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1 Introduction

Fusion power plants based on magnetic confinement can be an important com-
ponent of worldwide climate neutral energy supply in the future. A major step
towards commercial fusion reactors is the international ITER! fusion experiment

currently under construction in Cadarache, France.

Heating systems are necessary in order to achieve the large (> 100 mio. K)
temperature required for the fusion process of deuterium and tritium. Neutral
Beam Injection (NBI) is used to heat the fusion plasma by a beam of fast deuterium
atoms. In addition, NBI systems have also the possibility to partially drive the
required toroidal current in a tokamak fusion device. A NBI system consists of an
ion source, which delivers the required current of deuterium ions, an extraction and
acceleration system consisting of several grids accelerating the ions to the required
particle energy and a neutralizer, where the accelerated ions are neutralized by
charge exchange collisions. Due to limitations of the neutralization efficiency at
the required high particle energies, the ITER NBI system has to be based on
negative hydrogen ions?. A prototype negative hydrogen ion source has been
constructed successfully at IPP Garching®, in which the production of negative
hydrogen ions takes place by a surface process. Impinging hydrogen atoms or
positive ions, which are created in a hydrogen plasma, are converted into negative
hydrogen ions on a caesiated grid. Caesium is required for this process in order to
reduce the work function of the metallic surface to approximately half the value.
Since caesium is chemically very reactive and there are no ultra high vacuum
conditions in these sources, caesium has to be repeatedly or even continuously
evaporated into the source in order to achieve a spatial homogeneous and temporal
stable work function of the conversion surface. The source needs to be capable to
deliver the required negative ion current for a duration of up to one hour, which

is the maximum length of an ITER pulse.

ITER: Latin term for ‘the way’
2The ITER NBI source must be capable to operate in both isotopes of hydrogen, 'H and 2D.
3Max-Planck-Institut fiir Plasmaphysik, Garching b. Miinchen
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The performance of these sources is often limited by the amount of electrons,
which are inevitably co-extracted combined with negative hydrogen ions. Co-
extracted electrons need to be removed out of the beam, which takes place by
magnets, bending the electrons onto the second grid of the extraction system
prior acceleration to full energy. The maximum tolerable amount of co-extracted
electrons is limited by the generated heat load. Experimentally observed is a larger
amount of co-extracted electrons in deuterium operation compared to hydrogen,
limiting the amount of extracted D~ current. Thus, a higher negative deuterium
current could be extracted by using an increased extraction voltage or using an
increased power for plasma generation when reducing the amount of co-extracted

electrons.

Special care is taken for the reduction of the amount of co-extracted electrons:
the plasma production region is separated from the conversion grid by an expansion
chamber with a magnetic filter field applied, resulting in a reduction of the electron
density and temperature by one order of magnitude each. The reduction of the
electron temperature is also required to minimize the destruction of surface-
produced negative hydrogen ions due to electron stripping. In addition, a positive
bias of the conversion grid in respect to the source wall reduces the amount of

co-extracted electrons, too.

Thus, the most important physics of such an ion source takes place in the region
close to the conversion grid — this plasma volume downstream of the filter field in
front of the conversion grid is called (extended) boundary layer: the production
of negative hydrogen ions, their transport through the plasma as well as their
extraction takes place here. The transition from a classical electron—positive-ion
plasma to an ion—ion plasma (with negative hydrogen ions being the dominant

negatively charged particles) within this layer creates unique plasma conditions.

Gaining a deeper insight into the dynamics within the extended boundary
layer is desirable for the following reasons: on the one hand, in order to achieve
a stable long-term operation; in particular the high chemical reactivity of Cs
in combination with plasma-induced desorption processes lead to a complex Cs
dynamics. On the other hand, possible future improvements of the source can be
identified. In addition to the theoretical approach, where modeling of the extended
boundary layer including the relevant physics may yield valuable information, an
experimental approach is also mandatory — for the understanding of the important

physics as well as to deliver input parameters and to benchmark modeling codes.



This deeper understanding of the plasma dynamics within the extended bound-
ary layer can be gained by a simultaneous use of a multitude of diagnostics. The
simultaneous use is required, since — although the prototype source is capable to
deliver reproducible high performance, represented by a large extracted negative
hydrogen ion current in combination with a low co-extracted electron current
— especially the complex Cs dynamics makes it difficult to achieve similar Cs
conditions in different experimental campaigns. Multiple diagnostics are required
in order to determine a wide set of parameters: the basic plasma parameters
— plasma potential, positive ion density and electron temperature — are locally
measured by Langmuir probes. The determination of the Cs and H™ density
(measured line-of-sight integrated via tunable diode laser absorption and cavity
ring-down spectroscopy) in the extended boundary layer is of particular interest.
This enables to make statements regarding the fluxes of caesium, H™ and electrons,
and possible links to the performance of the source can be found, at which the
electron density is represented as the difference between the positive ion density
and the H™ density due to the quasi-neutrality of the plasma.

The aim of this work is to improve the understanding of the Cs dynamics within
the source as well as to deliver a detailed experimental characterization of the
extended boundary layer, especially related to the difference between hydrogen

and deuterium operation in comparison to the source performance.






2 H™ sources for plasma heating
and current drive of fusion

devices

The most promising concepts of fusion devices for power generation are based
on magnetic confinement: while a plasma is confined by a magnetic field, it
can be heated up to a temperature (100 mio. K), where the fusion process
D +3T — *He(3.5 MeV) + n(14.1 MeV) starts taking place in sufficient amount
[1]. A toroidal device with a combination of a toroidal and a poloidal magnetic
field can achieve a stable plasma confinement [2]. Two different concepts exist
for the magnetic confinement: whereas stellarators create the required magnetic
field solely by usage of complex external magnetic field coils, the magnetic field in
tokamaks is created by a combination of external field coils and a toroidal current
inside the plasma.

A sketch of the magnetic field coils and the resulting field lines of a tokamak
device is shown in figure 2.1: the poloidal magnetic field ép is created by a toroidal
current [, in the plasma, whereas the toroidal magnetic field B, is created by
external toroidal field coils. The easiest way to create the toroidal current is by
usage of the inductive transformer principle: a solenoid is placed in the center of
the torus at which a current ramp is applied. Obviously, only pulsed operation
is possible by this method, since the magnetic confinement is lost after ending
the current ramp. For future fusion power plants, a continuous operation — or at
least pulsed operation with long (several hours) pulses with short breaks (several
minutes) — are required in order to achieve cw production of electricity. For this
reason, an additional mechanism for creating a toroidal current is helpful for the
operation of tokamak fusion power plants.

The upcoming ITER fusion device will go into first plasma operation in 2020 [3].
Several plasma heating systems are foreseen to achieve the required temperature of

100 mio. K: heating systems based on resonant coupling of electromagnetic waves
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Figure 2.1: Sketch of the main magnetic field coils of a tokamak fusion device
with the resulting magnetic field structure: external toroidal magnetic field coils
create a toroidal field gt, whereas a central solenoid induces a toroidal electrical
current I, resulting in a poloidal magnetic field Ep. Vertical field coils control the
plasma positioning and shape.

(Electron Cyclotron Resonance Heating and Ion Cyclotron Resonance Heating)
with a heating power of 20 MW each as well as a Neutral Beam Injection (NBI)
system with a heating power of 33 MW [1]. NBI systems are based on the heating
of the fusion plasma by injection of a beam of fast deuterium or hydrogen* atoms,
which get confined after ionization by charge exchange or ionization collisions.
The NBI system can be used for efficient drive of the toroidal current if injected
tangentially [4].

The scheme of a typical NBI system is shown in figure 2.2. Positive or negative
hydrogen ions are produced in an ion source, extracted, accelerated by an electric

field and neutralized in a gas target by charge exchange collisions:
Hga_js; + H2 — Hfast + ... (21)

After removing non-neutralized particles using a magnetic or alternatively
electric bending field, the beam can be injected into the fusion device. A large
scale vacuum pump is required to reduce the pressure in the beamline in order to

avoid further collisions of beam particles with background gas. In most present

4As already mentioned, the NBI system must be capable to operate in both isotopes, deuterium
and hydrogen. For simplification, only hydrogen will be mentioned in the following as long as
there must be no isotope effect taken into account.
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Figure 2.2: Schematic sketch of a neutral beam injection system, consisting of
an ion source for positive or negative hydrogen ions, an acceleration system, a gas
neutralizer and an ion dump for non-neutralized particles.

fusion devices, the particle energy of the NBI system is moderate (e.g. F < 160 keV
at the presently largest tokamak device JET® [5]), and the NBI system is based
on the production of positive hydrogen ions that can be easily extracted out of a
hydrogen plasma.

In order to reach main power absorption of the tangentially injected neutral
beam in the core of the ITER plasma, a larger particle energy of the neutral beam
than in present tokamak devices in the order of several 100 keV is required [6].
However, the optimal neutralization efficiency of positive ions drops to a value
below 10% at these high particle energies, as shown in figure 2.3. In contrary, the
neutralization efficiency of negative hydrogen ions stays at a high level of more
than 60% even at high particle energies using the optimum neutralizer size. The
main reason for the high efficiency is the weakly affinity of the second electron of
0.75 eV [7]; however, the maximum neutralization efficiency is limited to 60% due
the increased production of positive ions at larger neutralizer size or increasing
amount of transmitted negative ions at lower size [8]. Because of the increased
neutralization efficiency at the required particle energy, the NBI system for ITER
has to be based on negative hydrogen ions.

However, the benefit of the weakly bound second electron for the neutralization
becomes a drawback for their production, since the fragile ions are easily destroyed

(the destruction mechanisms will be discussed in section 2.2). For this reason, the

5JET: Joint European Torus, Culham (UK)
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Figure 2.3: Neutralization efficiency of positive and negative hydrogen and deu-
terium ions as a function of ion energy for optimum neutralizer thickness. [8]

extracted ion current density is typically one order of magnitude smaller compared
to positive hydrogen ion sources — hence, for similar particle currents, negative
hydrogen ion sources must be much larger compared to positive ion sources. In
order to achieve sufficient heating power, a trade-off must be taken between the
particle energy and current: at ITER, the particle energy has been chosen to be
1 MeV D. The high particle energy is beneficial due to the increased current drive
efficiency [6].

The requirements for the ITER Heating Neutral Beam (HNB) system are listed
in table 2.1 for deuterium and hydrogen operation. Two heating beamlines with a
heating power of 16.6 MW each are foreseen. 1280 extraction apertures with a
diameter of 14 mm each create an extraction area of 2000 cm?. An extracted D~
(H™) current density of 28.5 (34.5) mA /cm? leads to an extracted D~ (H™) current
of 57 (69) A, which is required since losses due gas stripping in the accelerator
(20%-30% at a source pressure of 0.3 Pa [9]), in the neutralizer (60% efficiency)

and transmission losses have to be taken into account.

As will be shown in section 2.3, the production of H™ takes place in a low
temperature plasma. When extracting negative hydrogen ions out of a plasma,
electrons are co-extracted inevitably which have to be removed out of the beam
prior acceleration to full energy. As will be shown in the next section, the tolerable

amount of co-extracted electrons is technologically limited by the requirement
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Table 2.1: Requirements for each ITER HNB injector in deuterium (hydrogen)
operation.

ITER
Heating power 16.6 MW
Particle energy D (H) 1 (0.87) MeV
Extraction area 2000 cm?
Number of extraction apertures 1280
Extracted D~ (H™) current density 28.5 (34.5) mA/cm?
Extracted D~ (H™) current 57 (69) A
Amount of co-extracted electrons  j./jp- <1 (Jo/ju- < 0.5)
Source pressure < 0.3 Pa
Pulse length D (H) 3600 (400) s
Beam homogeneity + 10%

Je/Jp- < 1. To minimize ion losses in the extraction and acceleration system by
collisions with background gas particles, the particle source has to operate at a
maximum pressure of 0.3 Pa. The HNB facility must deliver the neutral beam
for the maximum length of an ITER pulse (3600 s D, 400 s H). The extracted
beam has to be homogeneous within +£10% over the full area in order to prevent

damages due to unfocused beam parts.

Sources that fulfill all ITER parameters are presently not available and thus
being developed. A part of the development program takes place at IPP Garching,
where an R&D program has been started in the late 1990s [10]. The RF-driven
IPP prototype H™ source has become the ITER reference design in 2007 due to

its lower demand for maintenance compared to filament sources [11].

2.1 Development towards ITER NBI

The European ITER domestic agency F4E® has defined an R&D roadmap in
order to fulfill the development for the ITER HNB facility [12]. For this reason,
several test facilities have been in operation in the past, are currently in operation
or are under construction for operation in the future. A simplified time line is
shown in figure 2.4. The heating neutral beam facility is expected to be ready for

commissioning in 2020 at the ITER site in Cadarache (France).

SF4E: Fusion for Energy, Barcelona (Spain)
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Figure 2.4: Simplified time line of the development program towards the ITER
HNB showing the individual test facilities.

Four test facilities with two different sizes have been or are still in operation at
IPP Garching — the size scaling from the IPP test facilities to the full size ITER

source is shown in figure 2.5:

e BATMANY [10], which started operation in the late 1990s, is the first
test facility at IPP for the production of negative hydrogen ions. The IPP
prototype ion source with a size of roughly 1/s of the ITER source area is
installed at BATMAN. Due to limitations in the high voltage (HV) supply
and vacuum systems, BATMAN can only run in pulsed operation with a
typical pulse duration of 6 s plasma including 4 s beam extraction and a time
of ~ 3 min between pulses. The extraction and acceleration system consists
of three grids with a total high voltage of up to 22 kV. Presently, the beam
is extracted out of 126 apertures with a diameter of 8 mm each, leading to
an extraction area of 63 cm?. The ITER requirements regarding the amount
of extracted negative ion current density and co-extracted electron current
density have been fulfilled at BATMAN. The test facility is still in operation
and is used for research of physics aspects due to its easy and flexible access

for exchange of diagnostics and components.

"BATMAN: BAvarian Test MAchine for Negative ions
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Figure 2.5: Size scaling from the prototype source installed at BATMAN and
MANITU, via RADI and ELISE towards the ITER source.

e MANITUS® [10], which was in operation 2005-2011, had the same source size
as BATMAN; however, without the restriction in the pulse length. It showed
the first 1 h deuterium pulse with partly fulfilling the ITER requirements
[13]. During this work, the three grid extraction system consisted of 262
apertures with a diameter of 8 mm each, leading to an extraction area of
132 cm?. Its operation has been stopped together with RADI in 2011 in
favor of the construction of ELISE.

e RADI [14] was in operation 2007-2011 and has been a pure plasma (no
beam extraction system) test facility. Its aim was demonstrating the size

scalability of the plasma generation system.

e ELISE? [15] started experiments in 2013 and is equipped with a /2 ITER
sized source (full width, half the height). The beam extraction system
consists of three grids containing 640 apertures with a diameter of 14 mm
each, leading to an extraction area of 1000 cm?. ELISE is designed for
cw operation and can thus demonstrate the required plasma pulses with a
length of one hour. Due to restrictions in the available HV supply system,

only pulsed extraction (10 s every 3 minutes) is possible with a total high

SMANITU: Multi Ampere Negative Ion Test Unit
9ELISE: Extraction from a Large Ion Source Experiment
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voltage of up to 60 kV. The main aim of ELISE is to demonstrate the size

scaling as well as the feasibility of technological aspects.

The full ITER size source is under construction at Consorzio RFX, Padova
(Italy) based on the design of the IPP test facilities. SPIDER!? will be a test
facility dedicated for optimizing the ion source with the possibility to use several
diagnostics, whereas MITICA! is going to be the ITER-like NBI test facility with
— for the first time — acceleration of the full-size beam to the full particle energy of
1 MeV. The extraction and acceleration system will consist of 7 grids, at which
the acceleration of the ions takes place in 200 kV steps.

At all test facilities, negative high voltage is applied to the ion source during
beam extraction, in which the acceleration of the beam takes place in several steps

to ground potential.

2.2 Formation and destruction of negative

hydrogen ions

Before the concept of the IPP prototype H™ source is explained in detail, the

different processes for H™ production and destruction are shown in the following.

Formation of negative hydrogen ions

Two processes exist for the production of negative hydrogen ions in a plasma [16]:

e In the volume process, H™ is produced by dissociative attachment of slow

electrons to highly vibrationally excited hydrogen molecules Hy(v) [16, 17]:

Ho(v)+e (Tc<1eV) — H™ + H. (2.2)

To enhance the production yield of this process, a large electron density in the
production zone as well as a large fraction of vibrationally excited hydrogen
molecules with sufficient high vibrationally excitation (v > 5 for Hy, v >
8 for Dy) are required. The production of Hy(v) usually takes place in a
different plasma regime with higher electron temperature. However, this

process is incompatible with the ITER requirements, in particular regarding

10SPIDER: Source for Production of Ion of Deuterium Extracted from RF plasma
HUMITICA: Megavolt ITER Injector & Concept Advancement
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Figure 2.6: Schematic energy diagram illustrating the lowering and broadening
of the electron affinity level close to the surface, enabling the possibility of electron
tunneling. Er denotes the Fermi energy of the solid and x its work function.

the amount of co-extracted electrons (a high electron density is beneficial
for the production of H™ by the volume process) as well as the required low

source pressure.

e Negative hydrogen ions can be produced by the surface process. Neutral

hydrogen atoms are converted on a surface to negative hydrogen ions [18]:

H + e (surface) — H™. (2.3)

Also the conversion of positive hydrogen ions is possible by prior neutraliza-

tion:

HI + e (surface) — H + e (surface) +... — H™, x =1,2,3.  (2.4)

The surface conversion process is illustrated in figure 2.6: the electron affinity
level of hydrogen atoms is broadened and lowered for distances close to the
surface, enabling the possibility of electron tunneling from the valence band
of the solid into the affinity level of H.

Obviously, the conversion yield of the surface process is strongly dependent
on the work function of the surface, namely inverse on the exponential work
function [19]. For this reason, Cs with a work function of 2.14 eV of bulk
material [7] — the lowest work function of all stable chemical elements — is
widely used for increasing the efficiency of surface production. Due to its

high chemical reactivity, the convertor surface cannot be made out of bulk
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Cs; thus, Cs is evaporated into the source forming layers at the metallic
walls. A strong increase of the H™ production in a H™ source has been
investigated after evaporation of Cs for the first time in the 1970s [20]. In
H™ sources for fusion, an increase of the extracted negative ion current by

one order of magnitude is observed after evaporation of Cs.

The work function of caesiated metallic surfaces depends strongly on the
thickness of the Cs layer. A low work function with a value between 1.5—
1.7 eV can be obtained for a small Cs coverage of about 0.6 mono layers
(dependent on the substrate as well as on the crystal orientation) [21, 22],
whereas for a Cs coverage of several mono layers or thicker the work function
of bulk Cs is reached. In H™ sources for fusion, a molybdenum surface is
favored for caesiation, because no chemical compounds are formed with Cs

as well as the self sputtering yield is low.

For the physical understanding and possible optimization of the IPP proto-
type ion source, knowledge about the relative importance of the two surface
conversion channels out of hydrogen atoms and positive ions is of great
interest. For this purpose, the particles fluxes and energy of each species
at the conversion surface has to be taken into account (the conditions at
the IPP prototype source will be discussed in section 2.5) as well as the
conversion yield at the metallic surface, which can reach a value of up to
25% for both channels at an optimum Cs coverage, depending on the particle
energy [23, 24]. The result is a dominance of H~ production out of H atoms

in the prototype source [25].

Destruction processes of negative hydrogen ions

Due to the weak bounding of the additional electron, H™ can be easily destroyed.

Several destruction processes for H™ can take place in plasma or gas environment:

H +e — H +2e” (electron stripping)

H +HS — H,+H (mutual neutralization with H,z = 1,2, 3)
H +Cst — Cs+H (mutual neutralization with Cs™)

H " +H — Hy+e (associative detachment with H)

H-+H — H +H +e (non — associative detachment with H)

H +Hy, — H +Hsy+e (detachment with Hy)
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Figure 2.7: Rate coefficients for several destruction mechanism of H : electron
stripping as a function of T, (Ty- = 0.8 €V), the other processes as a function
of Ty- (Ty+ = Ty = 0.8 eV, Ty, = 1400 K). Cross sections from [26], rate
coefficients computed by [27].

The absolute number of destroyed H™ particles per (m? - s) of each destruction

process by collision with particle species k is given by the rate
Ry- 1, = np- - ng - X, (2.5)

where X} denotes the rate coefficient of each process. These are plotted in
figure 2.7. The rate coefficient for electron stripping is strongly increasing in the
electron temperature range between 1-10 eV (X.- =2x 107" m? s7tat T, = 1 eV
to Xe- =7 x 107 m3 s7! at T, = 10 eV) — thus the electron stripping becomes

the dominant loss mechanism at elevated electron temperatures.

Although the rate coefficient for the detachment processes with H is about
one order of magnitude lower at Ty~ = 0.8 eV compared to the rate coefficient
for mutual neutralization with HT or electron stripping at T, = 1 eV, they
become the dominant destruction processes for ion-source relevant parameters (i.e.
ne & np+ ~ 10" m™3 ng = ny, ~ 10" m3, see table 2.3). A reduction is not
possible due to the requirement of H as conversion particles for the production of
H-.

The detachment with Hy, which is in the extraction system simply called

stripping, limits the tolerable amount of background pressure in the acceleration
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system. For this reason, the source pressure has to be below 0.3 Pa for reduction
of stripping inside the accelerator. However, at such low pressure, H~ can only be

produced efficiently by the surface process.

2.3 IPP prototype source for negative hydrogen
ions

A drawing of the IPP prototype source for negative hydrogen ions is shown in
figure 2.8 (a) as a vertical cut view, whereas (b) shows a picture of the IPP
prototype source at BATMAN. The prototype RF source has been developed in
the past at IPP Garching. In order to extract a sufficient high H™ current density
at ITER relevant conditions, the source is based on the surface production of H™
(see section 2.2). Cs is usually continuously evaporated into the source out of a
Cs oven for the formation of a stable Cs layer on the plasma grid (PG, the first
grid of a three grid extraction system), at which the production and extraction of
H~ takes place.

