significant decrease
of extracted negative ions is given [W*22]. Even if the temperature dependence
of the work function changes upon plasma exposure, the deterioration of the
source performance for temperatures 2 250 °C is most probably attributed to an
enhanced Cs desorption from the surface and an increase of the work function as
observed at ACCesS in the vacuum phase. Since the plasma impact would lead to
an increase of the plasma grid temperature to above 250 °C during long pulses, a
temperature stabilized plasma grid is required so that a thermally induced work
function increase is prevented and an enhanced Cs desorption that would increase

the Cs consumption is suppressed.

Impact of hydrogen plasma species

An understanding of how hydrogen plasma species can affect the work function
of caesiated surfaces is essential in the context of ion sources. While the work
function is not affected in a hydrogen gas environment (tested up to 10 Pa), the
selective exposure to VUV photons, hydrogen atoms and positive hydrogen ions
has shown that the generated species in the plasma phase influence the work

function considerably. In the case of degraded Cs layers with work functions
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2 3eV, each plasma species can contribute to the reduction of the work function,
and a minimum value of about 1.9€V is retrieved. In contrast, an increase of the
work function by some 0.1V is given when Cs layers with work functions in the
range of 1.25 4+ 0.10eV are exposed to VUV photons with energies up to 11eV,
indicating that Cs oxides at the surface are damaged. These results impressively
demonstrate that impinging photons, atoms and ions can cause strong changes of
the work function of caesiated surfaces so that photonic, atomic as well as ionic

interactions must be considered in the plasma-surface interaction.

Cs conditioning procedure

Due to the passivation of caesiated surfaces in the absence of Cs evaporation,
a Cs conditioning procedure is required after operational breaks to reduce the
work function of the extraction electrode surface and to approach the optimum
source performance. At present, the conditioning procedure at BUG and ELISE
is performed by the application of repetitive plasma pulses of several seconds with
continuous Cs evaporation into the source. In this work, it has been revealed that
such a conditioning procedure leads to a reliable retrieval of work functions in
the range of 1.25 + 0.10eV, provided that the surface is exposed to a flux ratio of
I'cs/T,0 2 0.005 during the vacuum phases. Since the generation of such low work
functions is not observed via re-caesiation without the application of plasma pulses
nor via the application of plasma pulses without Cs evaporation (minimum work
functions typically in the range of 1.9 — 2.1eV), the currently applied conditioning
procedure is well suited to reliably optimize the work function of the plasma grid.
As the flux ratio I'cs/I,0 is typically in the range of 0.003 — 0.009 during the
vacuum phases at BUG and ELISE, the generation of ultra-low work function
layers can be expected during the Cs conditioning procedure. The achievable work
function is thus significantly lower than the previously assumed value of 2.1eV at

optimum source performance.

Work function dynamics during long plasma pulses

Cs layers with a work function in the range of 1.25 + 0.10 eV withstand plasma
pulse lengths of < 1min. For longer plasma exposure times, however, a gradual
increase of the work function is given and a value of about 1.7¢eV is reached after
20 min. As it is expected that the work function of the plasma grid at BUG and
ELISE is in the range of 1.25 + 0.10eV at optimum source performance after

the conditioning procedure, the ultra-low work function would explain the good
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performance during short pulses (several seconds) and at the beginning of long
pulses [KT18]. The application of long pulses (several minutes up to one hour)
is typically accompanied by a deterioration of the source performance over time,
which shows up first by an increase of the co-extracted electron current before
ultimately also the extracted negative ion current decreases [K*18, W+19a]. This
temporal behavior could consequently be explained by the gradual increase of the

work function above the ultra-low regime.

After the application of long pulses, the ion source performance is typically
recovered within vacuum breaks of several minutes during which Cs is continuously
evaporated [W*19al. Since the plasma impact does not lead to irreversible effects
and ultra-low work functions are retrieved during vacuum phases of several minutes
provided that I'cs/In,0 2 0.005, the recovery of the ion source performance can
be explained by the re-establishment of an ultra-low work function coating on the
plasma grid. Consequently, the continuous evaporation of Cs onto the plasma

grid during vacuum phases is highly beneficial for the preparation of long pulses.

Since Cs coatings with ultra-low work functions are not stable in the hydrogen
plasma environment, a temporal increase of the plasma grid work function and
the associated deterioration of the optimum source performance seem to be
unavoidable during long plasma pulses. For plasma pulse lengths = 30 min, a
minimum work function of 1.8 £0.1 €V is measured. This work function is reached
independently of the initial work function in the vacuum phase, i.e., the work
function gradually increases in the case the work function is in the ultra-low
regime and gradually decreases in the case the Cs layer is degraded before the
plasma exposure. In order to prevent an increase of the work function above
1.8 eV during steady-state plasma operation, a continuous Cs flux onto the surface
is required. At ACCesS, the neutral Cs flux must be > 2 x 101m=2s71. At BUG
and ELISE, the neutral Cs flux is typically a few 10'°m~2s~! during the plasma
phases [W*18a, M*18]|, but the threshold Cs flux to reach a temporally stable
work function might be different from ACCesS. Possible reasons are different Cs
redistribution dynamics (note that most of the Cs is ionized during plasma phases
[M*18] so that effective Cs self-sputtering can occur [Wad18]) and the presence
of higher fluxes of positive ions and VUV photons (see figure 9.2), which might
lead to an enhanced removal of Cs (compounds) from the surface. Therefore,
a transfer of quantitative work function values is not straightforward and work
function measurements are required at the ion sources to determine the threshold
Cs flux that is needed to provide a temporally stable work function of the plasma

grid surface during long pulses.
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Comparison between hydrogen and deuterium operation

When the operational gas is changed from hydrogen to deuterium at the ion sources,
the co-extracted electron current is generally higher and rises more quickly than
in hydrogen [W*19b, F*21a]. The reasons behind this isotope effect are not well
understood yet, but a higher electron density in front of the plasma grid [WFN16],
a different evolution of the electrostatic potential at the extraction apertures
(investigated by particle-in-cell code modeling [M*19, W*21b]) and a changed
work function behavior of the caesiated plasma grid might play a role. In order to
investigate the latter, hydrogen and deuterium plasmas were alternately applied
at ACCesS. However, no differences in the work function dynamics were found
between hydrogen and deuterium operation, leading to the conclusion that there
is no intrinsic isotope effect that prevents the generation of comparably low work
function values.