As explained in section 2.2, in order to avoid extensive electron stripping of
H™, the electron temperature and density has to be low close to the plasma
grid. In contrary, for the required flux of conversion particles towards the plasma
grid and thus the required dissociation of hydrogen molecules a higher electron
temperature is beneficial. For this reason, the plasma generation region in the
driver (T, ~ 10 eV, n, ~ 10'® m™3) is separated from the H™ production and
extraction region by an expansion chamber with a horizontal magnetic filter field
applied (field strength of several mT), cooling down the plasma in temperature
and density by one order of magnitude each. Subsequently, a transition takes
place from an ionizing plasma in the driver (ionization processes play a major
role) to a recombining plasma in front of the plasma grid (ionization processes
play a minor role).

The plasma inside the driver is generated by inductive RF coupling from a
water-cooled copper coil. In order to protect the ceramic driver housing from the
plasma, a Faraday screen (molybdenum-coated copper cylinder mantle with axial
slits) is installed.

Extraction of negative charged particles takes place at the plasma grid by
applying high voltage on the three grid extraction and acceleration system, in
which the source is at negative potential and the third grid at ground potential.

The voltage applied between the extraction grid (second grid) and the plasma grid
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BATMAN.
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is called extraction voltage (typically Uy = 3-10 kV), the voltage between the
grounded grid (third grid) and the extraction grid acceleration voltage (typically
Uace = 10-15 kV).

Co-extracted electrons are removed out of the extracted particle beam by usage
of deflection magnets inside the extraction grid, bending the electrons onto this
grid prior further acceleration. This results in a very high and local heat load
on the extraction grid. The maximum allowed heat load (e.g. 32 MW /m? in the
ELISE design) is limited by the necessarily small size of the cooling channels
in the grid and the requirement of minimizing the out of plane deformation of
the grid [15, 28]. For this reason, special care on the reduction of the amount of
co-extracted electrons has to be taken: on the one hand, the plasma expansion
in combination with the magnetic filter field reduces their amount due to the
lowered electron density and temperature. In the present setup at BATMAN, the
magnetic filter field is horizontally aligned and created by permanent magnets
outside the source body in a flexible magnetic frame [29], which axial distance
to the plasma grid can be aligned between 9 cm and 19 cm. In the standard
setup of the magnetic filter field, which has not been used during this work, the
axial distance of the magnets to the plasma grid is fixed at 3 cm. On the other
hand, a positive bias of the plasma grid with respect to the source body also
reduces the amount of co-extracted electrons [30]. A so called ‘bias plate’ is used
in order to enlarge the source area close to the extraction apertures of the plasma
grid. Although the notation ‘bias plate’ is rather misleading (the ‘bias plate’ has
the same potential as the source wall), it has historically become the common

notation for this cover plate.

The extraction grids at BATMAN consist presently of 126 apertures with a
diameter of 0.8 cm each (large area grid LAG [10]), leading to an extraction
area of 63.3 cm?. For comparison of electron fluxes towards the plasma grid and
their distribution between co-extracted electron current and the bias current, the
difference between the size of the uncovered plasma grid and the extraction area
has to be taken into account. The area of the uncovered plasma grid (without
the extraction apertures) is 426 cm? and thus 6.7 times larger than the extraction

area.

The parameter range of the present setup of the prototype source and extraction
system at the BATMAN test facility are listed in table 2.2.
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Table 2.2: Present parameter range of the ion source and extraction system at
BATMAN.

BATMAN
RF frequency ~ 1 MHz
RF power < 150 kW
Plasma pulse length S6s
Source pressure 2 0.3 Pa
Total high voltage (Uex 4+ Usee) < 22 kV
Extraction area 63.3 cm?

2.4 Low pressure, low temperature plasmas and

sheath formation

Before explaining the working principle of the IPP prototype H™ source in more
detail, it is necessary to give a brief overview of the physics regarding low pressure,
low temperature plasmas within this section.

A plasma is called an at least partial ionized gas exhibiting collective behavior.
It consists of positive ions, negatively charged particles (usually electrons) and
possibly neutral atoms or molecules. At a macroscopic scale, the plasma is quasi-
neutral, meaning that the number of negative charges is equal to the number of

positive charges:

Ne + Z Zini- ; = Z ZiNit kg, (2.6)
j k

with the electron density n,, the charge number Z of the particular particle species,
the negative ion density n;- ; of species j and the positive ion density n;+; of
species k.

At low pressure (typically 0.1-1000 Pa) the mean free path of the particles is
long and thus the number of collisions is limited. Since the energy transfer is weak
for collisions of particles with high mass difference, electrons are then usually not
in thermal equilibrium with the heavy particles (ions, atoms or molecules), but
particle species with similar mass can be in thermal equilibrium in low pressure,
low temperature plasmas. However, a heavy particle species must not necessarily
in thermal equilibrium with an other heavy particle species if e.g. energy is gained
during the dissociation process of molecules, leading to different temperatures of
the molecular and dissociated species (the conditions in the prototype ion source

will be discussed in section 2.5). The effect of differing electron and heavy particle
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temperature is enhanced since most plasma heating mechanism transfer energy
mainly to electrons. The resulting temperatures in low-temperature plasmas are
then some eV for electrons'?, whereas the heavy particle temperature is usually
far below 1 eV.

Sheath formation

Low pressure plasmas are enclosed in a vacuum vessel. Close to the wall a sheath
is formed. The reason for the formation of the plasma sheath is explained in the
following:

Consider a classical plasma, where electrons are the dominant negatively charged
particle species. When comparing particle fluxes of electrons and positive ions
towards the wall (particle flux I' = nv,, with v, denoting the particle speed
component towards the wall), the flux of electrons is much higher due to their
lower mass and higher temperature — the mean speed of Maxwellian distributed
particles with temperature 7' and mass m is o = (3%27/xm)"*, kg denoting the
Boltzmann constant. The different charge fluxes lead to a potential shift between
the plasma and the wall: the potential of the wall is lowered leading to a reduced
electron flux towards the wall, whereas positive ions are accelerated onto the
wall. A steady state is reached at a potential difference with equal charge fluxes
impinging the wall, in this case the particle fluxes are called ambipolar. Since the
potential of the walls of the plasma experiment is often set as the ground potential
(=0 V), this results in a positive value of the potential of the bulk plasma ®,.
Quasi-neutrality does then no longer hold in the plasma sheath: the electron
density is decreased stronger compared to the positive ion density towards the
wall.

The dependencies of the positive ion and electron densities as well as of the
potential as a function of the distance to the wall are shown in figure 2.9: a
pre-sheath establishes between the bulk plasma and the sheath. The formation of
the pre-sheath is required for stability reasons of the sheath. A small potential
drop within the pre-sheath (small compared to the drop in the sheath) accelerates
positive ions to its speed of sound towards the sheath [2]. Quasi-neutrality of the
plasma holds up to the sheath edge, whereas equal positive and negative charge
fluxes are formed at the wall. Most part of the potential drop between the plasma

and the wall happens in the sheath.

121 eV ~ 11605 K
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Figure 2.9: Particle densities and potential in the plasma sheath close to a wall.

[31]

It should be mentioned that in a plasma experiment enclosed by metallic walls,
only the global flux balance integrated over the whole surface must be ambipolar.
In contrary, local fluxes can be non-ambipolar, because compensating currents
can flow through the metallic walls. This is in particular the case in the prototype
source: due to a high variation of the electron temperature along the magnetic
filter field, the local flux balance towards the wall is shifted to electrons in the

driver and to positive ions close to the plasma grid.

A characteristic length of a plasma is the Debye length Ap. The Debye length
defines the length at which the potential of an additional test charge drops to
a value of 1/e due to shielding with plasma particles. As a consequence, the
quasi-neutrality of the plasma can only be disturbed within the length of several

Ap, leading to the typical thickness of the plasma sheath. The Debye length for

[eokpT,
)\ e = bl 27
P Ne€2 (27)

with €y denoting the vacuum permittivity, 7T, the electron temperature and e the

electrons is given by

elementary charge. Considering parameters of the negative hydrogen ion source
(ne = (1 x 1017-1 x 10'8) m~3, T, = 1-10 eV), results in a Debye length in the
order of 10 pum — so the thickness of the plasma sheath is well beyond 1 mm inside

the ion source and for that reason not accessible by diagnostics.
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Influence of negative ions

Firstly, the influence of negative ions in the plasma volume on the plasma sheath
is considered. Due to their higher mass, the flux of negatively charged particles
towards the wall is reduced. Thus, the plasma potential is decreased. If the
electron temperature is higher compared to negative ions 7, > T}, the flux of
negative charged particles hitting the wall consists almost only of electrons whereas
negative ions are confined by the electric field in the plasma sheath. The Debye
length is reduced to a value of [32]

1
AD = Abe, | — - (2.8)
1+ T e

Thus, the influence of negative ions on the Debye length only becomes significant

for ni- > ne.

The conditions in the sheath are more complicated for surface produced H™
ions, since not only the fluxes of plasma particles from the volume towards the
surface, but also the flux of H™ from the surface towards the plasma volume has to
be taken into account. A PIC code modeling the plasma sheath for IPP prototype
ion source conditions has been developed in the past [25]. The potential in the
sheath close to the plasma grid as well as the electron and ion densities (considered
are e, H, H" and Cs™) as a function of the distance from the PG is shown in
figure 2.10: whereas the positive ion densities as well as the electron density are
decreased in a similar way as in a classical sheath (compare to figure 2.9), the
H™ density is increased towards the plasma grid. The increase is caused due to
the surface production of H™ and their subsequent acceleration in the sheath
potential towards the bulk plasma. In addition, the code revealed that due to the
dominant surface production of H™ out of neutral H atoms, a potential minimum
can be formed in the sheath close to the wall because of the presence of too many
negative charges whose compensation is no longer possible by the limited amount
of positive ions. This minimum hinders the transport of surface-produced H™
towards the plasma and leads to a space-charge limited emission of H™ from the
surface into the plasma. In this case, the flux of H™ ions into the plasma is no

longer dependent on the flux of H atoms towards the surface.

Consequently, the amount of negative hydrogen ions penetrating through the
sheath can only be increased by a decrease of the surface work function or an

increase of the flux of conversion particles towards the surface, as long as no space
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Figure 2.10: Particle densities and the potential in the sheath close to the plasma
grid at IPP prototype source conditions, including surface production of H-. [25]

charge limitation occurs. In case of the latter, a further increase is only possible

by an increase of the positive ion density.

2.5 Extended boundary layer

The region in the downstream side of the magnetic filter field, in front of the
plasma grid with a thickness of some cm, is called extended boundary layer. The
most important physics of an ion source — production of H™, their transport
and extraction — takes place here. The layer is limited in axial direction by the
magnetic filter field: H™ can only be present in the plasma in a significant amount
at the lowered electron temperature and density, where its survival length becomes

several cm [33].

Magnetic field topology and particle magnetization

The magnetic field inside the prototype ion source influences the transport of
charged particles in the expansion chamber. As shown in figure 2.11 (a), the
total magnetic field topology inside the extended boundary layer consists of the
magnetic filter field as well as of the magnetic deflection field at axial distances
below 1 cm to the plasma grid. Both fields are created by permanent magnets
in the prototype source. In the setup used during this work, the magnetic filter
field magnets were positioned in a frame with a distance of 9 cm in front of

the plasma grid and its maximum horizontal flux density |By| in the horizontal
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Figure 2.11: (a): topology of the magnetic fields close to the plasma grid. (b):
magnetic flur density of the filter field | By| in the horizontal center as well as | By
for the electron deflection field in the axial center of an extraction aperture as a
function of the axial distance to the plasma grid.

center of the source is about 8 mT. The deflection field is created by permanent
magnets inside the extraction grid with alternating polarity. Thus, the axial
drop of the field strength is much stronger for the deflection field, as shown in
figure 2.11 (b), where the horizontal magnetic flux density |By| of the filter field
and the vertical magnetic flux density |By| of the deflection field is plotted for
varying axial distance to the plasma grid. At axial distances closer than 5 mm to
the PG, | By| of the deflection field is larger than |By| of the filter field, resulting

in a complex 3D structure of the magnetic field close to the PG.

For the discussion of particle fluxes inside the extended boundary layer, it has
to be considered which particle species is magnetized. Magnetization occurs if

two conditions are fulfilled:
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1. The particle gyration (Larmor) radius 71, needs to be much smaller than the
typical dimension of the chamber dg,yce:

V2mkgT
L = ’rnTBB < dsource- (29)
q

Using parameters inside the extended boundary layer (T, = 1 eV, Ty+ =
0.8 eV, By = 8 mT) yields:

rpe- = 0.42 mm, rpp+ = 16 mm. (2.10)

Thus, with a typical source dimension dg,uce Of several 10 cm, condition 2.9

is well fulfilled by electrons, however only weakly fulfilled by protons.

2. The gyration frequency f, needs to be larger compared to the collision

frequency v for the particle gyration around a magnetic field line:

fu= Dy~ > Veol- (2.11)
At conditions in the expansion volume, the collision frequency is in the same
order of magnitude for electrons and protons (~ 107 Hz) [27] — coulomb
collisions as well as elastic collisions with H and Hy have been taken into
account in the calculation. Because collisions of particles with the same
mass do not lead to a net transport in the filter field [34], they are not
included. Also inelastic collisions with H and Hs are not taken into account

due to their much lower cross section compared to elastic collisions.

However, the gyration frequency is in the order of 10® Hz for electrons and
in the order of 10° Hz for protons. Thus, the condition (2.11) is fulfilled

only by electrons and not by protons.

In total, only electrons are magnetized within the expansion chamber.

Plasma dynamics

A schematic view of the main particle fluxes within the source is shown in
figure 2.12: from the driver side, a plasma flux consisting of electrons, positive
ions (H*,Hy,H3, CsT) and neutral atoms and molecules (H, Hy, Cs) reaches the

extended boundary layer. In contrary to the heavy positive ions, which are not
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Figure 2.12: Schematic vertical cut view of the plasma dynamics within the
prototype source.

magnetized and therefore their transport is not hindered by the magnetic filter
field, electrons are magnetized. Thus, the electrons gyrate along the magnetic
field lines and can only diffuse through the magnetic filter field by collisions
[34]. For this reason, the velocity component towards the plasma grid is strongly
decreased; the increased number of collisions with other plasma particles results

in a reduction of the electron temperature [35].

Negative hydrogen ions are predominantly produced by the surface process: the
H~ density in the extended boundary layer is increased by one order of magnitude
during the caesiation process from 10'® m=3 to 10" m~3, so volume production
contributes only by 10% to the negative ions close to the plasma grid in a well

conditioned source.

In front of the extraction apertures, a distinct boundary is formed which
separates the extracted particle beam of negatively charged particles with the
quasi-neutral plasma. Whereas at the plasma side no strong electrical fields can
occur, a strong electrical field due to the high applied extraction voltage is formed
at the beam side. Because of its distinct shape of a concave plasma boundary, this
boundary is called meniscus. Negative particles penetrating through the meniscus
are strongly accelerated and thus extracted out of the plasma. A schematic
sketch of the boundary between the plasma and the extracted beam is shown in
figure 2.13.
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Figure 2.13: Sketch of the boundary between the plasma and the extracted particle
beam.

As shown in the figure, the aperture collars in the plasma grid are chamfered.
It has been first empirically seen that chamfering the plasma grid apertures yields
an increase of the extracted negative hydrogen ion density [10]. When leaving the
plasma grid, H™ ions have a velocity component towards the driver, so a bending
mechanism is necessary in order to extract H™. A 3D negative ion trajectory
calculation has been carried out in the past [33], showing that the main bending
mechanism is bending by the magnetic field of the electron deflection magnets
as well as due to charge exchange collisions. The extraction probability of an
surface produced H™ ion is increased for chamfered aperture collars due to a more

beneficial starting angle.

The produced H™ particles at the plasma grid repel electrons from the expanding
plasma in order to sustain the required quasi-neutrality of the plasma within the
extended boundary layer. However, H™ particles can not penetrate through the
magnetic filter towards the driver in significant amount due to the increasing
destruction probability at increased electron temperature and density. This leads to
a unique transition: at the driver side there is a classical hydrogen plasma produced,
which dominant negatively charged particle species are electrons. However, close
to the plasma grid an ion—ion plasma can be formed in the extended boundary
layer, with H™ becoming the dominant negatively charged particle species. The
necessity of this condition — especially regarding the required low amount of
co-extracted electrons — can be seen by a simple and rough estimation, where
the extracted particle current densities jy-, jo are calculated out of their flux at

the edge of a homogeneous plasma with densities ny-,n. (limiting space charge
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effects are not taken into account):

JH- e = NH- €U0, (2.12)

U,~0 denoting the mean particle velocity towards the extraction boundary. Integ-

ration of the Maxwell-Boltzmann distribution yields (a derivation can be found

e.g. in [2]):

11 [8kgT

—U = — . 2.1
171\ Tm (2.13)

6Z>0 =

Using the required parameters of the ITER source and typical parameters inside
the extended boundary layer (jp- = jo = 28.5 mA/em?2, Tp- = 0.8 eV, T, =1 €V),

the particle densities at the plasma boundary become

np- =7x 10" m™? n,=1x 10" m™>. (2.14)

The main reason for the large difference is the mass difference y/mp-/m. ~ 61.
Already this rough estimation clearly shows that the electron density in front of

the plasma grid is a critical parameter:

In order to suppress the amount of co-extracted electrons to a tolerable level,
their density needs to be almost two orders of magnitude lower compared to the
H~ density. Hence, especially the amount of co-extracted electrons is expected to
react very sensitive on the composition of the plasma in front of the plasma grid,
and therefore on the magnetic filter field strength and topology, the potential

characteristics in the sheath close to the plasma grid and thus on the bias.

However, it must be mentioned that this rough approximation is only valid
for isotropic particle fluxes. Especially the hindered transport of the magnetized

electrons in axial direction relaxes the condition (2.14).

Plasma drift and sheath dependence on the bias

The plasma in front of the plasma grid is not symmetric along the vertical axis in
front of the plasma grid inside the prototype ion source. The asymmetry appears
for instance in the positive ion density [36] and the Hg Balmer line emission [29].
The non-uniformity is generated by drifts in the plasma caused by the magnetic

filter field with flux density B. A force F perpendicular to a magnetic field leads
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Figure 2.14: Sketch of the potential profile close to the plasma grid for high and
low applied bias voltage.

to a drift of magnetized charged particles with the drift velocity

Y:
UD - qB2 ?

(2.15)

q denoting the electric charge of the particle. Since only electrons are magnetized
in the prototype ion source, only these particles can cause drifts. However, due
to the required quasi-neutrality of the plasma, the resulting drift is ambipolar.
The exact composition of the total drift inside the prototype ion source is not yet
understood and still an open question. However, the following conclusions can be
drawn out of experimental observations: firstly, the plasma is symmetric without
applying the magnetic filter field. By change of the magnetic filter field direction,
the vertical off-center asymmetry changes symmetrically (in the following named
as ‘drift up’ and ‘drift down’ case) — for this reason, the asymmetry must be
caused by plasma drifts. Secondly, the E x B drift — which is caused by the
electric force F = qE — plays an import role, since the plasma homogeneity can
be changed by variation of the PG bias voltage, the latter influencing the plasma

potential and in this way the axial electric field inside the source.

The bias voltage does not only influence the plasma symmetry by causing drifts,
but it also has an effect on the particle fluxes towards the plasma grid inside the
extended boundary layer. A sketch of this effect is shown in figure 2.14: without
biasing or when applying a low bias voltage, a classical electron repelling sheath
is formed, resulting in Up,s < ®p1. Increasing the bias voltage results in the
transition towards an electron attracting sheath — at a high bias voltage applied
Ubias > Pp1, the potential is increased from the bulk plasma towards the plasma

grid and electrons are therefore attracted towards the wall. However, one has to
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Table 2.3: Plasma parameters in the extended boundary layer of the IPP prototype
source for typical operational parameters.

Parameter Value

N+ 0.5-5 x 10" m™3
N- 0.1-1.5 x 10" m™3
Ne =Nt — N S Hx 1017 m™3
nu, 2x 10" m3
nH/nH2 0.204

NCgo 0.5-2 x 10" m=3
T, 1eV

Th, 0.1 eV

TH = TH+ = TH— 0.8 eV
M+t Mgy Nyt 1:1:0.5

take into account that the applied bias also influences the plasma potential in the
bulk plasma in front of the grid, since the latter is disturbed due to the large area
of the biased plasma grid and the subsequently large bias currents flowing to the
plasma grid (several amperes).

The physical parameter describing the potential profile in the sheath and in this
way the particle fluxes towards the plasma grid is the difference between the applied
bias voltage and the plasma potential Upi,s — ®p1 [37]. At the typically applied
bias voltage, the potential drop in the sheath is close to 0 V (Upjas — @1 = 0 V).
As will be shown in chapter 5, the amount of co-extracted electrons is reduced to
its minimum at this setting, whereas the extracted H™ current is not influenced

significantly.

Plasma parameters and resulting particle fluxes

Typical plasma parameters in the extended boundary layer in front of the plasma
grid, which have been determined in individual measurement campaigns at the
prototype ion source, are listed in table 2.3.

The positive ion density n;+ as well as the electron temperature 7T, have been
determined by Langmuir probe measurements [38]. Measurements of the negative
hydrogen ion densities have been carried out using cavity ring-down spectroscopy
[39] as well as using laser photodetachment [37]. The neutral Cs density ncgo
is determined by means of Cs absorption spectroscopy [40]. The fraction of
dissociated hydrogen atoms ny/ny, as well as the Hy temperature Ty,, which is

equal to the gas temperature, is determined by optical emission spectroscopy [41].
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The temperature of hydrogen atoms and protons 7y, T+ is higher than Ty, since
they gain energy during the dissociation process by dissociative excitation into
the repulsive state. Subsequent collisions lead to a temperature of 0.8 eV [42].

Not exactly known is the temperature of the negative hydrogen ions Ty-. For
volume-produced H™ particles, a temperature similar to hydrogen atoms or protons
is expected. In contrast, surface produced H™ can gain energy in the sheath of
some €V, depending on the bias (as discussed above). As will be shown in the
results, the energy gain in the sheath is not higher than 2-3 eV, and for typically
operational bias parameters close to 0 eV. Positive ions can gain or loose the same
amount of energy in the sheath prior conversion. A certain amount of the particle
energy can be lost by an inelastic reflection at the wall [43]. For the temperature of
H™ in the extended boundary layer, also the high importance of charge exchange
collisions (H- + H — H+4 H™) for the H™ trajectories have to be taken into
account [33]. For these reasons, Ty~ is assumed to be Ty- = Ty = T+ = 0.8 €V.

For the distribution of the different species of positive ions of hydrogen — H*,
H3, Hi — a fraction of 40%, 40% and 20% is assumed. These values are based
on extrapolation of the source pressure and RF power of measurements of the
particle distribution in a positive hydrogen ion source [44].

Simultaneous determination of relevant plasma parameters is of high import-
ance for the investigation of correlations with the extracted current densities
in hydrogen and deuterium operation. For this reason, one aim of this work
is the simultaneous measurement of n;+, ny-, neeo, T in the extended boundary
layer, using the diagnostics described in chapter 3, in order to determine correl-
ations between particle fluxes in the extended boundary layer with the source

performance:

I'cy, towards PG <— Ncso o aeyde
Iy~ from PG — ng- o gue
I'. towards PG +— ne=ny+ — nyg- AN Je

The flux of Cs® towards the PG correlates with neg because Cs® shows an
isotropic velocity distribution in the extended boundary layer what is prooved
by the Doppler-broadened absorption spectra, which will be shown in section
3.1. The negative hydrogen ion density in front of the PG is dominated by the
surface production, and thus correlated to the flux of H™ from the PG. The flux of
electrons towards the PG depends on n, in the extended boundary layer; however,

the reduced flux due to the magnetization has to be taken into account.
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Table 2.4: Particle fluzes in one direction in space in the extended boundary
layer of the IPP prototype source using plasma parameters from table 2.3 and an
isotropic distribution.

Particle species Flux I' [m2s™!]

H 1-3 x 10?2

H+ 0.7-7 x 10%
H- 0.3-5 x 10%
e~ <8 x 10%
Cs? 0.5-2 x 10'7

Possible correlations with the source performance can help to identify the
difference between hydrogen and deuterium operation — a higher co-extracted
electron current density in combination with an almost identical or slightly reduced
extracted negative ion current density regularly appears in deuterium compared
to hydrogen operation; this higher amount of co-extracted electrons often limits
the source performance in deuterium operation. In addition, a possible correlation
of the source performance with the neutral Cs density could help in order to
determine the optimum amount of the Cs evaporation rate.

The particle fluxes in one spatial direction (I'; = iniﬁi) are listed in table 2.4 for
the particle species H, H*, H™, e~ and Cs° using the parameters in the extended
boundary layer listed in table 2.3. The flux of hydrogen atoms towards the plasma
grid is more than one order of magnitude larger compared to the flux of protons,
resulting in the already discussed dominance of the conversion of atomic hydrogen
to negative ions. The flux of Cs?, which is required to sustain a stable and low
work function, is about five orders of magnitude lower compared to the flux of H as
conversion particle. The flux of electrons is up two two orders of magnitude larger
compared to negative hydrogen ions; however, with the assumption of isotropic

fluxes, .- towards the PG is overestimated.

2.6 Caesium dynamics

Understanding of the Cs dynamics is of importance for the development of
large-scale H™ sources: in addition to find possible correlations with the source
performance, it has a direct impact on the design and position of the Cs oven
and its evaporation nozzle as well as on the control of the Cs evaporation rate

out of the Cs oven. The Cs dynamics has also a direct influence on the required
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Figure 2.15: Cs vapor pressure [45] and corresponding desorption flux as a
function of the surface temperature, valid for thick (> 1 ML) Cs layers. Also
indicated is the resulting Cs volume density for a temperature of 20 °C and 50 °C.

temperature of the source walls and of the plasma grid — this is of particular
interest for the design of the ITER HNB, since the electrical conductance of hot

water provided to the source at a potential of —1 MV must be taken into account.

Cs is one of the most reactive chemical elements. For instance, it can form
compounds with vacuum impurities as oxygen or water, but also with hydrogen

gas:

Cs + OQ — CSOQ
Cs+ HQO — CsOH + 1/2 H,
Cs+ 12 Hy — CsH

The low melting temperature of pure Cs (28.5 °C [7]) results in a high vapor
pressure pcs, which is plotted in figure 2.15 as a function of the surface temperature
in combination with the resulting desorption flux I'cgy = %nCSQ_}Cs using Tes =
Tsurtace- These values are valid for bulk Cs and thus for thick Cs layers, which
means a Cs coverage of more than one mono layer (ML), where metallic bonding
dominates. At thinner Cs coverage (< 1 ML), a stronger ionic bonding is formed
to the substrate, resulting in a reduced vapor pressure. In contrary, Cs compounds
have a much lower vapor pressure compared to Cs and thus keep stuck at the

surface (e.g. the melting temperature of CsOH is 342 °C [7]).

For the estimation of the area density of Cs atoms, the atomic radius of Cs in a

metallic bonding is used, which is 2.67 A [46]. Using full coverage, this results in
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Figure 2.16: Sketch of the particle fluzes and layer formation at the source wall
during vacuum phases.

an area density of 4.5 x 10'® atoms/m?. Thus, the typical neutral Cs flux in the
source (see table 2.4) results in 0.01-0.04 ML/s.

Since the large, pulsed-driven negative hydrogen ion sources cannot oper-
ate in ultra high vacuum conditions (the background gas pressure is typically
10771075 mbar), a complex interplay takes place at the source walls: the dens-
ity of background gas particles is 10*-10'® m~2, being one order of magnitude
higher than the typical Cs density during vacuum phases of 10'-10' m—3 [47].
Although the temperature of Cs might be higher due to evaporation out of a hot
oven containing a liquid or solid Cs reservoir (7" > 150 °C), the flux of vacuum
impurities towards the wall is larger than the flux of Cs atoms because of the high
atomic mass of Cs (133 u). This results in a steady formation of Cs compounds
at the plasma grid as well as at the source walls. A sketch of the Cs dynamics
close to the wall during vacuum phases is shown in figure 2.16.

A microscopic analysis of the formed Cs layers at the wall is not possible, since
a possible ex-situ analysis suffers from the change of the Cs layers under air or
not sufficient clean vacuum conditions after dismounting a sample and in-situ
diagnostics are not available. For this reason, the Cs dynamics must be described
by usage of macroscopic quantities (e.g. the Cs volume density or the surface work
function). Several effects regarding the Cs dynamics have been found empirically

during operation of the prototype source:

e An elevated wall temperature of > 35 °C increases the desorption flux of Cs
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and avoids local thick accumulations of Cs. It was found that the elevated
temperature helps to achieve high source performance (high extracted H~
current density as well as a low amount of co-extracted electrons) [48].
Under some circumstances, it was also possible to achieve high source
performance at lower temperatures; however, the conditioning time until the
source delivered optimum performance (a typical operational scenario will be
discussed in section 2.7) is increased. For this reason, the wall temperature
is controlled to a temperature of 35 °C by a water cooling/heating system.
Nevertheless, the surface temperature of the wall is increased during plasma

pulses (e.g. up to 10 K at BATMAN) as a result of a temperature gradient.

e The temperature of the plasma grid is a critical parameter: a temperature
of the plasma grid of more than 100 °C is necessary in order to achieve a
high source performance. For this reason, the plasma grid is heated to a
temperature of 150 °C by usage of ohmic heating wires at the BATMAN short-
pulse test facility and is temperature controlled to a similar temperature
by an air or water cooling/heating system at the MANITU and ELISE
long-pulse test facilities, respectively. This effect might be attributed to a

reduction of impurities from the surface.

e The background gas pressure is critical for the operation: reduction from a
couple of 107% mbar to a value of < 10~% mbar after elimination of small
vacuum leaks resulted in a reduction of the required conditioning time
at BATMAN. Of particular importance seems to be the amount of water
as impurity: a small water leak in the cooling system of the extraction
grid at BATMAN led to a small increase of the background gas pressure
(2-3 x 107% mbar); however, it was not possible to achieve a high source

performance until the extraction grid has been replaced.

Due to the high chemical reactivity in combination with the vacuum conditions
in the source, a continuous flux of Cs onto the plasma grid is required during
source operation in order to achieve a stable and high source performance. The
Cs density during vacuum phases is in the range of 10**-10'®> m~2, and by this
about two orders of magnitude lower compared to the density calculated out of
the vapor pressure (compare to figure 2.15) — thus, the Cs dynamics inside the
source is not determined by the vapor pressure of pure Cs. Desorbing Cs fluxes
play a much minor role for the Cs distribution in vacuum phases. For this reason,

a macroscopic description of the Cs dynamics has been introduced [48] by usage
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of the sticking coefficient S defined by

F S,0:
S =1-— S (2.16)
FCs,on
with I'cson denoting a Cs flux hitting a wall and I'cs o the corresponding Cs flux
leaving the wall. By this definition, a value of 0 means that each Cs atom reaching
the wall will desorb, whereas a value of 1 would correspond to a total permanent

adsorption of the incoming Cs flux.

Dedicated measurements in a lab experiment under similar vacuum and Cs
conditions compared to the ion sources have been carried out, determining S to a
value of 0.7-0.9 for wall temperatures between 88 °C and 26 °C [49]. Hence, most
fraction of an incoming Cs flux keeps stuck at the wall and thus the distribution
of Cs during vacuum phases within the source strongly depends on the position of
the Cs oven in the ion source and the shape of the evaporation nozzle. The Cs
density in the volume is then controlled by the evaporation out of the oven as the
source term and sticking on the source wall, as a consequence of the formation of
Cs compounds, as the sink and is thus mainly dependent on the Cs evaporation

rate and the sticking coefficient.

During plasma phases, the Cs dynamics becomes more complex: Cs can be
released out of Cs compounds due to interaction with reactive plasma particles as
well as due to exposure with plasma photons of sufficient energy. Thus, a large
redistribution of Cs can take place during plasma phases. However, for the Cs
dynamics one has to take into account that a large fraction of Cs is ionized due to
the low ionization energy of Cs (3.89 eV [7]), the total amount of Cs consisting of
neutrals and ions: ncgior = Neso + Nes+. Unfortunately, only neutral Cs particles
are easily accessible with optical diagnostics, mainly due to the large excitation
threshold of the Xe-like Cst ion: the excitation energy from the ground state
5p8 to the lowest excited state 5p°6s is 13.3 eV [50]. For the same reason, the
ionization energy of Cs™ is high (23.16 eV [7]) and thus the fraction of Cs?* is
negligible.

In order to gain a deeper insight into the redistribution processes of Cs layers
inside the source during vacuum and plasma pulses, the 3D Monte Carlo code
CsF1low3D has been developed some years ago [48]. One main result of this code
was the necessity of temperature regulation of all parts of the ion source in long
pulses: an experimentally observed increase of the Cs amount during long plasma

pulses at MANITU could be correlated with a heat-up of the not-actively cooled
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Figure 2.17: Drawing of the Cs oven based on a liquid Cs reservoir.

bias plate. For this reason, a temperature regulation of the bias plate has been
implemented in the ELISE test facility and is also part of the design of the ITER
HNB source in order to avoid an uncontrolled release of Cs. Due to the short
plasma pulse length at BATMAN, there is no explicit temperature regulation of
the bias plate necessary.

The importance of the plasma phase on the surface work function has been
investigated in a lab experiment: the work function of a metal sample has been
measured in a lab experiment for a pulsed plasma during the plasma-off phase
under ion-source conditions (it is not possible to determine the work function
during plasma phases, as will be discussed in chapter 3). The pulse frequency
has been chosen to be 18.5 Hz with a duty cycle of 40% plasma on and 60%
plasma off. Under these conditions, the work function is significantly reduced
compared to vacuum operation only: 2.2 eV in contrary to 2.6 eV [51] with similar

Cs evaporation rates in both cases.

Caesium ovens at the test facilities

A Cs oven is used at the test facilities and foreseen for the ITER HNB source for
the evaporation of Cs into the source. The typical required Cs evaporation rate at
the small prototype source is about 5-10 mg/h. Two different types of Cs ovens
have been used for this purpose at the IPP test facilities in the last years:

The standard IPP Cs oven design — which is shown in figure 2.17 — is based
on a liquid Cs reservoir. The liquid Cs reservoir is created out of breaking one

glass ampulla containing 1 g liquid Cs under vacuum conditions. One ampulla
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Figure 2.18: Left: drawing of the Cs dispenser oven. Right: picture of a Cs
dispenser.

lasts for several weeks of operation. The oven can contain up to three ampoules
to avoid the necessity of frequent venting of the ion source. The evaporation
rate can be controlled by the temperature of the body (the part of the oven
containing the liquid Cs reservoir), which controls the vapor pressure of Cs. To
ensure precise controllability of the Cs evaporation rate, the other parts of the
oven (tubes, flanges, nozzle etc) must be heated to a higher temperature that the
vapor pressure is only controlled by the temperature of the body. Cs ovens based
on a liquid reservoir are also used in different large-scale H™ sources, e.g. in Japan

since several years [52].

The liquid oven has a nozzle consisting of three holes, resulting in an evaporation
of Cs towards both side walls and the bottom wall of the expansion chamber.
No direct evaporation towards the extraction system has been chosen due to
concerns regarding Cs adsorption in the extraction system and thus the high

voltage sustainment of the extraction system.

Newly in use at the IPP negative ion sources is a Cs oven based on a Cs dispenser
[53], which is shown in figure 2.18. In the used dispenser'®, Cs is chemically bound
in a solid compound (BiyCs). The dispenser is sealed by a indium cover. During
the first usage, the indium seal is melted by ohmic heating. The evaporation rate
of the oven can be adjusted sensitively by change of the heating current (up to
10 A), where Cs is temperature-dependent released out of the compound. The
oven structure is heated to a temperature of 280 °C to avoid Cs sticking. By
means of two valves an empty dispenser can be exchanged without breaking the

vacuum of the ion source.

13 Alvasource AS-6-Cs-1245-S, manufacturer: alvatec, Griffen (Austria)
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Figure 2.19: SID mounted in front of the Cs oven nozzle [53].

The nozzle of the dispenser oven is a slightly tilted open pipe with direct
evaporation of Cs towards the plasma grid in the prototype source. The different
design compared to the liquid oven has been chosen to check whether indirect Cs
evaporation is necessary for HV stability as well as to compare the required Cs
evaporation rate. In the first year of use at BATMAN, neither a deterioration of
the high voltage sustainment of the extraction system nor a significant change of
the required Cs evaporation rate has been observed.

For measuring the Cs evaporation rate, a Surface Ionization Detector (SID) is
mounted in front of the oven nozzle of the dispenser oven. The SID has become a

helpful tool in order to control the Cs evaporation rate.

Surface ionization detector

A sketch of a surface ionization detector mounted in front of the Cs oven nozzle
is shown in figure 2.19. The setup is similar to a Bayard-Alpert ionization
gauge, consisting of two tungsten filaments — however, ionization takes not place
by electron collision, but by the surface effect: the work function of tungsten
(xw = 4.55 eV [54]) is larger than the ionization energy of Cs (E; = 3.89 eV [7]).
For this reason, a transition of the valence electron of Cs into the conduction
band of tungsten is possible, resulting in an ionization of the Cs atom. With a
voltage applied between both filaments, the measured current reflects the amount
of ionized Cs at the first filament.

Both filaments are heated ohmically in order to avoid sticking of Cs at the
filaments — the Cs coverage at the filaments should be small in order not to

influence significantly the work function of the tungsten wire. If assuming that
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the residence time of a Cs atom at the surface is short enough that no significant
coverage of Cs is reached and long enough for the atom to get into thermal
equilibrium with the surface at temperature T, the fraction of ionized particles to

neutral particles I'y /Ty leaving the surface follows the relationship [55]:

e ()
— X X .
T, P\ kT

Hence, for constant temperature T the current between the two filaments corres-

(2.17)

ponds to the incoming flux of Cs onto the first filament. Consequently, for a fixed
geometry of the filaments in front of the oven nozzle, the current depends linearly
on the Cs evaporation rate of the oven. The measured electrical current between
the filaments is in the order of 5-15 pA for typical Cs evaporation rates.

Only some alkali metals fulfill the condition E; < yw and can be ionized in a
significant amount. Since Cs is the only alkali metal inside the ion source, only
the flux of Cs is measured by the SID.

Calibration of the measured electrical current Isip(t) resulting in the absolute
evaporation rate I'cs(t) [mg/h] is done after evaporation of a complete dispenser

containing Cs with mass m¢s and integration of the measured current:

mcs
[ Isip(t)dt

Up to now, a precise calibration of the Cs dispenser oven at BATMAN was not

mCSE/ISID(t)dt — ch(t) = ISID(t) (218)

possible due to experimental restraints — however, a rough calibration revealed an
Cs evaporation rate of 10 mg/h at a measured SID current of 7 yA, which is the
typical current at the used Cs evaporation rate during BATMAN operation.

2.7 Typical operational scenario

Operation of the test facilities takes place during the day with continuous evapor-
ation of Cs into the source. No operation is done during night or weekend; during
this time also the evaporation of Cs is stopped — however, the source stays under
vacuum.

When beginning an experimental campaign, the source has been often vented
before, resulting in a deterioration of Cs on all surfaces due to the high chemical
reactivity of Cs. For this reason, operation starts with a Cs conditioning phase:
for a time between usually 1 and 3 days the source is operated continuously while

the performance (high extracted H™ current density, low co-extracted electron
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current density) increases from shot to shot. At the beginning of this phase,
H™ is mainly produced by volume production, whereas the fraction of surface
produced H™ is increasing with lowering the work function of the plasma grid.
When starting the Cs conditioning phase, the source performance is limited by
the amount of co-extracted electrons, what requires the usage of limited source
parameters (lowered RF power and extraction voltage). These parameters are
increased stepwise during the Cs conditioning phase. The Cs evaporation rate
is adjusted in order to obtain stable and high source performance, based on the
experimental experience of the operator.

At the beginning of each day of operation a reconditioning is required after the
long vacuum phase and decrease of the source and plasma grid temperature to room
temperature during night, as the source performance is worse compared to the end
of the day before. Usually a total plasma time of about 100 s (corresponding to 15
BATMAN pulses or less MANITU pulses with longer pulse time) with evaporation
of Cs is required to re-achieve the same source performance [56]: the cleaning
effect of the plasma pulses in combination with the redistribution of Cs is required

for reconditioning the source.






3 Applied diagnostic methods

and setup at the test facilities

For the investigation of the dynamics in the extended boundary layer of the
prototype ion source a multitude of diagnostics is used, allowing the simultaneous
determination of several parameters. These diagnostics will be introduced within
this chapter as well as the diagnostic setup at the test facilities will be shown.

The source performance is determined by an electrical measurement of the
extracted H™ and electron current as the current between the PG to ground and
the current between the PG to the extraction grid, respectively [10]. It should be
mentioned that due to poor beam optics, where the optimum perveance is not
matched at each setting, a small fraction of the extracted H™ current can hit the
extraction grid and thus counts to the measured co-extracted electron current. This
effect has in particular to be taken into account for the case Jje/j,- < 1, in which
the measured value of the co-extracted electron current density is much smaller
than the extracted H™ current density in combination with a poor perveance
matching.

The additionally applied source diagnostics need to work under harsh environ-
ment, i.e. a strong RF field causing noise during plasma phases and the source
at high voltage during extraction. As consequence, this results in the following

requirements for the diagnostics:

e If possible, optical diagnostics should be coupled via fibers to the ion
source. By fiber usage, the HV separation can be realized easily and critical
components of the diagnostic can be positioned at a larger distance from

the source, resulting in less problems due to RF noise.

e Electrical diagnostics at the source must operate at high voltage. For this
reason, their setup should be very compact and cables should be short in
order to avoid strong coupling of RF noise. Careful grounding is required to

avoid ground loops.
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Of most interest and thus a a very desirable diagnostic would be the measurement
of the work function x of the plasma grid. As x correlates directly with the surface
production rate of H™, this results in a direct correlation with the amount of
extracted H™ and co-extracted electron current density, when volume production
of H™ becomes negligible and the flux of produced H™ is not space-charge limited.
However, there are several issues regarding a work function measurement at the

prototype ion source:

e A non-invasive method would be required in order not to disturb the caesi-

ation or the plasma close to the convertor surface.

e Non-invasive techniques for determining the work function are based on
the measurement of the photo current while exposing the material to light.
Since the photo current is much lower compared to typical currents flowing
in the plasma, this technique can not be applied during plasma phases —

only measurements in the vacuum phases are possible.

e However, it is known that the plasma has an important effect on the work
function of the converter surface, since Cs layers deteriorate during vacuum
phases. As already mentioned, measurement in a lab experiment for a pulsed
plasma (the photo current is measured during the plasma-off phase) showed
for ion-source conditions that the work function is significantly reduced for
caesiation during pulsed plasma operation compared to vacuum operation
only (2.2 €V in contrary to 2.6 eV, [51]).

e The expected weak signals (photo currents in the order of nA) in combination
with the harsh conditions mentioned above hamper the measurement at the

prototype source.

Due to these reasons, no diagnostic for in-situ determination of the work function
has been applied up to now neither at the IPP prototype ion source nor at any
other H™ source for fusion plasma heating. Indirect methods have to be used to
gain a deeper understanding of the dynamics within the extended boundary layer,
e.g. the measurement of the Cs density and thus the Cs flux towards the surface
and the H™ density inside the source.