Apart from the work function dynamics, also the Cs redistribution dynamics in
hydrogen and deuterium plasmas are comparable at ACCesS. At the ion sources,
however, a substantially higher neutral Cs density is measured in front of the
plasma grid when the operational gas is changed from hydrogen to deuterium,
with the Cs flux evaporated from the ovens remaining constant [W19b]. This
shows that an enhanced plasma-induced Cs redistribution is driven in deuterium
at the ion sources. The reason why an increased Cs redistribution in deuterium
is not observed at ACCesS remains to be resolved, but changes in the evolution
of the electrostatic potentials at the ion sources in combination with the higher
mass of deuterium particles might lead to higher sputtering yields. Therefore, it
is expected that a more effective removal of Cs (compounds) from the plasma grid
is given, which would result in a faster increase of the work function beyond the
ultra-low regime. Furthermore, it is expected that the Cs flux onto the plasma
grid is insufficient to provide a temporally stable work function during long pulses,
which means that measures for an enhancement of the Cs flux toward the plasma
grid need to be identified.

Alternatives to Cs

As described in section 2.2, one of the most promising Cs-free alternatives for
H~ (D7) converter surfaces is the air-stable, mechanically robust and machinable
C12A7 electride. The usage of a bulk material would facilitate the ion source
operation considerably since the complex redistribution dynamics of Cs in the

plasma phase is a major challenge for providing a homogeneous and temporally
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stable Cs layer on the large plasma grid. The investigations performed within
the framework of this work have shown that the C12A7 electride is resilient
to long-term plasma exposure and exhibits a temporally stable work function
of 2.75 +0.10eV [H*21]. However, the work function of the C12A7 electride
is about 1eV higher than the minimum work function that is reached during
steady-state plasma operation with caesiated surfaces. Consequently, the negative
ion conversion yield via direct electron transfer from the surface is expected to be
much smaller with the C12A7 electride than with caesiated surfaces. For a final
conclusion on the C12A7 electride as potential Cs-free alternative, however, an
implementation at a test facility with extraction system is required in order to

investigate the behavior of the extracted ion and co-extracted electron currents.

Outlook

Based on the achieved results within this work, further investigations are proposed
that would extend the understanding of the properties of caesiated surfaces
under ion source conditions and would thus support the optimization of the Cs

management:

e The background pressure in present-day ion sources ranges from about
1071% to 1079 mbar depending on the application. In the case of the ITER
ion sources, the envisaged background pressure is ~ 10~% mbar. Therefore,
systematic investigations on the Cs layer growth in a vacuum environment
ranging from 10~ mbar to the UHV regime (< 10~ mbar) are required and
the consequences on the Cs conditioning procedure and the temporal work
function dynamics upon plasma exposure need to be identified. A lower
background pressure might be beneficial regarding the Cs consumption and
degradation dynamics, but could also prevent the growth of thick Cs layers

with work functions in the ultra-low regime.

o The investigations on the influence of VUV photons, hydrogen atoms and
positive hydrogen ions on caesiated surfaces were performed with fluxes
significantly lower than the ones impinging onto the plasma grid at the ion
sources. The undesired removal of Cs from the surface (and the associated
increase of the work function at some point) was not observed with the ap-
plied fluxes. Hence, investigations with increased fluxes should be performed
with the aim to identify the driving mechanisms leading to the Cs removal,

which is necessary for the identification of possible countermeasures.
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Chapter 10 Conclusions for negative hydrogen ion sources

« The application of in situ/operando surface analysis techniques is advisable

in order to gain insights into the chemical composition and stoichiometry
of caesiated surfaces. An investigation of the chemical composition of the
Cs layer in the vacuum phase (with different background pressures) and
upon hydrogen (deuterium) plasma exposure would significantly advance
the understanding of the occurring surface chemistry. Suitable diagnostics
would be thermal desorption spectroscopy, Auger electron spectroscopy and

X-ray photoelectron spectroscopy.

To correlate the work function of the extraction electrode with extracted
negative ion and co-extracted electron currents, work function measurements
should be performed directly at the ion sources. Triggered by the results
obtained within this work, a photoelectric work function measurement
system for ion sources has been developed and recently installed at BUG,
and first preliminary measurements have confirmed that work functions
in the ultra-low regime are reached during the Cs conditioning procedure.
Further systematic investigations during the caesiation process in vacuum
and with short and long plasma pulses both in hydrogen and deuterium are
required to assess the work function performance of the caesiated plasma

grid in more detail.

Depending on the operational scenario, the QE of caesiated surfaces can be
orders of magnitude different, even for comparable work functions. Since
the QE is expected to be correlated with the electron density of the surface,
it might be a decisive parameter for the surface production yield of negative
hydrogen ions. In addition, the QE determines the amount of photoelec-
trically released electrons upon irradiation with photons from the plasma.
Therefore, it should be analyzed in future studies to what extent the QE has

an impact on the extracted negative ion and co-extracted electron currents.
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