Table 3.1 gives an overview about the measurement quantities and spatial
resolution delivered by the source diagnostics, which have been in use during

this work. The temporal resolution is 40-170 ms for the optical diagnostics and
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Table 3.1: Source diagnostics applied, their measurement quantities and spatial

resolution.
Diagnostic Measurement quantity Spatial
resolution
Cs absorption NCgo Cs ground state density LOS
spectroscopy integr.
Cavity ring-down ngy- H~ particle density LOS
spectroscopy integr.
Langmuir probe @ plasma potential local
N+ positive ion density
T, electron temperature
Optical emission  ¢; molecular and atomar line emissivity LOS
spectroscopy ni/ny,  dissociation ratio of hydrogen integr.
Ne electron density
electron temperature

1 s for the Langmuir probes, which is sufficient for the characterization of a 6 s
BATMAN or longer MANITU pulse, respectively.

The source diagnostics determine either line-of-sight averaged (optical dia-

gnostics) or local (Langmuir probes) parameters at the available diagnostic ports

with an axial distance of 0.7 cm or 2.2 ¢cm to the plasma grid. As has been shown

in figure 2.11, the resulting magnetic field has a complex 3D structure close to

the plasma grid, resulting in a complex transport of electrons. Unfortunately, it

is not possible to position the diagnostics closer to the plasma grid due to the

following reasons:

e Optical diagnostics have a LOS diameter of typically 1 cm and thus are

intrinsically averaging over a certain axial distance.

e The bias plate is positioned at an axial distance of 1 ¢m in front of the

plasma grid and is thus blocking LOS distances closer to the plasma grid.

The available diagnostic ports with their resulting lines-of-sight in vertical
and horizontal direction are shown in figure 3.1 for the BATMAN test facility
(similar ports and thus resulting LOS are available at MANITU): the axial
distance to the plasma grid is 2.2 cm for most LOS — these LOS are at least
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[

Figure 3.1: Available lines-of-sight resulting from the existing diagnostic ports at
the prototype ion source with their axial distance to the plasma grid. Shown is the
view from the driver towards the plasma grid at the BATMAN test facility.

partly positioned in front of the bias plate. Two horizontal LOS have a
smaller distance of 0.7 cm to the plasma grid, since the bias plate is cut at
these positions. In addition, one axially centered LOS through the driver

towards the plasma grid is available for characterization of the driver plasma.

3.1 Cs absorption spectroscopy

Using absorption spectroscopy, the line-of-sight integrated particle density in the
lower state k of an optical transition to an upper state i can be determined. An
optical transition is called resonant if the lower state is the ground state, meaning
that absorption spectroscopy at a resonant transition reveals the ground state
density of a particle species.

In a homogeneously absorbing medium, the intensity of incoming light 7(A,0)

at wavelength )\ is reduced after passing a distance of length [ to

I\ 1) = I(\,0)e FVL (3.1)

with k() denoting the absorption coefficient [57]. The Ladenburg equation links

the absorption coefficient with the particle density n; of the lower state:
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/ kAN = —ng B 22, (3.2)

where integration is done over the whole absorption line between Ay and Ay, By;
denotes the Einstein coefficient for absorption, h the Planck constant and )y the
central wavelength of the optical transition. Using the Einstein coefficient for

spontaneous emission A;, the line-of-sight integrated particle density becomes

A2
8regr 1 / I(\ )
= —= —1 dA 3.3
& )\3 gi Aikl)\l " (I()\ao) 7 ( )

with the degeneracy of the lower and upper state g, and g;, respectively.

For the measurement of the neutral Cs density, the resonant transition from the
ground state 6%S /2 to the excited 6°P state is chosen. Due to the fine structure,
the 6°P state is split into two levels, 62P3/, (resulting in a transition at 852 nm)
and 6°Py/, (resulting in 894 nm). The transition at 852 nm is used because
spectrometers become less sensitive in the IR and diode lasers are less available
at 894 nm (see the different setups below). Due to the hyperfine structure,
the ground state 6281/2 is split into two and the excited state 62P3/2 into four
levels. The selection rule of optical transitions results in six lines. Since in
each case three lines overlap strongly due to the Doppler broadening at relevant
particle temperatures (higher than room temperature), two lines can be resolved
as indicated in figure 3.2 for a gas temperature of 300 K, which is the minimum
temperature during vacuum phases. During plasma phases, the increased gas
temperature results in an increased Doppler broadening.

Two different setups can be used for absorption spectroscopy:

e White-light absorption spectroscopy uses a broadband light source
and a wavelength-sensitive detector — usually a spectrometer is used for this

purpose.

e For the laser absorption spectroscopy a tunable laser serves as light

source and a broadband detector is used.

Due to the limited accessibility of the ion source and for high voltage reason
necessity of a fiber coupled system, the Tunable Diode Laser Absorption Spec-
troscopy (TDLAS) technique is applied. A single mode tunable diode laser is

used as light source and a simple photo diode as detector, both connected to the
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Figure 3.2: Doppler-broadened spectrum of the Cs 852 nm transition for a gas
temperature of 300 K. [47]

source by optical fibers. Since the linewidth of the emitted light of single mode
tunable diode lasers for scientific purposes is usually much more narrow (typically
< 0.1 pm) compared to the spectral width of the Doppler-broadened line (> 1 pm,
see figure 3.2), the Doppler-broadened absorption line can be directly resolved by
TDLAS without significant additional broadening caused by the convolution of
the two spectral linewidths. This is of importance since the latter could lead to
an under-estimated particle density under certain circumstances [58]: although
the measured, broadened absorption line Ije.s(A, 1) yields the same value for the

integral as the non-broadened absorption line I(\,1),

()= 1 () o

the value of the integral required for the calculation of the particle density in

equation (3.3) differs due to the non-linearity of the natural logarithm:

[-m (W) d) %hn/e —In (f&(?)) d).

line

At the IPP prototype ion source, a distributed feedback (DFB) laser!? is
used. The single mode operation of this type of diode laser is achieved by a
periodic structure within the active region, leading to an optical interference

filter. For tuning of the emitted wavelength, the optical length of the active

14 Gacher Lasertechnik, CHEETAH DFB-852 with laser controller Pilot PC 500
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region is modulated by variation of two parameters: change of the diode laser
temperature (slow, large tuning range of several 100 pm), and change of the diode
laser current (fast, narrow tuning range of several 10 pm). For this reason, the
emission wavelength of the laser is tuned close to the absorption wavelength by
temperature tuning once when the laser is switched on and tuning along the
absorption peaks is done subsequently by current modulation.

Obviously, variation of the diode laser current does not only influence the
output wavelength, but also the output intensity of the laser beam. For this
reason, the intensity 7(A,0) is not constant along the absorption line. Additionally,
it is observed that the shape of I(\,0) changes with time, which is attributed to
non-optimal grounding conditions and RF noise. Hence, I(),0) is determined
newly for each measured absorption spectrum (A, ) by an automated procedure:
the absorption lines are searched in the spectrum, their signal is removed in order
to determine the base line and a polynomial of seventh order is fitted to the
remaining signal, acting as I(\,0). The polynomial of seventh order has been
empirically chosen because it fits the base line very well for several differently
shaped base lines. The wavelength calibration of the measured spectrum is done
at the two absorption peaks under assumption of a linear wavelength dependence
on the laser diode current. The neutral Cs density can then be calculated by
applying equation (3.3), using two Gaussian peaks fitted at the Doppler-broadened
absorption signals. The individual steps for determination of the neutral Cs density
out of an measured absorption signal are shown in figure 3.3. The spectrum consists
of 2,000 data points leading to a robust fit of the absorption peaks. The measured
Doppler-broadening of the absorption peaks proves that the flux of Cs is isotropic.

Two effects have to be taken into account for the evaluation of absolute particle
densities with TDLAS:

1. Intense laser radiation can depopulate the lower state of the optical trans-
ition leading to an underestimation of the real particle density. For this
reason, damping the laser light might be beneficial; however, a trade-off has
to be taken between the temporal bandwidth of the setup, which is reduced
for higher amplification of the detector signal, and the amount of depopula-
tion. An absolute quantification is possible by usage of an absorption cell
(vacuum cell with a small amount of Cs inside), where the Cs density can
be calculated from the vapor pressure, which results from the temperature
of the coldest spot of the absorption cell. The amount of underestimation

can be determined in this way. However, the same laser beam shape and
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Figure 3.3: Individual steps for determination of the neutral Cs density out of
a measured absorption spectrum: (1) base line fit for determination of I(\,0),
(2) two point wavelength calibration, (3) Gaussian fits on the absorption signal,
(4) calculation of the neutral Cs density.

thus the same absorption length as in the experiment must be used. Due to
the long absorption length (up to 60 cm at the prototype source) and the
short length of available absorption cells (7.5 cm), the exact determination
is not straight forward. Nevertheless, the factor of underestimation can be
estimated by usage of the shorter absorption cell and neglecting effects of
the different beam shape, resulting in a factor of underestimation of the Cs
density between 1 and 3 for the setup used at the IPP prototype ion source.
Since the exact value of underestimation is not known, all Cs densities shown
within this work are not corrected and thus represent a lower limit of the

real particle density. [59, 47]

2. The diode laser does not only emit radiation at its intensity peak, but also
a broadband base radiation. Although this intensity is orders of magnitude
lower compared to the peak intensity, it can lead to a significant offset on
the measured absorption signal due to the broad wavelength emission. This
can result in a flattening of the absorption peaks at strong absorption (long
absorption length or high particle density) and thus in an underestimation
of the real particle density. Correction is possible by fitting the real Gaus-
sian profile at the wings of the measured absorption profile and is done

automatically. [58]
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Figure 3.4: Sketch of the Cs absorption setup: (a) optical setup, (b) schematic
diagram.

Setup at the prototype source

The setup of the Cs absorption spectroscopy (Cs-ABS) is shown in figure 3.4. The
used diode laser has a single mode emission, a mode-hop free tuning range of
several 100 pm and is fiber-coupled. The technical data of the laser is specified in
table 3.2. At the diagnostic port of the ion source, an optical head creates a laser
beam with a diameter of 12 mm by usage of a lens with a focal length of 25.4 mm.
The optical head is also equipped with a neutral density filter (transmission
T = 1.8% at 852 nm) in order to reduce the effect of ground-state depopulation by
intense radiation. A second lens with the same focal length is used for refocusing
the laser beam into an optical fiber at the opposite site of the ion source after
passing the extended boundary layer as absorption medium. An interference filter
(Ao = 852 nm, Adpwnym = 10 nm) suppresses most of the plasma light during
plasma operation, leading to no detectable offset on the measured signal during
plasma pulses — an offset would strongly increase the effect described in the second
item above. A fiber coupled photo diode!® is used as detector; the photo current
is amplified by a transimpedance amplifier'® to a value of some volts using an
amplification of 5 x 10° V/a. For simultaneous measurement at two lines of sight,
the fiber between the laser and the optical head is split into two by a fiber splitter;
the rest of the setup is then doubled, as indicated in figure 3.4 (a).

Shown in figure 3.4 (b) is the schematic diagram of the individual components
and their controlling and measurement signals: the whole system is controlled
by a PC with a combined A/D-D/A converter'” attached, which is necessary to

5 Thorlabs FDS02
16Thorlabs PDA200C
17National Instruments PCI-6221
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Table 3.2: Technical data of the CHEETAH DFB-852 diode laser.

Parameter Value
Tunable range 851-853 nm
Maximum output power 140 mW

generate a sawtooth voltage sweep for the wavelength modulation of the laser as
well as to record the amplified photo diode signal. A LabView program was created
during this work which controls the diode laser current and thus its wavelength
and evaluates the amplified signal of the photo diode; the length of the line of
sight (0.2 m or 0.6 m, depending on the selected LOS) is taken into account. The
absolute value of the neutral Cs ground state density is calculated, plotted and
the data during the trigger event is stored in a data file. For data reduction, the
data storage is triggered by the test facility, including 2 s pre-trigger (vacuum

phase), the plasma phase and several s post-trigger (vacuum phase).

The Cs absorption system has been designed and gone into first operation using
one LOS at the BATMAN test facility during the diploma thesis of the author
[59, 47] and has been improved for routine operation and for operation at two
LOS during this work.

Detection limit and error estimation

The detection limit of Cs-ABS is determined by an absorption which cannot be
distinguished from the base line. With the automated evaluation routine explained

above, the lower detection limit is about 1 x 10'* m=3,

As mentioned before, a systematic underestimation of the line-of-sight averaged
neutral Cs density takes place because of the depopulation of the ground state by
a not exactly known factor between 1 and 3. In addition, a random error occurs
due to the quality of the base line fit for the determination of I(\,0), resulting in

an random error of £10% in the Cs? density.

The temporal bandwidth of the system is mainly limited by the bandwidth of
the photo diode amplifier. With the used ND filter, the resulting bandwidth is 25

spectra per second or 40 ms, respectively.
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Figure 3.5: Cross section for photo detachment of H- [62] with the threshold at
0.75 eV.

3.2 Cavity ring-down spectroscopy

The Cavity Ring-Down Spectroscopy (CRDS) is a special type of absorption
spectroscopy technique. According to the Ladenburg equation (3.2), the absorption
coefficient is low either at a low particle density n, or at a transition with low
absorption probability (a low Einstein coefficient for absorption By;). In these
cases, almost no absorption takes place after passing the medium for one single
turn. However, by using CRDS the detection limit can be lowered by several
orders of magnitude. For the cavity ring-down spectroscopy, the decay time of
a high-finesse optical cavity is measured after excitation with a laser. The main
reason for the lowered detection limit is caused by the large number of several
thousand times which the photons pass the absorption medium. CRDS has been
developed in the late 1980s [60]. At the IPP prototype source it is applied for
the measurement of line-of-sight integrated H™ particle densities [39, 61]. The
absorption of light due to the photo detachment process is used for this purpose:

H +hy— Hte. (3.4)

The cross section o for this process is shown in figure 3.5. The photo detachment
cross section is very broad along several 100 nm. When using a laser as light
source with a spectral width of AX < 1 nm, the cross section can be set as
constant in the laser wavelength range. For this reason, there is no scan along the
absorption wavelength necessary and thus a CRDS system based on a short-pulse

laser can be used.
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Figure 3.6: Sketch of the setup for a pulsed CRDS system.

A pulsed CRDS diagnostic consists of a pulsed laser, an optical cavity with
the absorption medium inside and a detector. A sketch of the setup is shown in
figure 3.6: a short laser pulse enters a high-finesse cavity formed out of a pair of
high-reflective mirrors (typical reflectivity R > 99.99% at the laser wavelength)
with distance d in between. The temporal width At of the laser pulse should
be shorter than At < 2d/c, such that the laser pulse cannot interfere with itself
inside the cavity avoiding the appearance of longitudinal cavity modes. For a
typical cavity length (1.2 m at the IPP setup) this means that the laser pulse
should be shorter than 8 ns. A photo diode detects the light escaping the optical

cavity by transmission through the second mirror.

Consider a cavity formed of two identical mirrors with an effective reflectivity
R()), in which mirror losses and scattering effects are included. The intensity
inside the cavity at wavelength A after a number of N complete round-trips

(distance 2d) decays to
I(A, N) = Ip(A)e "N R(X)2N, (3.5)

with Io()\) denoting the laser intensity after entering the cavity and e *W the
absorption taking place within the absorption medium of length [ each turn. With
the approximation In(R(\)) ~ R(A) — 1 (fulfilled for R(\) ~ 1) and the elapsed
time ¢t = N - 2d/c after the laser pulse entered the cavity, the time-dependent

intensity becomes

IO 1) = Io()) exp (CZC k() + (1 — R(A))]) . (3.6)

The intensity within the cavity is reduced exponentially with time. By introdu-
cing a decay time 7(\) via I(\,t) = Io(A)e /"™, the decay time 7o()) without an
absorbing medium (k(A) = 0) becomes

d

To(A) = m7

(3.7)
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and with absorption medium

, B d
"N = AT ROy RO (3.8)

This yields for the absorption coefficient k(\):

d 1 1
MM:CJ<MM_WQJ' (3.9)

Hence, the absorption coefficient can be determined by measurement of the decay

time of the optical cavity with and without an absorbing medium.

As shown in figure 3.6, usually two concave mirrors are used forming a stable
optical cavity. The length of the cavity d and radius of curvature of the mirrors r

are chosen in a way that the stability criterion of an optical cavity is fulfilled:

0< <1—d>2 <1. (3.10)

r

A standard Q-switched Nd:YAG laser is used as the pulsed light source, emitting
at the fundamental wavelength of 1064 nm. For its narrow wavelength bandwidth
(AN < 1 nm is well fulfilled for ns laser pulses), the absorption coefficient is
k(1064 nm) = ny- - 0(1064 nm) = ny- x 3.5 x 107! m?, as indicated in figure 3.5.

The necessity of using CRDS for measuring H™ particle densities instead of
a single path absorption setup is derived from the following estimation: for
conditions at the IPP prototype ion source, i.e. a laser wavelength of 1064 nm,
nu- = 5.5 x 10 m™3 (medium conditioned), d = 1.2 m, [ = 0.25 m, one single
pass yields a transmittance of T = /1, = 0.99995 (equation (3.1)), the absorption
being hardly detectable. However, a CRDS setup starting with an intrinsic decay
time of 79 = 47.4 pus results in a reduced decay time of 7" = 30.2 us, being easily
detectable — the main reason is that the absorption medium is passed 5,050 times
in 30.2 ps.

A CRDS measurement for these parameters is plotted in figure 3.7. An ex-
ponential decay fits almost perfectly the measured signal. The oscillations on
the signal are attributed to mode beating due to the excitation of several cavity

modes.
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Figure 3.7: Exponential decays of an empty (vacuum) cavity and one with a
plasma containing H- as absorber after excitation with a short laser pulse at
BATMAN.

Setup at the prototype source

The CRDS has been reinstalled at BATMAN during this work. The main com-
ponents stayed the same as in [61]; however, some details have been improved

significantly:

e The detection optics has been newly designed and shielded for laser safety
issues. Additionally, the shielding resulted in a complete suppression of RF

noise during plasma phases (compared to [39], figure 2).

e Improvements in the data acquisition resulted in a higher temporal resolution

of 6 Hz compared to 4 Hz.

The optical setup as well as a schematic diagram of the CRDS system is shown
in figure 3.8. A Q-switched Nd:YAG laser!® is used as a pulsed light source, whose
technical data are listed in table 3.3. The laser light is transmitted to the ion
source by usage of several bending mirrors. At least two mirrors are required for
the alignment of the laser beam to the central cavity axis. The cavity is formed out
of two high reflective mirrors'®, each installed in a mirror mount. The technical

data of the cavity mirrors is specified in table 3.4. An Viton ring in front of the

18Continuum Minilite 1T
YLayertec 107442
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Figure 3.8: Sketch of the CRDS setup: (a) optical setup, (b) schematic diagram.

Table 3.3: Technical data of the Continuum Minilite II Nd:YAG laser.

Parameter Value
Wavelength 1064 nm
Max. energy 50 mJ
Pulse width Atpwum 57 ns
Repetition rate 1-15 Hz

high reflective mirror side determines the boundary between vacuum and normal
pressure. The mirror itself can be slightly tilted by usage of three micrometer
screws and subsequent squeezing the Viton ring; by this way the optical cavity
can be properly aligned. A lens focuses the laser beam at the opposite site of
the cavity into an optical fiber. An image of the fiber end on a photo diode®
is produced by two lenses. The signal is amplified by a fast transimpedance
amplifier?* and recorded by a PC using an A /D converter??. Triggering during the
plasma pulses is done by a trigger electronics, which converts the single BATMAN
trigger event to multiple triggers with 6 Hz repetition frequency. The first trigger
pulses are chosen to occur before plasma operation. Thus, the mean value of the
cavity decay time of the first 3 trigger pulses is used as the intrinsic decay time 7
of the empty cavity. An automated routine calculates the time trace of the H™
density for each BATMAN pulse by fitting an individual exponential decay on

each measured signal and stores it in a data file for each pulse.

20Thorlabs DET410 high speed InGaAs detector, 1 mm diameter of active area
21Femto DHCPA-100, bandwidth of 2.5 MHz at amplification 105 V/a
22GaGe GageScope 50
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Table 3.4: Technical data of the cavity mirrors.

Parameter Value
Curvature plane-concave
Diameter 25 mm
Radius of curvature 1000 mm

Reflectivity at 1064 nm  99.994%
Transmission at 1064 nm  0.005%

For the used distance between the two high-reflective mirrors (1.2 m), the
time period for one complete round trip of the light in the cavity (forward and
backward) is ;e = 8 ns. The pulse width of the laser pulse is Atpwam = 57 ns.
Although Atpwam < tere is fulfilled, laser intensity outside the FWHM part can
interfere, resulting in some mode sensitivity of the optical cavity. Due to the
appearance of longitudinal cavity modes and additionally a possible excitation of

multiple transverse cavity modes, the recorded signal shows mode beating [63, 64].

Error estimation

Errors in the the measurement of ny- can only occur in the determination of 7,
7" and [.

A random error occurs due to the stability of the cavity: because the intrinsic
decay time 7y cannot be measured at the same time as the decay time with
absorber, a stable value of 7y must be assumed. With the used cavity mirrors, the
decay time is stable with a deviation of 4+ 0.5 us, resulting in an random error of
Ang- =1 x 10 m=3 at 75 = 47 ps.

A systematic error of the line-of-sight averaged H™ density occurs due to
deviation of the absorber length [ to the actual length. In the evaluation, the full
length of the LOS between the two side walls is used.

3.3 Langmuir probes

Langmuir probes are powerful diagnostic tools for the characterization of plasmas,
since they are able to deliver multiple plasma parameters as already shown in
table 3.1. A Langmuir probe consists of a small electrical probe inside the plasma,
on which a voltage is applied against the metallic wall and the current—voltage

characteristic is measured. In order not to disturb the plasma significantly, the
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Figure 3.9: Typical characteristic of a cylindrical probe with the different meas-
urement regimes indicated.

area of the probe should be that small that the resulting electrical currents are
low (typically some mA). A small probe area is also required because the probe
surface should limit the current at all applied voltages, meaning that the area of
the wall of the experiment has to be much larger in comparison.

A typical characteristic of a cylindrical Langmuir probe is shown in figure 3.9 for
a classical positive ion — electron plasma (no significant amount of negative ions).
The resulting net current on the probe tip consists of the positive ion current I,
and of the electron current I_. Usually cylindrical probes are used, where a small
tungsten wire (diameter in the order of 100 pm, length of several mm) acts as

electrical probe. Several different regimes can be identified:

e The ion saturation regime takes place at sufficiently negative applied
voltages to the probe. Almost all electrons are hindered from reaching
the probe tip and thus the resulting current is dominated by positive ions:
|I.| > |I_|. In this region, the potential of the probe is much lower than

the plasma potential.

e At higher applied voltages, more and more electrons can reach the probe
tip. This region is called the transition region. The current in this
regime consists of both electrons and positive ions (|| & |I_|), where the

electron part is increasing exponentially for Maxwellian distributed electron
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velocities. The floating potential ®q is defined as the potential with no net

probe current.

e For applied voltages higher than the plasma potential U > @, positive ions
are repelled and electron saturation takes place: |I,| < |I_|. The electron
saturation current is much higher compared to the ion saturation current,
because at the same density (quasi-neutrality of the plasma) electrons create
a higher particle flux due to their lower mass in combination with their

typically higher temperature.

However, neither the electron nor the positive ion current saturates at typically
applied voltages for cylindrical probes — although the boundary regimes are called
‘saturation’. This behavior is caused by an establishing sheath around the probe
tip: the effective probe area, i.e. the area around the probe, where plasma particles
are collected, is larger than the area of the probe surface for U — ®,; # 0 V. This
effect does not take place for an applied voltage equal to the plasma potential
®,: the resulting current, which is called electron saturation current I gy, is then

given by (neglecting the much smaller positive ion current)

1 1 RkpT,
I(®y) = Apel’e = Apzneez_)e = Ap4nee\/§ = Lo sat) (3.11)

with the size of the probe tip A,, the flux of electrons onto the probe tip I'. and

the mean electron velocity v,. The flux is reduced by 1/4 because of the limited

solid angle of particles hitting the probe tip (compare to equation (2.13)).
Using this equation, the electron density can be derived easily if the plasma

potential is known. The plasma potential is given by the voltage at the maximum

slope of the current:
d2U

This connection can be derived since the electron current in the transition region,
given by
e(U7<I>p1)
Io = logoi - ™8T U < ®y (3.13)

rises exponentially for voltages below the plasma potential; at higher applied
voltages, additional electron current can only be drawn by an increasing sheath
size, which is enlarged less than exponential for increasing voltage. Hence, the

slope of the characteristic is decreased.
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By usage of equation (3.13), the electron temperature T, can be determined as

the slope of the logarithmic electron current:

e(U — &,
In I, = const. + (kBTep>. (3.14)
The ion current needs to be subtracted from the total current before equation (3.14)
can be used. The determination of the ion current and thus also of the positive
ion density is more challenging from the theory point of view, since information
of the effective probe area at a certain applied voltage is required. Three theories
are commonly used for the description of the ion collection, all of them assume a

collision-less sheath:

1. The Orbital Motion Limit (OML) theory [65] describes ions coming
from infinity and performing orbital motion in a thick sheath, much larger
than the probe. In this case, not all ions hit the probe due to the possibility
of orbital motion. The conservation of energy and angular momentum is
considered for the initial and final state of the motion, and thus the shape
of the potential distribution in the sheath is not of relevance, as long as the
gradient is low enough that no absorption radius for ions occurs due to a
strong electric field. The OML ion current is then [66]

Ly = Apni+e£ M, (3.15)
7 mi+
with ®p;; denoting a temporary plasma potential used for fitting — this can
differ slightly from the real plasma potential and should therefore not be
used as such. Although the theory should be valid only in very thin plasmas
combined with thin probe tips, Chen found a surprising validity of the OML
theory in RF plasmas exceeding the intended range [66].

2. The Allen-Boyd—Reynolds (ABR) theory [67] describes the formation
of a proper sheath around the probe tip by solving the Poisson equation for
calculation of the potential distribution and thus the sheath size. However,
this theory starts with stationary ions (73+ = 0), so no orbital motion is
considered. Thus, more ions than in reality impinge the probe tip in this
theory, and therefore it often overestimates the real ion current and by this
underestimates the real positive ion density. The best validity is expected
for a thin sheath thickness.
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3. The Bernstein—Rabinowitz—Laframboise (BRL) theory [68, 69] takes

into account both the orbital motion of Maxwellian ions as well as the
formation of a proper sheath and is for this reason the best description from
the theoretical point of view. In experiments, however, the deviation can
be larger compared to the other theories, in which the BRL theory often

overestimates the real ion density [66, 70].

These different theoretical approaches already show that the evaluation of

the ion saturation current is not as straight-forward compared to the electron

density. However, the evaluation of the electron density can fail under certain

circumstances:

e Large electron current: a large electron current can disturb the plasma,

if I, significantly influences the global particle flux distribution inside the
plasma. This effect is not relevant at the IPP prototype ion source, if
adequate small probe tips resulting in currents of several mA are used. In
contrary, also the bias circuit acts as a probe with the large area of the
plasma grid, where this condition is not fulfilled: a large bias current (in
the range of A) is drawn to the plasma grid for the desired reduction of

co-extracted electrons (see section 2.5).

Magnetic field [71]: in presence of a magnetic field, the electron current
onto the probe is reduced due to the magnetization of electrons and thus
hindered mobility in the directions perpendicular to the magnetic field
lines. The magnitude of the effect can be estimated by comparing the
electron gyration (Larmor) radius 7, to the probe diameter r,: at strong
magnetization of the electrons, i.e. ri, o < rp, they can reach the probe only
from one direction. Typical values in the extended boundary layer of the
prototype ion source (T, = 1 eV, B =4 mT) results in r . ~ 850 pum, being
larger then the used probe tip radii (r, < 150 pm), so no strong effects due
to the magnetic fields are expected. However, since the probes are mounted
parallel to the magnetic filter field (see section 3.5) and the probe mount
has a thickness of several mm, shadowing effects can still occur. In addition,
due to the complex and varying magnetic field topology in the area close to
the plasma grid (the axial distance of the probes to the PG is 7 mm), the
magnitude of the shadowing effect can differ spatially.

Signal noise: the maximum in the slope of the probe current can often not

be clearly determined, e.g. due to signal noise, resulting in an error bar of the
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plasma potential of some volts. Since the electron density is calculated from
the probe current at the plasma potential and /. is exponentially increasing
in this regime (equations (3.11) and (3.13)), the resulting error bar of the

electron density can be significant, in the order of several 10%.

e RF oscillations: in RF-created plasmas, the plasma potential oscillates
with the RF frequency. This can lead to an erroneous shape of the probe
characteristic due to averaging effects of the slower data acquisition system
(in the order of kSamples/s) with the RF frequency (MHz) and by this to

erroneously determined plasma parameters.

Due to these reasons as well as the influence of H™ on the probe evaluation (which
will be discussed later), the electron density has not been directly determined
by Langmuir probe measurements during this work. Nevertheless, the issue of
RF oscillations is of particular importance, since the determination of the correct
plasma potential is required in order to determine the potential profile of the PG

sheath. Thus, RF oscillations must be compensated.

RF oscillations and probe compensation

Consider an oscillating plasma potential O, (t) = Py + Asin (27 frpt) with
oscillating amplitude A at the RF frequency frr (~ 1 MHz at the prototype ion
source). Since the measurement time of the probe current at each voltage set point
(196 us for the used probe electronics) is longer than the time of one oscillation
(~ 1 ps), the measured characteristic is intrinsically temporally averaged for
several (= 200) oscillations. The effect of the oscillating plasma potential on the
measured probe characteristic has been calculated and is shown in figure 3.10 for
an amplitude A = 2 V, in which additionally the undisturbed probe characteristic
is plotted.

The amount of disturbance depends on the ratio A/(%21T), because a large
electron temperature broadens the characteristic and thus a plasma potential
oscillation with the same amplitude delivers less distortion [72]. No significant
change of the measured characteristic takes place for A < %Te, whereas for the
case shown (4/(%T,) = 2) the RF oscillations lead to significant deviations from
the undisturbed characteristic: the error in the disturbed trace (green) is larger in
areas, where the characteristic is strongly non-linear, this means deviations in the

exponential increasing transition regime are larger compared to the ion saturation
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Figure 3.10: Simulation of an erroneous probe characteristic if no RF compens-
ation is done. Red: undisturbed characteristic from measurement with an RF
compensated probe. Green: calculated characteristic of an uncompensated probe
for an oscillating plasma potential with 2 'V amplitude.

region. As an example, the difference in the evaluation of the undisturbed and
disturbed characteristic plotted in figure 3.10 is listed in table 3.5.

As expected, no deviation is found for the evaluated positive ion density ni+ o
(the reason, why the OML theory is used for the determination of the positive ion
density will be discussed later). The error in the determination of the floating
and plasma potential is 12% and 16%, respectively — the latter resulting in a
large error of the determined electron density of 60%. Surprisingly, no deviation
is found for the determined electron temperature — although the electron energy
probability function (EEPF) is heavily disturbed in particular in the low-energy
part, a fit of the higher energetic part delivers the same temperature. This is,

however, only possible for strictly Maxwellian distributed electron energies.

Concluding, for determination of the plasma or floating potential, RF-
compensation is necessary, if the oscillation amplitude of the plasma potential is
significant compared to the electron temperature — this is the case at the prototype
source, where the amplitude A has been determined to be at about 2 V in the
extended boundary layer and thus A/(®7T,) ~ 2. A common used method is a
passive compensation [73] by using a compensation electrode: the compensation
electrode must be located close to the probe tip with an area much larger than

the probe tip and is floating in the plasma. Thus, its potential is following the RF



3.3 Langmuir probes 69

Table 3.5: Determined parameters from the undisturbed characteristic and the
simulated characteristic containing 2 V RF oscillations (figure 3.10).

Parameter Characteristic with Undisturbed char- Difference

RF oscillations acteristic
Py 54V 6.2V 12%
08 109V 9.4V 16%
Ni+ OML 2.8 x 106 m~3 2.8 x 10 m—3 0%
Ne 4.0 x 106 m~3 2.5 x 1016 m=3 60%
T, 1.0 eV 1.0 eV 0%

oscillations. By passively coupling the reference electrode to the probe tip via a
transformer one can achieve that the voltage difference between the applied voltage
on the probe tip and the plasma potential is kept constant at each measurement

point, hence the undisturbed characteristic is recorded.

Benchmark of the Langmuir probe evaluation theories

As discussed before, the positive ion density is used as a measure of the plasma
density at the IPP test facilities. The evaluation of the positive ion density is
especially required because not all Langmuir probes used at the IPP test facilities
are RF compensated. In order to decide which ion collecting theory is to be used
for the positive ion density evaluation and to determine the error of the measured
density, a benchmark of the different ion collection theories is highly desirable in
the relevant parameter range and has been carried out during this work.

An important parameter for the validity of each ion collection theory is the
parameter £ = 7»/xp, defining the radius of the probe tip r;, in comparison to the
thickness of the sheath — as mentioned in section 2.4, the typical sheath thickness
is in the order of the Debye lengths Ap. This value describes in theory whether
particle orbiting has to be taken into account (at a thick sheath in comparison to
the probe tip radius and thus small values of &) or not. So from theory point of
view, the validity of the OML theory (taking only orbital motion into account)
should be best for small values of &, whereas the validity of the ABR theory
(neglecting orbital motion) should be best for large values of &.

The benchmark has been carried out in a planar ICP lab experiment (the
experiment is described in detail in [74, 49]), with no magnetic field applied and

by usage of an RF compensated Langmuir probe. In order to benchmark the
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Table 3.6: Parameter range used for the probe benchmark at a lab ICP experiment.

Gas RF power Probe radius Gas pressure

Ar 100 W 25 pm 4-13 Pa
He 100 W 25 pm 8-18 Pa
He 250 W 25 pm 5-18 Pa
He 100 W 150 pm 8-18 Pa
Hy 250 W 150 pm 5-15 Pa

theories at a large range of &, a multitude of discharges with several working
gases, several applied RF powers, several gas pressures as well as several probe
tip diameters have been used as listed in table 3.6. The most relevant case is ‘Ha,
250 W', because the resulting value of £ matches best the value in the prototype
ion source, what will be shown in figures 3.11 and 3.12.

The result of the benchmark is shown in figure 3.11, in which as a measure for
the quality of each ion collecting theory the density ratio between the positive
ion density determined by each ion collecting theory and the electron density
evaluated from the I-V-trace, ni+ /n., is plotted against . The reason for the
normalization on n, is that a comparison of n, measured with a Langmuir probe
against an interferometric determined electron density (which reveals a line-of-sight
integrated density at high accuracy) for some selected parameters showed good
agreement in the same lab experiment [75]. For this reason, n, is also used for

the calculation of £ at each measurement point. Two main observations are:

1. The quantity & sorts each ion collection theory to a certain curve. This is in
agreement with the expected behavior, namely that the quality of agreement

of each ion collection theory depends mainly only on &.

2. Almost all data points exceed a deviation of several 10% to the electron
density, thus the error of the determined positive ion density is significant
in most cases. However, the difference between the theories is much larger
at low values of £ < 2 (discrepancy of up to a factor of 22), compared to

higher values of £ 2 2 (discrepancy below a factor of two).

This leads to the conclusion that (a) for the evaluation of positive ion densities
a value of £ 2 2 is beneficial. Because the behavior of £ > 3.3 has not been

investigated and extrapolation over a large range is not reasonable, this results in
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Figure 3.11: Dependence of the ratio between the positive ion and electron density
for OML, BRL and ABR ion collecting theory. Varying parameters are working
gas, gas pressure, discharge power and probe tip radius.

the estimated requirement of 2 < ¢ < 5. In addition, if positive ion densities are
compared for different probes, their value of ¢ should be similar (b).

Calculated values of ¢ are shown in figure 3.12 for typical parameters inside
the extended boundary layer of the IPP prototype source (T, = 1 eV, n, =
0.5-3 x 10*" m~3) and two different probe tip radii typically used for the probes
at the IPP test facilities. In order to fulfill the requirement (a) and (b), it is
beneficial to use a thicker probe tip at a position with lower plasma density (close
to the side wall), whereas more inside a thinner tip diameter should be used in
order to achieve a beneficial value of &.

For the determination of the positive ion density during this work, the OML
theory has been chosen because it agrees well with the electron density in the
required range of £ and additionally the electron temperature is not required in

the calculation, leading to a more robust evaluation.

Influence of negative hydrogen ions

So far, only electrons have been considered as negatively charged particle species,
but also H™ has to be taken into account at the prototype ion source. The

influence of H™ particles on the measured characteristic strongly depends on the
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Figure 3.12: Value of £ inside the extended boundary layer for two different probe
tip radii as a function of the electron density.

amount of the H™ particle density compared to the electron density nyg-/n.. The

current on the probe tip at the plasma potential, where no sheath establishes, is

]((I)pl) = Ap€ (Fe + FH— - Fi+) . (316)

Since I'; o« njy/%i/m; for species j, the flux of the much heavier negative ions

compared to the electron flux has only to be taken into account, if

nH—/ne 2 \/mH—/me ~ 437 (3 17)
nD—/nC z \/mD—/mC ~ 61,

for similar particle temperatures. However, one should keep in mind that due to
the quasi-neutrality, the electron density is reduced for an increasing H™ fraction
at constant positive ion density, leading to a reduced electron current onto the
probe, even if the condition (3.17) is not fulfilled. Due to the similar temperature
of H™ and electrons in the extended boundary layer (see table 2.3), two cases can
be defined:

1. mu-/n. < 43 or "p-/n. <K 61, respectively:
the current on the probe tip is dominated by the electrons and is decreasing
for increasing H™ fraction in order to sustain quasi-neutrality. The I-V-trace

of the Langmuir probe shows its classical shape.

2. "u—/ne > 43 or "p-/n. > 61, respectively:

the electron current gets negligible, an ion—ion plasma is formed. Due
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to the similar mass of positive and negative hydrogen ions, the measured
characteristic becomes symmetric [76, 77] and the net current onto the
probe at the plasma potential is almost zero. This means, a symmetric
characteristic is a strong hint for negative hydrogen ions being the dominant
negatively charged particle species in the extended boundary layer of the

prototype source [78, 79].

In the IPP prototype source, a change from the first case to the second case
happens during the Cs conditioning process, in which a transition from volume to
surface dominated production of H™ takes place: while at the beginning of the
conditioning process, the amount of surface produced H™ particles is low and thus
electrons dominate the particle fluxes onto the probe, the increasing fraction of
H™ particles leads to transition to the second case — however, as will be shown in
section 5.3, this transition is only to be seen in the extended boundary layer close
to the side wall, where the positive ion density is lower (typically ny+ < 1017 m™=3)
compared to the center plasma (typically ny+ ~ 3-5 x 107 m™3) at an axial

distance of 0.7 cm to the plasma grid.

Applied probe evaluation

To summarize, the following method has been chosen for the probe evaluation and
has been implemented in an automatic routine in a LabView program created

during this work — a screenshot is shown in figure 3.13:

1. The potentials ®5 and @, are determined. For this purpose, the character-

istic is smoothed by a Savitzky—Golay filter to reduce signal noise.

2. For the determination of the positive ion density, a fit of the OML theory
(equation (3.15)) is performed. The fitting range is chosen from the most
negative applied voltage (-30 V) to some volts (typically 10 V) below the
floating potential.

3. The ion current determined in step 2 is then subtracted from the total
measured current. A linear fit of the logarithmized electron starting current
(equation (3.14)) in the voltage range with sufficient signal-to-noise ratio

yields the electron temperature.

For the determination of the electron temperature it is of importance whether

the electron energy distribution is strictly Maxwellian (in this case the determined
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Figure 3.13: Screenshot of the LabView program for the probe characteristic
evaluation: (a) measured characteristic and OML ion current fit, (b) second
derivative for determination of the plasma potential, (c) electron current and (d)
natural logarithm of the electron current for electron temperature determination.

electron temperature is valid for all electrons) or whether there are deviations
from a Maxwellian distribution. Deviations can develop as example if strong loss
channels in a certain energy range exist — e.g. vibrational excitation of Hy leads
to an underpopulation of electrons in the energy range of about 2-4 eV and a
subsequent overpopulation of electrons with energy < 1 eV. Since electrons are
repelled from the probe tip for applied voltages below the plasma potential, the
electron current is linked to the electron energy probability function of electrons.
As shown in figure 3.13 (d), the linear fit of the logarithmized electron current
is possible in the energy range 1 eV < E < 4 eV — being in the regime, where a
underpopulation can take place. Obviously, vibrational excitation energies are
dependent on the nucleus mass, leading to an isotope difference between H, and
D,. For this reason, small deviations in the determined electron temperature
between hydrogen and deuterium can be caused by this ‘vibrational dip’ in the
energy distribution and must not necessarily attributed to the electron energy

distribution of the total ensemble.
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Influence of the effective positive ion mass

Since the plasma consists of several positive ion species, the OML ion current

(equation (3.15)) is a sum of the current of each species j:

[ﬁ-:Z

pNit+ j€—— = Apnﬁ—ei —_— (318)
j ™ mi+ ; ™

Mi+ eff

(A V2 e<<1>p1,1—U>) V2 |e(@y1 —U)

with the mass of each positive ion species m;+ ; and the effective positive ion mass

Mi+ of, defined as
1

1
———=>_/ :
A/ i+ eff J 1/Tflﬁ,j

fj denoting the fraction of each positive ion species. As already discussed in

(3.19)

section 2.5, the positive hydrogen ion distribution is assumed to be 40% H*, 40%
H; and 20% Hj, leading to an effective mass of 1.6 u in Hy and 3.1 u in D,

operation.

Additionally, also positive caesium ions contribute to the effective ion mass.
Hence, for the determination of the total positive ion density, the amount of Cs™
is required. A factor of roughly 30 times larger Cs* density compared to Cs® is
estimated in [41] by comparison of emission from Cs atoms and ions. Calculation
with a typical Cs” density of 1 x 10* m~2 results in nee+ ~ 3 x 10'® m~3, which
is about 10% of the positive ion density in the extended boundary layer in front
of the plasma grid (compare to section 2.5). The effective mass is then slightly
increased to a value of 1.9 in Hy and 3.7 in Dy. The difference in the resulting
positive ion densities is small (below 10%) due to the small difference of the
effective ion mass as well as the ion current being only weakly dependent on
(mi+,eff)_1/ ?. Thus, the influence of Cs* ions is neglected in the evaluation further

on.

Setup at the prototype source

Two Langmuir probes have been installed at BATMAN;, as shown in figure 3.14: one
horizontally moveable, passively RF-compensated probe and one non-compensated
probe at a fixed position. The movement of the probe is realized by usage of a

stepper motor.

The mechanical design of the moveable probe as well as the applied
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Figure 3.14: Left: drawing of the moveable, compensated Langmuir probe. Right:
picture of both probes installed at BATMAN.

PlasmaMeter?® control and data acquisition system is described in detail in
[38]. Since the fixed probe is located close to the side wall, where the plasma
density is lower compared to the center, it is equipped with a thicker and longer
probe tip (150 pm radius, 1 cm length) in order to enlarge the drawn electrical
current and to use a beneficial value of £, as was shown in figure 3.12. For the

compensated probe a tip with 5 mm length and a radius of 50 pum is used.

Error estimation
The error range of each determined quantity is estimated as follows:

e n;+: systematic errors in the determination occur due to an uncertainty in
the probe area (£10%) as well as in the effective ion mass (£20%), leading
to a total error of +20%. In addition, the applicability of the OML theory
has to be taken into account — as shown in figure 3.11, the error of the
evaluated positive ion density can be large even in the range of 2 < ¢ < 5.
However, for parameter studies, measurements at the same position are
compared. Since the electron temperature T, is almost constant (as long
as the magnetic filter field is not changed, which has not been done during
this work) and because & o< 1/xp, o \/E is only weakly dependent on n,,
the relative error in comparison studies is lower compared to the absolute

deviation.

e T.: the error of the evaluated electron temperature depends on the quality

of the linear fit of the logarithmized exponential electron starting current

23PlasmaMeter version 5.3, developed at the School of Physics and Technology of the Kharkov
National University, Ukraine
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and is estimated to be £20%. As previously discussed, also the electron
energy range in which the determination of 7T is possible has to be taken

into account.

e &.: the error range of the plasma potential is chosen as the potential
difference between the maximum and the minimum of the second derivative
of the measured current. This results in +1 V for the RF compensated

probe and £2 V for the non RF compensated probe.

3.4 Optical emission spectroscopy

By means of Optical Emission Spectroscopy (OES) the line-of-sight integrated
light emission out of the plasma is investigated. Although no detailed evaluation
of OES measurements has been carried our during this work, a brief overview
is given within this section since measurement results from this work will be
compared to former OES measurements from [35].

Spectrometers, optics and a detector with an accessible wavelength range of
the extended visible light (e.g. 250-900 nm) are used for a wavelength resolved
measurement of the plasma emission. There are two modes of operation at the

IPP prototype source:

e As a routine diagnostic, OES is used for monitoring the plasma stability
or for the identification of impurities. For this purpose, no information
of the absolute light emission is necessary. In addition to a spectroscopic
system, also photo diodes are used with a faster temporal resolution of
several 100 Hz after amplification. An interference filter in front of the photo
diodes narrows the detected wavelength range at the desired transition (e.g.
a filter with central wavelength of 852 nm and AApwyy = 10 nm is used to

monitor the Cs 852 nm emission).

e OES is also used for the evaluation of plasma parameters of selected pulses.
For this purpose, the measurement setup (window, optical head, fibers and
the spectrometer itself) has to be absolutely calibrated what is done at the
IPP test facilities by means of a calibrated Ulbricht sphere, which produces
perfect diffuse light at known wavelength-dependent intensity.

The line emissivity €;, [photons - m~3s™!] of an optical transition from an excited

upper state 7 to a lower state k£ can then be derived out of the measured absolute
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intensity 7(\) by

€ = / I(\)dA. (3.20)

The transition probability (Einstein coefficient for spontaneous emission A;)

yields the particle density n; in the upper state ::

For the evaluation of the density in the ground state or plasma parameters as the
electron density or temperature, models have to be applied which determine the
population and depopulation of the upper states in sufficient precision as a function
of the plasma parameters. A state can be populated or depopulated by many
different excitation or de-excitation processes, e.g. by collisions with electrons, by
photon absorption or emission, dissociative excitation for molecules and many
more. Also ionization and recombination processes have to be considered; beside
volume recombination the recombination at the wall can play an important role.

Three cases can be classified in dependence of the electron density:

o n, > 10 m3:
At high electron densities, a local thermal equilibrium establishes, where
each excitation process is in equilibrium with its de-excitation process — with
the exception of processes in which photons are involved, since photons
can have long mean free paths. The population of excited states follows
the Boltzmann distribution in this case — in contrary, Planck’s law for the

description of the emitted radiation is usually not fulfilled.

o n, <1010 m=3:
For low electron densities, a so-called corona model can be applied, if
excitation processes by heavy particle collisions are neglegible: due to the
low density, excited states are solely excited by electron collision from the
ground state and de-excited solely by spontaneous emission. Balancing of

these two processes yields the rate equation:

noneXOi (Te) =N, Z Aik7 (322)

k<i
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with ng denoting the ground state density (which is equal to the particle
density of the species in this case) and X;(T%) the excitation rate coefficient

for electron collision excitation from the ground state 0 to the excited state i.

e 101 m=3 <n, <10% m=3:
The electron density in the IPP prototype source is in between the validity
of these two models; in this regime so called collisional radiative models
need to be applied. In a collisional radiative model, the relevant excitation

and de-excitation processes are included for the relevant particle species.

A collisional radiative model for H and Hs based on the flexible solver
Yacora [80] is applied at the IPP neutral beam test facilities for quantitative
evaluation of OES measurements [81], giving access to a multitude of plasma

parameters. An overview is given in [41].

The lines of sight at the prototype ion source have a diameter of 1 ¢cm, which is
defined by the collimator optics in combination with the used optical fiber. The
optical fibers have an enhanced UV transmission, enabling also measurements
at low wavelengths in the near UV. At the LOS in the extended boundary layer,
which will be shown in figure 3.15, either a photo diode with interference filter
is attached, or a survey spectrometer?* is used, which creates automatically a
time trace of several emission lines for each pulse with a temporal resolution of
150 ms. In this work, only the emissivity of certain emission lines will be shown for
comparison with other diagnostics in the extended boundary layer. In general, the
measured emissivity € is linked to the density of the particular particle species,

electron density and effective emission rate coefficient X% g (7, e, ...):
€k = noneXf,;fleﬂ(Te, Ne, ) (323)

Thus, the Cs line emission at 852 nm scales with the Cs density. In the same
way, the Balmer line emission of hydrogen atoms, as Hg (486 nm for H) or H,
(434 nm for H) scales with ny. The emission of the Fulcher system of hydrogen
molecules (between 590 nm and 650 nm), which consists of multiple lines based on
a electronic transition split by their vibrational and rotational levels, scales with
nu,. Hence, the ratio between the Hg or H, emission and the Fulcher emission

scales with the density ratio ny/ny, for constant plasma parameters.

24PLASUS EmiCon system, wavelength range 200-870 nm, wavelength resolution 400 pm per
pixel
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For the production of negative hydrogen ions in the IPP prototype source,
the flux of dissociated hydrogen ions and atoms towards the plasma grid is an
important parameter, since the flux of surface produced H™ into the plasma
directly depends on it, as long as no limitation due to space charge effects occurs
(see section 2.4). As the dissociation mainly takes place in the driver, a detailed
characterization of the driver plasma including the determination of the density
ratio ny/ny, is desirable. This has been carried out at an axial LOS through the
driver towards the plasma grid in the past [35]. Due to the higher plasma density
and temperature, the line-of-sight integrated emission of this LOS is dominated

by the driver emission.

3.5 Measurement positions and timing at
BATMAN

Most measurements during this work have been carried out at the BATMAN short-
pulse test facility. At the MANITU long-pulse testbed, Cs dynamics measurements
have been performed for long pulse studies. The experimental setup at BATMAN
is introduced in this section, followed by the setup at MANITU in section 3.6. As
already shown in figure 3.1, a limited amount of diagnostic ports is available at
the prototype ion sources.

Two different diagnostic setups have been used at BATMAN, both are shown in
figure 3.15: setup (a) consists of multiple diagnostics for simultaneous measurement
of several parameters inside the extended boundary layer. The measurement
quantities and their position are listed in table 3.7.

For Cs-ABS, a vertical LOS has been chosen for determination of the Cs® density
averaged over a long (60 cm) LOS, beneficial for comparison with the extracted
currents, which are averaged over the large area of all extraction apertures. For
comparison, a similar vertical LOS is used for the measurement of the Cs 852 nm
emission during plasma phases using a photo diode with an interference filter.

For the CRDS, a vertically centered, horizontal line of sight is used in contrary
to previous measurements [61, 37|, where the CRDS has been installed at a
horizontal LOS in the top part of the source. Since the vertical centered LOS
is located in front of the plasma grid (axial distance 2.2 cm) in contrary to the
position in front of the bias plate of the top LOS, a more direct correlation to the
source performance is expected at this position — although no extraction apertures

exist in the vertical center of the source. The same length of the LOS as in the
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55cm

Figure 3.15: Sketch of the two used diagnostic setups at BATMAN (view from
the driver onto the plasma grid): (a) for simultaneous measurement of multiple
parameters inside the extended boundary layer, (b) for determination of the Cs°

density at two LOS.

Table 3.7: Measurement quantities and measurement position at BATMAN for

the setup shown in figure 3.15 (a).

Measurement Measurement position Ax. dist. Temporal Diagnostic

quantity to PG resolution

Mo vertical LOS 22cm 40 Hz Cs-ABS

€Cs852nm vertical LOS 22cm 1kHz OES

ny- centr. horizontal LOS 2.2cm 6 Hz CRDS

Do, niv, T top edge & centered, 0.7 cm  one measure- Langmuir
bottom edge ment per pulse probe

€H, top horizontal LOS 22cm 7 Hz OES

ny/nu,, Te,ne centered axial LOS n.a. one measure- OES

from [35] ment per pulse
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past (25 cm) is considered in the calculation of the H™ particle density due to
the slight vertical tilting of the LOS and to be comparable with former CRDS
measurements.

Two Langmuir probes are installed at horizontal ports with an axial distance of
0.7 cm to the plasma grid. The moveable probe is configured to measure at two
positions during each BATMAN pulse: the edge position uses the same horizontal
distance to the center as the fixed probe and is chosen in order to determine the
vertical plasma symmetry. At the centered position, plasma parameters more
relevant to the source performance in front of the plasma grid apertures are
determined.

For additional determination of the vertical plasma symmetry, one horizontal
LOS (20 cm plasma length) in the top part is used for the OES, at which the
emissivity of Hpg is measured. Since only one horizontal LOS is used, the vertical
symmetry can only be determined by change of the magnetic filter field direction (as
mentioned in section 2.5, change of the filter field direction changes symmetrically
the vertical plasma distribution in the source). Comparison is then possible with
the plasma symmetry measured by the Langmuir probes.

One centered, axial LOS has been used for the optical emission spectroscopy in
the past [35] in order to characterize the plasma inside the driver. Regularly, also
a photo diode with interference filter is attached to this LOS for measurement of
the H,, emission and thus for monitoring the plasma stability with a high temporal
resolution (200 Hz).

In contrary to the possibility of a detailed plasma characterization in setup
3.15 (a), setup (b) offers the possibility of determining the Cs® density with some
vertical resolution at two horizontal LOS (axial distance to PG: 2.2 cm) in the
top and bottom part of the source. The vertical resolution is of particular interest
since the source has an intrinsic Cs inhomogeneity with the Cs oven mounted in

the top part.

Timing of a BATMAN pulse

As already mentioned, BATMAN is a pulsed test facility with typically a plasma
time of 6 s, including 4 s beam extraction, and a vacuum phase of 200 s between
two pulses. The temporal characteristic of a pulse is plotted in figure 3.16, showing
the applied RF power and source pressure (a), the applied extraction voltage and
the extracted currents (b), the emission of H,, in the driver (c), the H™ particle
density (d) and the Cs® density (e).
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Figure 3.16: Temporal characteristics of a BATMAN pulse:
power and source pressure, (b) applied extraction voltage and extracted H- and
electron current density, (c) H, emission in the driver, (d) H- density and (e)

neutral Cs density.
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The main trigger event for most diagnostics occurs by definition at t =0s. A
hydrogen gas puff is required for plasma ignition, for this reason the gas valve is
opened after several 100 ms. The RF generator is turned on at the time close to
the maximum of the gas puff. The gas flow is reduced after plasma ignition to a
value at which the desired source pressure establishes. High voltage for extraction
is applied after a plasma time of 1.5 s, where the discharge parameters are stable,
for a duration of 4 s. After the extraction phase, the RF generator is turned off
after an additional time period of 0.6 s — this additional plasma time is useful for
investigating the influence of the extraction phase. The gas flow is stopped 0.2 s
after the end of the plasma phase; the source pressure is then decreasing in the

following seconds to the vacuum level (about 1 x 107% mbar).

Since the pulses are short, the operational parameters (RF power, bias voltage
etc.) are kept constant during one pulse. This means that for parameter compar-
ison studies, several pulses have to be compared. For this reason, averaging of
the time traces is done for each shot. The time period of the second half of the
extraction phase is chosen for the averaging, because the source operates usually
stable during this phase — beside effects based on the slightly increasing source

pressure.

The Langmuir probes are triggered one time each shot in the middle of the
extraction phase. The fixed probe records then one characteristic, whereas the
moveable probe moves from its parking position outside of the expansion chamber
to the edge position where one characteristic is recorded. Afterward it moves to
the centered position, where again one characteristic is recorded. At the end, it
moves back to the parking position outside the chamber. The whole procedure
takes about 1 s, thus all measurements take place within the second half of the

extraction phase.

3.6 Measurement positions at MANITU

The MANITU long pulse test facility has been in operation during the first months
of this thesis work and was shut down in favor of the construction of ELISE in
summer 2011. MANITU was capable for plasma and beam pulses with a length
of up to one hour; however, the typical pulse length has been in the range of
20-200 s. The vacuum phase between two pulses had the same length compared
to BATMAN (typically 200 s).
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Figure 3.17: Diagnostic setup for the measurement of the Cs dynamics at MAN-
ITU.

Cs dynamics measurements have been carried out at MANITU using Cs-ABS,
since the comparison of short to long pulses is of high relevance for the development
of the ITER H™ source. However, the Cs absorption spectroscopy has been only
available at one LOS during this time. Due to the limited available time for
measurements at MANITU until its shutdown and due to severe problems with
RF noise disturbing the Cs-ABS, measurements have been possible only at a very
limited amount of operational days. The same vertical LOS as in the BATMAN
setup (figure 3.15 (a)) with a length of 60 cm and a distance of 2.2 cm to the
plasma grid has been used, as shown in figure 3.17. For comparison with OES, the
same LOS as in BATMAN (length 60 cm, distance to PG 2.2 cm) was equipped
with a photo diode and an interference filter for determination of the Cs 852 nm

emission.






4 Experimental investigation of

the Cs dynamics

Beside the experimental experience, the present understanding of the Cs dynamics
and its influence on the operation of the source has been discussed in section 2.6.
Three main questions, which are significant for the operation of the large-scale

ITER H™ source, have been experimentally addressed during this work:

e Does the source performance correlate with the measured Cs density and

what controls the optimum Cs evaporation rate into the source?
e [s homogeneous evaporation of Cs into the source required?

e How is the Cs dynamics affected by the duty cycle between plasma and

vacuum pulses?

The Cs dynamics has been investigated during short and long pulse operation at
BATMAN and MANITU. Due to the large influence of the plasma phases on the Cs
redistribution, a different behavior is expected for different plasma/vacuum duty
cycles. The main diagnostic method for the investigation of the Cs dynamics is the
Cs absorption spectroscopy, being capable of determining the neutral Cs density
during vacuum and plasma phases. The measurements have been accompanied by
OES, at which the Cs emission is recorded by a photo diode due to the higher
temporal resolution. The plasma stability has been monitored by the Hg emission

— the latter is not shown in this chapter.

4.1 BATMAN: Cs dynamics in short pulse

operation

The investigations at BATMAN mainly concentrate on the basic understanding
of the Cs dynamics during vacuum and plasma phases and consequently the first

two items mentioned above are addressed.
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4.1.1 Determination of Cs evaporation using optical

diagnostics

As mentioned in chapter 2.6, the liquid Cs oven is not equipped with a Surface
Tonization Detector (SID), so the evaporation rate of the oven can not be directly
measured — although a rough calibration of the evaporation rate dependent on
the oven body temperature has been carried out in the past [48, 82]. However,
the determination of Cs evaporation at all as well as the evaporation rate is very
desirable for the control and operation of the oven, especially if specific events,
such as a run-out of the liquid Cs reservoir or a burst in the Cs evaporation rate,
happen.

Shown in figure 4.1 is a comparison of Cs’ signals for one day of operation,
at which the liquid Cs reservoir inside the oven depleted. Plotted in the top
part is the neutral Cs density measured by Cs-ABS during plasma phases as well
as the Cs 852 nm emission, both diagnostics attached to similar vertical lines
of sight (each data point refers to one plasma pulse). In the bottom part the
neutral Cs density in the vacuum phase, 1 s before a plasma pulse, is shown in
combination with the body temperature of the Cs oven. During this day, the
position and direction of the magnetic filter field has been changed several times,
which has also an effect on the Cs density during plasma phases due to changes
in the plasma distribution within the expansion chamber (the effect of the latter
on the Cs distribution will be shown later in figure 5.12). Furthermore, as will be
shown in section 4.1.3, the Cs density in the plasma phase is not dominated by
the particular Cs evaporation rate, but by redistribution processes of Cs within
the expansion volume.

The Cs 852 nm emission agrees well with the Cs® density measured by absorption.
Slight deviations occur since the Cs 852 nm emission is not only dependent on
the Cs density, but also on the plasma parameters (compare to equation (3.23)),
which change with varying magnetic filter field topology.

A strong de-coupling of the Cs signals during plasma phases to the vacuum Cs
density takes place: the Cs density during vacuum phases is dominated by the
Cs evaporation rate in combination with sticking of Cs at the source wall. The
density is stable until 13:30. Because the temperature of the Cs oven has not
been changed, the Cs evaporation rate is expected to be stable. Afterwards, a
run-out of the Cs oven can be clearly seen by a instantaneous fast decrease of the
vacuum Cs density below the detection threshold, which is about 1 x 10 m=3.

In contrast, no clear trend is seen in the plasma signals. This behavior shows that
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Figure 4.1: Cs signals for one day of operation at which the Cs reservoir inside
the oven depleted. Top: Cs° density as well as Cs 852 nm emission during plasma
phases. Bottom: Cs° density in the vacuum phase (1 s before each pulse) and Cs
oven temperature.

monitoring of the Cs evaporation rate is possible by determination of the vacuum
Cs density — however, not by plasma signals, because redistribution of Cs from
reservoirs at the source wall takes place during plasma phases, which superpose
the flux of Cs evaporated out of the oven. A direct comparison of the vacuum Cs

density on the Cs evaporation rate of the oven will be shown in figure 4.6.

4.1.2 Correlation of the Cs density with the source

performance

During the Cs conditioning phase, a certain Cs flux onto the plasma grid is
required in order to achieve and sustain a stable Cs layer on the plasma grid and
by this a stable and low work function (see section 2.6). Because the measured
Cs absorption spectra are clearly Doppler-broadened (compare to figures 3.2 and
3.3), Cs atoms are Maxwellian distributed and fluxes are thus isotropic in the
measured LOS. Hence, the flux of Cs onto the plasma grid is determined by the
Cs density in front of the plasma grid for a constant particle velocity distribution

due to a constant particle temperature.
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Figure 4.2: Dependence of the source performance on the neutral Cs density in
the plasma phase: (a) during one day of operation with additionally plotted H-
density measured by CRDS, (b) comparison of two days in different campaigns.

The Cs absorption spectroscopy gives directly access to the neutral Cs particle
density. However, during plasma phases a large fraction of Cs is ionized. Important
for the work function is the total flux of Cs onto the plasma grid (ions and neutrals).
In contrary to neutrals, the flux of Cs ions onto the plasma grid is dependent on
the sheath potential profile at the plasma grid. However, as the density of ionized
Cs is not accessible, only the dependence on the Cs? density can be investigated.

The dependence of the source performance (extracted H™ current density and
co-extracted electron current density) on the neutral Cs density in the plasma
phase for different days of operation during the Cs conditioning phase of different
experimental campaigns is shown in figure 4.2. Whereas the source has been
completely dismounted and cleaned, and only a little amount of Cs has been
evaporated before starting the measurement campaign in (a), no cleaning was
done before the campaigns shown in (b). Additionally, the different LOS of the
Cs-ABS must be taken into account, with a vertical LOS in (a) and a horizontal
LOS in (b).

Figure 4.2 (a) shows the dependence for one day, in combination with the H~

density determined by CRDS. The source performance (high jy-, low j.) correlates
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clearly with the Cs® density. In addition, ny- in the extended boundary layer in
front of the plasma grid shows the same behavior as jy- (this dependency will be
discussed in detail in section 5.1). However, this clear correlation does not hold at
longer timescales: during the days in different experimental campaigns shown in
(b), the required Cs flux for achieving high source performance differs strongly.
Especially the correlation of j, on ncge is much weaker pronounced at 2012-04-24.

This behavior leads to the conclusion that the present understanding that a
certain flux of Cs onto the plasma grid is required for the conditioning of the
source is true — however, the required amount of Cs" density changes at long
term, making it impossible to adjust the optimum Cs evaporation rate by just
measuring the neutral Cs density. In addition, the required flux of Cs seems to be
lower when starting the campaign with an almost clean source. This behavior can

be based on several reasons:

e For the work function of the plasma grid, the balance of incoming and
desorbing Cs flux in combination with chemical reactions is of importance.
However, the desorption flux of Cs from the plasma grid is not taken into

account because it is not accessible with diagnostics.

e The required Cs flux may change due to a different amount of impurities
inside the source. Their amount can change in different experimental

campaigns due to changes in the source setup.

e The homogeneity of the Cs coverage on the plasma grid and by this the

homogeneity of the Cs distribution in the source must be taken into account.

e The amount of Cs™ is not considered. The fraction of the flux of Cs™
reaching the plasma grid depends on the potential profile within the sheath,

the latter being very sensitive on the bias setting (see section 5.2).

Nevertheless, already the short-term correlation between the Cs density during
plasma phases and the source performance clearly shows that the Cs density
during plasma phases, and thus the redistribution of Cs inside the source is a key
parameter for maintaining a stable and low work function at the plasma grid.

The sensitivity of the source performance on the neutral Cs density changes
when the source is well conditioned. The dependence of the source performance
on the Cs density is shown in figure 4.3 for one whole experimental campaign,
corresponding to one month of operation. Two clear trends can be seen: firstly,

the source performance is high at higher Cs" densities and subsequently higher
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Figure 4.3: Dependence of the source performance on the neutral Cs density
during one experimental campaign, corresponding to one month of operation.

fluxes of Cs towards the plasma grid; however, an increase of the Cs density over
a certain amount (nceo = 1.3 X 10 m™3) does not lead to a further increase of
the source performance. Secondly, at lower Cs densities (nco < 1.0 x 101 m™3)

the source performance shows a wide spread.

This behavior is explained as follows: the source performance depends on the
work function of the plasma grid. At higher Cs densities, the flux of Cs towards
the PG is sufficiently high to achieve a homogeneous, stable and low work function
— a further increase of the Cs flux may lead to a thicker Cs coverage of the PG,
however to no change of the work function. For this reason, the source performance
can be also high at lower Cs densities and subsequently lower fluxes of Cs towards
the PG, if the source is well conditioned: at sufficient high Cs coverage of the PG,
the work function and thus the source performance is less or even not dependent
on the Cs flux towards the PG. However, this status cannot be maintained for
a long time period; hence, a certain Cs flux is required to sustain the low work

function of Cs in equilibrium with its chemical reactions at long term.

The behavior that the source performance does not significantly change at
elevated Cs densities is a hint that the prototype ion source operates with the

work function of bulk Cs (2.14 eV) when being good conditioned and not at
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the possible lower work function for a Cs coverage below one mono layer (see
section 2.2). Thus, this behavior is in good agreement with the work function
measurement of a sample in a lab experiment under pulsed-plasma exposure at

prototype source conditions, where the work function has been determined to be

2.2 ¢V [51].

4.1.3 Cs dynamics

In order to investigate the Cs dynamics in the pulsed-driven source in more detail,
first a look is taken into the dynamics during a plasma pulse and the previous

and following vacuum phases.

Cs dynamics during a plasma pulse

The strong difference of the Cs dynamics during vacuum and plasma phases is
illustrated in figure 4.4, in which the temporal dependence of the neutral Cs
density before, during and after a typical BATMAN pulse is shown in deuterium
operation. Plotted is the density at two lines of sight (setup of figure 3.15 (b))

and the vertical symmetry, which is defined in this work by

S — ?fbtop — Mpot 7 (4.1>
min(7ntep, Nbot )
with the Cs density at the top LOS n.p, and at the bottom LOS npe, respectively.
By this definition, S = 0 reflects symmetric Cs distribution whereas S = 1 would
refer to twice the density at the top LOS.

In the vacuum phase before the pulse, the Cs density at both LOS is constant in
time, with doubled density at the top LOS. As discussed earlier, the equilibrium
Cs density in vacuum phases is determined by the Cs evaporation rate, the sticking
on the source walls and the position of the Cs oven as well as of the measurement
lines of sight — thus the Cs density is larger at the top line of sight, being closer
to the Cs oven. The Cs density during vacuum phases is typically in the order of
10*4-10% m=3.

The Cs density increases after deuterium gas is injected into the source. This
so called ‘Hy effect’, which can take place in hydrogen and deuterium gas, has
been also observed in a lab experiment under similar vacuum and gas conditions
[83], where an unknown chemical interaction of hydrogen gas with Cs compounds
resulting in a release of pure Cs is suggested. In [83], an increase of the volume Cs

density of up to two orders of magnitude has been observed with some pressure
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Figure 4.4: Temporal dependence of the Cs° density at two LOS and its vertical
symmetry for a typical pulse.

dependence of the hydrogen gas — the maximum increase was observed at a pressure
of ~ 5 Pa. The effect is weaker pronounced at the prototype ion source, where
usually a maximum increase of about 50% is observed. It should be mentioned,
that — also not shown here — also the contrary effect is sometimes observed at
BATMAN: a decrease of nceo takes place after opening the hydrogen gas valve —
possible chemical reactions might cause a decrease. However, the process behind
this effect is not yet identified.

During the plasma phase, a fast increase of the neutral Cs density within one
measurement point (40 ms) occurs, followed by a slower, further increase of the
neutral Cs density to a value of a couple of 10! m~3 at both LOS — although a
large fraction of Cs is ionized (> 90% estimated in [84]). This means that the

total Cs density — consisting of neutrals and ions — is increased by more than one
3

)

order of magnitude during the plasma phase to a value of a couple of 10'® m~
what is explained by a release of Cs out of Cs compounds from layers at the
source wall by interacting with reactive plasma particles and plasma radiation.
Due to these plasma-induced redistribution processes, the vertical asymmetry of

the Cs distribution is lowered to a value of 0.1-0.2 during the plasma phase and
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thus Cs is distributed in almost perfect symmetry. Hence, the effective sticking of
Cs is lowered in plasma phases due to the release of Cs out of compounds. This
result is in good agreement with the simulation of the Cs coverage of the PG by a

transport code, showing a more homogeneous coverage during plasma phases [48].

The Cs density is decreasing after the first second of the plasma phase at
both lines of sight during the rest of the plasma phase. However, during the
beam extraction phase, the Cs” density is slightly increased. A more pronounced
increase of the Cs 852 nm emission during extraction phases has been observed at
MANITU, depending on the applied extraction voltage [41]. The reason for this
increase are back-streaming positive ions from the acceleration system: positive
ions are created in the extraction system due to collision of extracted particles with
background gas particles and subsequently are accelerated in counter direction
towards the back plate of the source, resulting in a release of Cs from layers at the
wall. This effect is only weakly pronounced at BATMAN, because back-streaming
ions hit solely the back plate of the driver due to the small size of the extraction
area (in contrary, at MANITU back-streaming ions also impinge the back plate of
the expansion chamber). Due to the dense and hot driver plasma, no thick layers

of Cs and Cs compounds can develop there.

To point up the importance of Cs redistribution during the plasma phase, the
Cs? and Cs™ density as well as the resulting Cs® and Cs™ flux towards the plasma
grid are listed in table 4.1 for the top LOS shown in figure 4.4. The previously
mentioned estimation of 2 90% for the fraction of ionized Cs is used. The flux
of neutral Cs is increased by one order of magnitude during the plasma phase.
Depending on the sheath potential profile, also Cs ions can reach the PG during
plasma phases — the total flux of Cs towards the plasma grid is then increased
by two orders of magnitude compared to the previous vacuum phase. Neglecting
chemical reactions as well as desorbing Cs fluxes, a Cs coverage of 2.4 monolayers
is obtained during the 200 s vacuum phase, whereas the neutral Cs flux would
result in a coverage of 0.72 monolayers during the 6 s plasma phase. Cs ions
can increase the coverage to more than 7.2 monolayers during the plasma phase.
Consequently, much higher Cs fluxes during the plasma phase compared to the

vacuum phase are required in order to obtain a stable and low work function.

After the end of the plasma phase, the Cs dynamics often differs strongly
between the two LOS: in the pulse shown in figure 4.4, an increase of neutral Cs
is followed by a decrease to the initial equilibrium level within some seconds at
the top LOS, whereas at the bottom LOS a much faster decrease to the initial
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Table 4.1: Cs° and Cs* density as well as Cs° and Cs™ flures towards the
PG during the vacuum and plasma phase at the top LOS of BATMAN #80700
(figure 4.4) using a gas temperature of 35 °C during vacuum phase and 0.1 eV
during plasma phase.

[ Te Nog+ FCSO FCs+
Vacuum 1x10%° m=3 0 5.6x10% m=2s1 0
0.012 ML/s
Plasma 5x10°m™ >5x101m™3 54x107" m2s7! >54x108 m2s7!
0.12 ML/s 2 1.2 ML/s

level takes place. This dependence changes during one day of operation: plotted
in figure 4.5 is the seventh and 130. pulse of one operational day. In the seventh
pulse, a fast decrease of the neutral Cs density below the detection limit happens
at both LOS after the end of the plasma phase, whereas after the 130. plasma
pulse the neutral Cs density is strongly increased at both LOS. In contrary to the
pulse shown in figure 4.4, the pulses in figure 4.5 have been operated in hydrogen
instead of deuterium gas. However, the Cs dynamics shows no significant difference
between both isotopes.

An increased Cs® density short time after the end of the pulse can be based on

the following reasons:

e Recombination of Cs*. Cs ions are recombining with electrons after the end
of the plasma phase in the volume and at the source walls. However, with
the thermal velocity of Cs atoms of more than 200 m/s at temperatures of
at least 35 °C (minimum value of the wall temperature), a typical source
dimension of 0.5 m and a sticking probability of 0.7-0.9, an increased Cs

density would decay to the equilibrium within the time of some ms.

e (s desorption from source walls. The surface temperature of the source wall
is heated up during a plasma pulse by up to 10 K. This could lead to an
additional desorption flux of Cs from the source wall. The time constant of

the decay with some seconds fits to thermal effects.

e Lowered sticking coefficient at the walls. The sticking value is reduced in
the plasma phase and might remain reduced after the end of the plasma
pulse (in comparison to the vacuum phase before the plasma pulse) due to
plasma cleaning effects for a certain time. The sensitivity of the volume

density of Cs on the sticking value can be estimated rather simply:
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Figure 4.5: Temporal dependence of the Cs density at two LOS and its vertical
symmetry for the seventh and 130. pulse of an operational day.

The Cs density is determined by the evaporation of Cs out of the oven as a
source term and sticking at the source wall as a sink term. If assuming a
one-dimensional model without particle collisions (two walls with a distance
of 0.5 m), this yields for the number of Cs atoms N between the two walls

dN NS

X, - 2 4.2

dt t (42)
with the Cs evaporation rate X, the sticking coefficient S and the time
between two wall contacts . In equilibrium (4¥/at = 0) this yields a Cs
particle number N of

N = X S~ (4.3)

Thus, a five times increased neutral Cs density — as observed in figure 4.5 —
would require a sticking factor which is temporary five times lower. Due to
the lack of available data of the influence of plasma cleaning effects on the
sticking at the source wall, no statement can be made whether this reduction
is feasible or not.

To check the quality of this simple model, a typical Cs evaporation rate of
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Xew = 5 mg/h =6 x 10'° s7! and a sticking factor of 0.8 in the vacuum
case (no collisions, t = /9,1 = 0.5 m) is used. This yields N = 1.8 x 1013,
If calculating a density out of this simple 1D model by dividing by the
volume of the expansion chamber (32 x 59 x 23 cm?), the Cs density becomes
4 x 10** m~=3, which is in the order of magnitude of typically measured Cs

densities at BATMAN during vacuum phases.

Most likely the dynamics in this phase is not solely determined by one of these
reasons, but by a combination of them. These effects cannot be separated by
the available diagnostics, which allow only the determination of the Cs volume
density as a result of Cs fluxes. However, the often seen strong difference in the
dynamics between the two lines of sight after the end of the plasma pulse clearly
show that the effects listed above can differ locally inside the source, and that

varying sticking plays an important role for the Cs dynamics.

Investigation of the sticking

A more detailed investigation of the sticking was possible by using the Cs dispenser
oven, which has a SID mounted in front of its nozzle capable for determination of
the relative evaporation rate (see section 2.6). The dependence of the Cs density
in the vacuum phase measured by the absorption spectroscopy at the vertical line
of sight on the evaporation rate is shown in figure 4.6. The data points refer to
the first pulses of a day of operation; the vacuum Cs density as well as the SID
current, which corresponds to the relative Cs evaporation rate, is measured at the
beginning of the BATMAN pulse trigger in the vacuum phase before the plasma
pulse — as shown in figures 4.4 and 4.5, a stable equilibrium is established at this
time.

During the first five pulses shown, the evaporation rate of the oven is steadily
increased, whereas the Cs density is below the measurement threshold. A further
increase of the evaporation rate leads to an increase of the Cs density, which
becomes detectable. The Cs evaporation rate has been kept constant from the
eights pulse onwards at about 8 pA SID current for several pulses with constant
operational parameters; however, the Cs density is steadily increasing from pulse
to pulse. A decrease of the Cs evaporation rate after several pulses leads to a
decrease in the Cs density, but the density is higher than during the increase
phase of the Cs evaporation. Cs reservoirs at the source wall have been built up

due to the continuous evaporation of Cs.
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Figure 4.6: Dependence of the Cs density in the vacuum phase on the Cs evap-
oration rate out of the oven.

From the increasing vacuum Cs density at constant Cs evaporation rate follows
that the sticking of Cs at the walls is reduced during constant Cs evaporation
combined with pulsed plasma operation, which is attributed to the build up of
Cs reservoirs as well as a cleaning effect of Cs layers at the source wall. Thus,
the sticking value is not constant during one day of operation. In the simple
model explained above, the measured increase of the vacuum Cs density from
0.22 x 10" m™3 to 0.44 x 10> m~3 refers to a reduction of the sticking by a factor
of two (see equation (4.3)).

Concluding, continuous operation of the ion source with plasma pulses combined
with continuous Cs evaporation reduces the sticking of Cs at the source wall. A
lowered sticking is beneficial to achieve a homogeneous Cs distribution during
vacuum phases. However, one should also keep in mind the symmetrizing effect of

the plasma-induced redistribution of Cs during plasma phases.

Comparison of the Cs symmetry in vacuum and plasma phases

Whereas in the figures 4.4 and 4.5 the vertical symmetry of the Cs distribution
measured by Cs-ABS has been compared for individual pulses during plasma
and vacuum phases, a comparison is done in the following statistically for several
months of BATMAN operation with hydrogen and deuterium as working gas.

Figure 4.7 (a) shows the vertical symmetry during plasma and vacuum (1 s before
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Figure 4.7: Comparison of the vertical Cs symmetry during plasma and vacuum
phases for several month of BATMAN operation in hydrogen and deuterium: (a)
shown are all useful shots, (b) cut view for three consecutive days and (c) histogram

of the data.

plasma pulse) phases for the whole measurement campaign between January and
July 2012, (b) is a cut view of (a) for three consecutive days of operation and a
histogram in (c¢) shows the relative frequency of the vertical Cs symmetry in steps
of 0.25 for plasma and vacuum phases. No data is available between the shots
#81600-#82300, where the Cs-ABS has not been in operation due to defects of
components in the setup.

The number of useful shots (with a density above the detection threshold at
both LOS) is much higher for plasma phases (2755) compared to vacuum phases
(838). The reason for this difference is that during low Cs evaporation rates the
density is often below the detection threshold in vacuum phases, whereas Cs
redistribution processes lead to a higher Cs density during plasma phases. Several

observations can be made:

e The Cs symmetry in vacuum phases is often increased during one day of
operation. This effect can be identified clearly e.g. for the pulses 80640
80880, where three days of operation can be separated, each starting at a
higher Cs vacuum asymmetry, which is steadily decreased during one day

of operation (see cut view in figure 4.7 (b)). The increase of the vacuum
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symmetry is explained by a decrease of the sticking during one operational

day, as was shown before.

e The Cs symmetry is not stable (neither in vacuum, nor in plasma phases) at
long term. The homogeneity of neutral Cs is better during plasma phases
(92% of the shots are in the symmetry range between —1 and +1, whereas
only 56% of the vacuum pulses are in the same range). This is also indicated
by the root mean square (RMS) value of the symmetry, whose value is 0.71
for all plasma pulses and 1.27 for all vacuum pulses — thus, Cs is distributed

more symmetric in plasma phases.

e As can be identified in the histogram (figure 4.7 (c)), Cs is distributed
vertically symmetric inside the source during most plasma pulses — the
highest relative frequency is in the range of the vertical symmetry between
0 and 40.25. In contrary, the Cs symmetry during vacuum phases shows a
clear trend to the top part of the source, where the Cs oven is mounted —
the relative frequency shows a broader maximum in the range of +0.5 and
+1.25.

In order to identify a possible isotope effect between hydrogen and deuterium
operation on the vertical Cs symmetry, a histogram of the relative frequency of
the vertical Cs symmetry — separated for the hydrogen and deuterium pulses
plotted in figure 4.7 — is shown in figure 4.8 (a) in the vacuum phase and (b)
during plasma operation. The general statements from above — more asymmetric
distribution in vacuum phases and almost symmetric distribution during plasma
phases — are valid for both isotopes. During vacuum phases, the distribution
shows a narrower profile in hydrogen, whereas in plasma phases the profile is
broader and slightly more symmetric in hydrogen compared to deuterium.

The deviation between the isotopes in the vacuum phase can be simply caused
by the limited and differing number of counts for the statistical comparison, which
is 540 for deuterium and 288 for hydrogen operation. As mentioned above, the
number of counts is much higher for plasma operation: 1122 for deuterium and
1633 for hydrogen operation; for this reason, more precise statistical statements can
be made. The slightly shifted vertical Cs symmetry to the top part in deuterium
can be caused by a higher evaporation rate out of the oven in the top part, which is
required for achieving optimum source performance in deuterium. The reason for
the slightly broader distribution during plasma phases in hydrogen compared to

deuterium might be caused by differences in the plasma homogeneity: the vertical
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Figure 4.8: Histograms showing the relative frequency of the vertical Cs symmetry,
compared for hydrogen and deuterium operation in vacuum (a) and plasma (b)
phases.

plasma drift inside the source has an influence on the vertical Cs distribution, which
will be shown later in figure 5.12. Differences in the plasma symmetry between
hydrogen and deuterium operation will be discussed in section 5.4. Concluding,

there is no significant isotope effect on the vertical Cs distribution in the source.

4.1.4 Conclusion

The results show that a strong de-coupling of the Cs dynamics regarding the
amount of Cs as well as the vertical distribution takes place between plasma and
vacuum phases at BATMAN: the density in vacuum phases is determined by the
Cs evaporation rate, the sticking of Cs at the source wall and the position of the
Cs oven as well as of the measurement LOS. The sticking factor of Cs during
vacuum phases is usually reduced during one day of operation, resulting in a
more symmetric distribution of Cs inside the source. In plasma phases, a large
amount of Cs is released from the source wall leading to a fast and large increase
of the total amount of Cs in the volume. Due to these redistribution processes,
Cs is distributed more homogeneously inside the source. The inhomogeneity of
Cs evaporation shows no drawback in order to achieve a stable coverage of Cs at
the plasma grid. This gives also a hint for the design of the upcoming, larger H™
ion sources that homogeneous evaporation of Cs is not mandatory, since the Cs

dynamics is mainly determined by plasma-induced redistribution processes.
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A correlation between the Cs density during the plasma phase with the source
performance is usually seen at short term (during one day of operation) in the Cs
conditioning phase; however, not at long term in different campaigns. Possible
reasons for this behavior can be a varying required flux of Cs onto the plasma
grid due to a slightly changing amount of impurities or the importance of the
Cs™ flux towards the PG, which is not accessible for diagnostics at the moment.
However, the flux of Cs* to the PG is very sensitive on the sheath potential profile
and thus the plasma potential in front of the plasma grid — the varying sheath
potential profile will be discussed in section 5.2. Thus, there is unfortunately no
long-term control of the Cs evaporation rate possible by simply adjusting to a
certain neutral Cs density — the hope of a possible feedback loop for the control of
the Cs evaporation rate has been one aim for the usage of dedicated Cs diagnostic
tools. Nevertheless, the neutral Cs density during plasma phases needs to be in

the order of 10> m™3 for achieving high source performance

4.2 MANITU: Cs dynamics in long pulse

operation

As seen at BATMAN, plasma phases cause a strong redistribution of Cs inside
the IPP prototype ion source. The investigation of the Cs dynamics in longer

plasma pulses is thus desirable.

4.2.1 Redistribution of Cs in longer pulses

Time traces of the neutral Cs density as well as of the Cs 852 nm emission for a
series of consecutive pulses with a plasma-on time between 25 and 35 seconds are
shown in figure 4.9, during which the evaporation rate of the Cs oven has been
increased from shot to shot by a temperature increase of the standard IPP Cs
oven. The increase of the Cs evaporation rate results in an increase of the Cs
density in the vacuum phase before the plasma pulse (rising from 2.8 x 101 m™3
to 2.2 x 10'® m=3). Although the evaporation rate is not measured at the standard
oven, the magnitude of the increase can be estimated: in the simple model
discussed before, the increase of the neutral Cs density during vacuum phase of a
factor of 7.9 would be based on the same increase of the Cs evaporation rate, if

constant sticking is assumed (equations (4.2) and (4.3)). However, because the
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Figure 4.9: Neutral Cs density (solid line) and Cs 852 nm emission (dots) for
five consecutive MANITU pulses with increasing Cs evaporation rate.

sticking is decreased during an operational day as was shown in figure 4.6, the

actual increase of the Cs evaporation rate is somewhat lower.

Before the plasma pulse, the neutral Cs density is decreased during the deuterium
gas puff — the effect of the gas puff on the Cs density has been already discussed
before. The dynamics during the plasma phase differs for the shown pulses:
whereas for the first two pulses the neutral Cs density is stable at a low amount,
the following pulses show a peak of the Cs” density at the beginning of the plasma
phase followed by a slow decrease — resulting in a neutral Cs density, which is up
to a factor of four lower compared to the vacuum phase. The Cs 852 nm emission
shows the same trend as the Cs-ABS during all plasma pulses. Possible reasons

for the slightly differing behavior have been already discussed in section 4.1.1.

The dynamics during the longer plasma phase is explained as follows: as in
short pulses at BATMAN, the Cs density during plasma phases is determined by
plasma-induced redistribution processes. Due to the expanding plasma inside the
expansion chamber, the plasma-wall interaction differs locally. In longer pulses,
Cs is redistributed in large amount towards surfaces with less plasma interaction,
i.e. positions with a high sticking — the Cs density is then not stable during the
longer pulses. The loss of Cs through the extraction apertures is not significant,
because the large fraction of ionized Cs is reflected by the extraction potential
during the beam extraction phase. In addition, no significant amount of Cs is

found behind the plasma grid after venting the test facility — in contrary, thick
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layers of Cs compounds are formed in the source.

The redistribution towards surfaces with less plasma interaction is of particular
importance, if only small Cs reservoirs have been built up in the source: the
dynamics during the pulse is then very sensitive on the amount of evaporated Cs
in the vacuum phase before the pulse. The de-coupling between the Cs® density
during vacuum and plasma phases is much less pronounced for an increasing
plasma/vacuum duty cycle.

After the end of the plasma phase, no peak in the Cs® density appears. As
discussed earlier, this behavior is attributed to a high sticking of Cs and is
seen also regularly at BATMAN at the start of an experimental day during the

re-conditioning phase (compare to figure 4.5).

4.2.2 Indication of Cs depletion during long pulses

It is known that especially the heat-up of the not actively cooled bias plate,
where Cs is accumulated during vacuum phases, results in a release of Cs during
long pulses (¢ > 100 s) and thus plays an important role for the Cs dynamics at
MANITU [48]. The subsequent redistribution of Cs can lead to a strong reduction
of the Cs® density in the volume during long pulses and thus to a reduction of
the Cs flux towards the plasma grid, if not sufficient Cs reservoirs at the source
walls are available; i.e. if not a sufficient amount of Cs has been evaporated in
the past. This effect is shown in figure 4.10, where the neutral Cs density during
three consecutive pulses with a pulse length of 72, 198 and 99 seconds are shown
in combination with the extracted H™ and co-extracted electron current density.
These pulses were done at the second day of an experimental campaign; this
means that not a large amount of Cs has been yet evaporated into the source.
The operational parameters were kept constant.

In the plasma phase of the first shown pulse (#91772), the neutral Cs density
is strongly decreasing during the first 10 s from 2 x 10 m~3 to 0.8 x 10 m=3 —
the same trend as observed in the shorter pulses shown in figure 4.9. During the
rest of the plasma pulse, the Cs density is slightly increasing, which is caused by
the heat-up of the bias plate. Obviously, the heat-up results in a release of Cs.

In the following plasma pulse (#91773), the neutral Cs density decays within
the first 10 s to an elevated Cs density of 1.1 x 10'® m~3. The reason for the
higher level at the beginning of the pulse is that the vacuum phase before the
pulse has been longer than usual (400 s instead of 200 s), so a larger amount of Cs

has been evaporated into the source in the vacuum phase before. An increase of
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Figure 4.10: Neutral Cs density and extracted current densities for three consec-
utive pulses at MANITU. The vacuum phase between #91772 and #91773 lasted
400 s in contrary to 200 s before #91772 and #9177).

the Cs density between ¢t = 10 s and ¢ = 60 s is followed by a decrease of Cs. The
increase is attributed again to a heat-up of the bias plate. The neutral Cs density
is afterward decreased within one minute to a value of 0.2 x 10 m~3 — the Cs
reservoirs at the source wall in contact with the plasma as well as on the bias
plate have been almost depleted. In addition, the vacuum Cs density a couple of
seconds after the plasma pulse (0.5 x 10'® m™3) is lowered compared to the level
before the plasma pulse (1.8 x 10 m™2): the depletion of the Cs reservoirs at
the source walls and bias plate during the plasma pulse results in an increased

sticking of Cs.
Within the vacuum phase between the pulses #91773 and #91774, the Cs

density almost recovers to a value of 1.4 x 10> m™3 — however, during the plasma
pulse, the amount of Cs is lowered (0.3 x 10'® m™®) compared to the first shown
pulse: the Cs reservoirs that have been depleted during the pulse #91773 are not
yet recovered.

The influence of the Cs dynamics on the source performance is seen from the
plotted time traces of the extracted H™ and co-extracted electron current density:
during the depletion of Cs in #91773, the co-extracted electron current density

starts rising — however, also the extracted H™ current density is increasing during
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the plasma pulse. Both extracted current densities keep also increased in #91774
compared to #91772. Thus, the correlation of the Cs volume density on the
source performance is less pronounced. However, the dynamics of the co-extracted
electron current density is slightly stronger pronounced compared to the extracted
H™ current density during the depletion of Cs in pulse #91773, this might cause
problems for long-term source operation. Hence, it can be stated that in order to
reach a stable source performance, the Cs density should be kept stable during the
pulses leading to stable fluxes of Cs towards the plasma grid. Obviously, sufficient
Cs reservoirs at the source walls are required for this aim — the amount of Cs
evaporation during vacuum phases and the total amount of evaporated Cs during
the experimental campaign is of much higher importance compared to short pulse
operation. Achieving stable Cs conditions during a one hour plasma pulse is one

of the most demanding challenges for the large scale ITER source.

4.2.3 Conclusion

The Cs dynamics differs at the small-scale prototype source in longer plasma
pulses in comparison to short pulses: the vacuum phase before the pulse as well as
the total amount of evaporated Cs during a campaign and thus the Cs reservoirs
at the source wall play a much more important role in order to avoid a depletion
of caesium. A comparison of the neutral Cs density during plasma and vacuum
phases has been possible using the Cs-ABS: due to the depletion of Cs reservoirs,
the neutral Cs density during the plasma phase can be decreased to a value of
almost one order of magnitude lower compared to the vacuum phases. Even
when taking the large fraction of ionized Cs into account, total Cs fluxes in the
plasma phase can then decrease to a similar amount compared to vacuum phases.
However, at MANITU, the Cs dynamics is not only controlled by the interplay
of plasma with Cs reservoirs at the temperature-controlled source walls, but also
by the heat-up of the bias plate. Thus, ELISE will be the first test facility in
which the long pulse Cs dynamics can be investigated at ITER relevant conditions
with a temperature-controlled bias plate, what is a desirable task for the future.
Nevertheless, it has been clearly seen that achieving optimum Cs conditions for

long plasma pulses is much more challenging compared to short pulses.






5 Plasma characteristics and
dynamics in the boundary

layer

For the characterization of the plasma in the extended boundary layer, the setup
shown in figure 3.15 (a) has been used. A comprehensive comparison between the
correlation of the extracted H™ current density on the density of H™ in the volume
in hydrogen and deuterium operation will be shown, which has been possible with
the CRDS being installed as a routine diagnostic. A qualitative comparison of
the plasma and H™ homogeneity is followed.

A detailed characterization of the plasma dynamics is presented for varying
source pressure in both, deuterium and hydrogen gas, in particular to find correla-
tions of the plasma parameters with the co-extracted electron density. Since the
amount of co-extracted electrons reacts very sensitive on the potential profile in
the sheath close to the plasma grid and thus on the bias current (see section 2.5),
the comparison is carried out for varying bias voltage. However, variation of the
bias voltage does not only influence the potential profile in the sheath, but also
the vertical homogeneity of the plasma distribution in the expansion chamber —
hence, the effect of the bias on the plasma parameters and source performance is

shown before.

5.1 Dependence of the extracted H™ current

density on the H™ density

The dependence of the source performance on ny- is plotted in figure 5.1 for
one day of operation during the Cs conditioning phase at constant operational
parameters. Both the extracted electron and ion current density correlate rather
well with the H™ density in an axial distance of 2.2 cm to the PG: the extracted

H™ current density depends almost linearly on the H™ density; the influence on
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Figure 5.1: Dependence of the source performance on the negative hydrogen ion
density during one day of operation with constant operational parameters.

the amount of co-extracted electron current density is stronger pronounced with a
steep decrease for increasing H™ densities. This clear correlation experimentally
proves that a link of plasma parameters in an axial distance of several cm in front

of the PG inside the extended boundary layer to the source performance exists.

The correlation of the source performance with the H™ density is also valid at
long term, if shots with the same operational parameters (in particular extraction
voltage and source pressure) are compared — in contrary to the correlation of
the source performance with the neutral Cs density that does not hold at long
term (see chapter 4.1). This long-term dependency is shown in figure 5.2 (a): the
extracted H™ current density correlates almost linearly on the H™ density even
when comparing different days in different experimental campaigns; however, the
slightly varying source pressure strongly influences this dependence.

The dependence of the extracted H™ current density and of the H™ density in
the volume on the source pressure is shown in figure 5.2 (b). A clear increase of
nyg- by a factor of 1.5 happens in the pressure range of 0.44-0.74 Pa, whereas jy-
is almost constant or rather slightly decreasing at higher source pressure. The
small reduction of jy- can be a consequence of stripping losses of H™ particles in
the extraction system. Stripping losses depend linearly on the gas density in the
extraction system, in which an increase of the fraction of stripped particles from
3% at 0.4 Pa to 7% at 0.8 Pa has been experimentally determined at BATMAN
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Figure 5.2: (a): long-term dependence of jy- on ny-. (b): dependence of ju-
and ny- on the source pressure.

[85]. Recent investigations showed that the total fraction of stripped particles
might be higher by a factor of up to two [86], which is in good agreement with

the measured reduction of jy- for increasing source pressure by 10%.

At first glance, the increase of ny- at higher source pressure can be attributed
to a hindered diffusion of surface produced H™: an increased number of non-
destructive particle collisions hinders the diffusion of locally produced H™ particles
and thus changes the axial profile of ny-. According to Fick’s first law of diffusion,

the density gradient in axial direction is

d?’LHf

o 1—WH*,z
dz D’

(5.1)

with the diffusion constant D. The assumption of a free diffusion is taken, because
the diffusion of H™ from the plasma grid into the plasma volume takes place in
counter direction compared to the expanding plasma out of the driver. For the
diffusion constant D, in addition to Coulomb and elastic collisions also the bending
of H™ in the magnetic field and destructive inelastic collisions must be taken
into account. If the variation of ny- with varying source pressure is dedicated to
changes of the diffusion, an adequate small value of D would be expected in order
to yield a significant axial gradient of the H™ density. However, an axially resolved
measurement of the H™ density in a similar surface-production H™ source revealed

no significant difference of the H™ density in 2 mm and 24 mm distance to the
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Figure 5.3: (a): ju- and ng- as a function of the RF power, (b) dependence of
Ju- on nyg- for the same pulses.

PG [87] — thus, the axial density gradient is determined to be small and for this
reason the diffusion constant D much larger compared to the discussion above.
Hence, the density gradient and thus ny- is not very sensitive on variations of D
and consequently not sensitive on the source pressure in this regime.

Thus, the process behind the pressure dependence of ny- is not yet identified.
Indications can only be gained by modeling, in which the relevant physics must
be implemented, what is a task of present and future work.

The dependence of the extracted H™ current density and H™ density on the
applied RF power is plotted in figure 5.3 (a) in the range of Prp = 33-67 kW at
constant source pressure of 0.6 Pa and constant extraction voltage of 5 kV. Both
quantities increase for higher RF power and show an almost linear dependence on
each other, as shown in figure 5.3 (b). The increase of ny- and jy- for higher RF
powers is attributed to an increased dissociation degree of hydrogen molecules
[35], leading to an increased flux of conversion particles towards the PG and thus

to an increased production rate of H™.

Dependence on the ion mass

The comparison between hydrogen and deuterium operation regarding the negative
ion density and the extracted negative ion current density is first done statistically
by averaging over a couple of operational days. The reason for this approach
is that although constant operational parameters of the source can be chosen,

the conditioning of the source must not necessarily constant based on the Cs
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experimental program.

conditioning at long term. A direct comparison of individual pulses with the same
parameters will be shown later in section 5.4.

Plotted in figure 5.4 (a) is the negative hydrogen and deuterium ion density as
well as the corresponding extracted negative ion current density for 898 pulses
in hydrogen and deuterium operation. The experimental program contained in
addition to Cs conditioning and reconditioning phases several parameter scans
(variation of the source pressure, RF power and bias voltage), influencing both
quantities. The dependencies of ny- and jy- on the source pressure and RF power
have been already discussed in the figures 5.2 (b) and 5.3; the influence of the
bias will be shown in section 5.2. However, the experimental program has been
similar in hydrogen and deuterium operation, so certain statistic statements can
be made. A separation of the data points appears in figure 5.4 (a): in deuterium
operation np- is increased whereas jp- is slightly decreased compared to hydrogen
operation.

To be less dependent on the particular Cs conditioning status and varying RF

power, figure 5.4 (b) shows the ratio jy- /ng- and jp- /np-, respectively for the
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same pulses. Because j = nev « Vm~=1, a constant value is expected for each
isotope, with a difference of v/2 = 1.41 between hydrogen and deuterium. The
ratio between the mean value of both isotopes is 1.29 +0.20 and thus agrees within
its error bar to the expected value. This proves experimentally that the physics

of ion production and extraction is basically the same for both isotopes.

5.2 Influence of biasing the plasma grid

The dependencies of the source performance, the plasma sheath potential profile,
the bias current and of the vertical plasma symmetry on the applied bias voltage
are shown within this section for the present magnetic filter field setup. For the
different standard magnetic filter field setup at BATMAN, the basic dependencies

have been investigated earlier [37].

Bias current—voltage characteristic

A typical bias current—voltage characteristic is shown in figure 5.5. The bias power
supply only allows current flowing in the positive direction, what means that
the lowest possible potential at which the plasma grid can be biased in respect
to the source body is its floating potential, where no net current is flowing. As
discussed in section 2.4, the electrically conductive source wall in combination
with the strong gradients of the plasma parameters due to the magnetic filter lead
to locally non-ambipolar particle fluxes. For this reason, the floating potential
of the plasma grid differs to the ground potential of the source wall by almost
15 V. For larger applied bias voltages the bias current increases. The typical bias
current is in the order of 10 A and thus one order of magnitude larger than the
extracted electron current for the present magnetic filter field setup. Taking into
account the increased area of the PG without the extraction apertures (426 cm?)
compared to the extraction area (63 cm?), the electron flux is similar in both cases.
However, as will be discussed later in detail, the contribution of positive ions
impinging the PG and thus counting to the bias current must not be neglected
due to the hindered transport of the magnetized electrons in axial direction.

The large bias current significantly influences the particle fluxes towards the
wall and thus the local plasma potential distribution. The resulting electrical field
in the plasma is large: since the distance between the bias plate and the PG is
1 cm, an applied bias voltage of 25 V results in a mean electrical field strength of
2.5 kV/m at the edge of the bias plate.
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Figure 5.5: Bias current—voltage characteristic.

In standard operation, the drawn bias current is kept constant during a pulse
at a fixed value which is between 10-20 A. However, for the physical analysis, the
value of the bias voltage is of higher importance, since it is necessary to determine
the potential profile Uyias — ®p1, and thus the influence on the particle fluxes in
the sheath close to the PG.

Influence on the plasma potential

The influence of the applied bias voltage on the plasma potential measured by
the Langmuir probes is shown in figure 5.6. The plasma potential is measured at
three positions: the top probe at the centered position in front of the extraction
apertures, the top probe at the edge position close to the sidewall as well as at
the vertical symmetric edge position of the bottom probe.

At all positions, the plasma potential is increased for larger applied bias voltages.
The plasma potential is higher at the centered position of the probe, which is
the relevant position in front of the extraction apertures for the physics linked
to the source performance. At this position, a distinct transition takes place
in the applied bias voltage range: at low bias voltages (< 24 V), the plasma
potential is larger in respect to the PG potential (= bias voltage). A classical
plasma sheath is established: positive ions are accelerated onto the plasma grid,
whereas negatively charged particles from the volume are repelled from reaching
the grid. For increasing bias voltages, less electrons are repelled in the sheath and
thus more electrons impinge the PG. At high bias voltages (2 24 V), the sheath
is inverted: since the plasma potential is lower than the plasma grid potential,

negatively charged particles are attracted onto the plasma grid.
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Figure 5.6: Influence of the applied bias voltage on the plasma potential at three
positions.

The plasma potential is not only influenced by the bias voltage, but also by the
plasma parameters — in particular by the amount of H™ as well as by the electron
density and temperature. These quantities are influenced by the operational
parameters as the source pressure, the RF power and the working gas. Hence,
for comparison of the bias dependence for different source parameters neither the
plasma potential nor the bias voltage is an advantageous quantity for usage as
the controlling parameter. However, the difference between these two quantities
Ubias — @1 describes the character of the sheath independent on the plasma
parameters and is thus the preferable parameter for comparing bias dependencies.
The value of Upias — @y is naturally controlled by the bias voltage as set parameter
— this dependence is shown in figure 5.7: by variation of the bias voltage in a
range between 15-31 V, Upjas — @y is only slightly changed from —2 V to +3 V at
the top centered position — thus, determination of the plasma potential in good

precision is needed, requiring the RF compensated Langmuir probe.

Influence on the source performance

The influence of the sheath potential profile on the source performance and on

the H™ density is shown in figure 5.8 (a); the corresponding bias current density
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Figure 5.7: Influence of the bias voltage on the the sheath potential profile at the
top centered probe position.

is plotted in (b), where the area of the PG without the extraction apertures
(426 cm?) is taken into account. A strong variation takes place for the co-extracted
electron current density: as long as the sheath is electron repelling, increasing
the sheath potential profile (by increasing the bias voltage) leads to an increased
bias current density, what results in a large reduction of the co-extracted electron
current density of more than a factor of 3 in total. A further increase of the sheath
potential profile in case of an electron attracting sheath shows no significant effect
on the amount of co-extracted electrons; in contrary, the bias current density is
not yet in saturation.

The influence on the extracted H™ current density is much less pronounced: there
is almost no change in the electron repelling case, whereas a slight decrease happens
in the electron attracting case. The H™ density shows a similar dependence as
Ju-; however, the influence of the sheath potential profile is stronger pronounced,
particularly a stronger decrease of ny- at high values of the sheath potential
profile compared to jy-.

The dependence of the co-extracted electrons shows the behavior which is
expected by the sheath physics: starting at negative values of the sheath potential
profile Upias — @1 < 0 V, more electrons can be removed through the sheath
for increasing values. Saturation takes place at Upias — ®p1 > 0 V; however,
electrons out of the volume penetrating directly through the plasma meniscus
before reaching the plasma sheath of the PG are still extracted — for this reason,
the co-extracted electron density saturates at a certain amount.

With the planar PG geometry also a strong saturation of the bias current would

be expected for a bias voltage higher than the plasma potential, since the sheath
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Figure 5.8: Influence of the sheath potential profile on (a) the source performance
and H- density as well as (b) on the bias current density.

area is not significantly enlarged at planar geometry in contrary to cylindrical
Langmuir probes. However, this expected behavior is only valid in a classical
electron—positive ion plasma, in which the flux of positive ions is much lower
compared to electrons. Since the flux of negatively charged particles is reduced
due to a hindered transport of electrons in the magnetic field and the presence
of negative ions, the flux of positive ions to the PG is not negligible. However,
positive ions are repelled for large positive values of Upi,s — ®p1, leading to a
saturation of the bias current density.

Thus, the electron density at the sheath edge can be estimated by equation
2.12 for the maximum drawn bias current density (jpias = 60 mA/cm?), where
the flux of positive ions becomes small and the bias current is subsequently
dominated by electrons. This results in n, = 2.2 x 10*® m=3. Comparison with
the experimentally determined electron density and a subsequent discussion will
follow later in section 5.4.

The slight decrease of jy- and ny- in case of the electron attracting sheath is
explained by the dominant production of H™ on the plasma grid: the main fraction
of H™ is formed by conversion of neutral hydrogen atoms reaching the plasma

grid with a thermal velocity of T'= 0.8 eV (see section 2.2). If the potential of



5.2 Influence of biasing the plasma grid 119

the plasma grid is higher than the plasma potential, the transport of H™ from the
surface into the plasma is hindered. Since the sheath potential profile defines the
energy gain or loss for surface produced H™ particles, it influences the extraction
probability of H™ particles [33] as well as the transport inside the plasma — thus
the correlation between jy- and ny- is not linear for varying bias voltage.

The optimum point of operation at the present magnetic filter field setup is
with a bias applied leading to Upias — Pp1 = 0 V: the amount of co-extracted
electrons is reduced almost to its minimum whereas the extracted H™ current
density is not significantly reduced. The bias current at this favorable working

point is about 13 A for the used operational parameters.

Influence on the vertical plasma asymmetry

A change of Upias — 1 leads to a variation of the electric field in axial direction,
and thus has a direct effect on the vertical plasma drift, which is dominated by
the E x B drift (see section 2.5). The dependence of the positive ion density at
the three probe positions on the sheath potential profile is shown in figure 5.9, in
which for the calculation of Uy, — @y the local plasma potential at each probe
position is used. The positive ion density is about a factor of 3 higher at the
top centered position compared to the top edge position and is slightly increased
for higher values of the sheath potential profile at the top centered position, in
contrast no significant change happens at the top edge position. The positive
ion density decreases at the bottom edge position for higher values of the sheath
potential profile. Hence, by comparison of the vertically symmetric edge positions,
the plasma symmetry (which is defined in this work as the symmetry of the
positive ion density) is slightly decreased for higher values of the sheath potential
profile.

No direct determination of the vertical plasma asymmetry is possible at the
centered position with the present setup, since only one probe is capable for
centered measurements. However, it is known that the drift changes symmetrically
by turning the magnetic filter field direction [36]. This means that the plasma at
the top probe with drift down setting is the same as it would be at the bottom
position with drift up setting, as long as similar source conditions (caesiation and
operational parameters) are used for comparison. The present magnetic filter
field setup allows turning the field direction in short time (10 minutes), thus
the assumption of similar source conditions is valid. The resulting positive ion

density for both drift directions is shown in figure 5.10: the plasma is almost
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Figure 5.9: Influence of the sheath potential profile on the positive ion density at
the three probe positions.

vertically symmetric for low values of the sheath potential profile, whereas the
drift is enhanced for larger, positive values. The ratio of the positive ion densities
becomes larger than two for Upias — ®p1 > 0 V.

The comparison of the Hg line emissivity measured with the optical emission
spectroscopy show similar trends of the vertical symmetry. Plotted in figure 5.11
is the emissivity at the top OES line of sight in dependence of the bias voltage,
again for drift up and drift down setting. The vertical asymmetry of the emissivity
is enhanced for higher bias values. For comparison with the Langmuir probe

measurements, the following items have to be taken into account:

e Since the line-of-sight of the OES is not positioned in front of the plasma
grid, but in front of the bias plate (which is at ground potential of the source,
0 V), the potential difference of the plasma to the bias plate is directly the
plasma potential, which is — however — measured at a different position
in front of the PG. For this reason, the bias potential is directly used as

quantity for the horizontal axis.

e The LOS of the OES is less vertically centered compared to the Langmuir
probe measurement positions, which means that a vertical drift is stronger
pronounced at the LOS of the OES.

e The Hp emission scales with the electron density, whereas the positive

ion density is measured by the Langmuir probes. Nevertheless, qualitative
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trends should be similar because H™ is distributed much more homogeneously

compared to the plasma, as will be shown in section 5.3.

To summarize, the plasma shows a vertical asymmetry in the extended boundary
layer of the prototype ion source. This asymmetry has to be taken into account
for comparison of local measurements or LOS-averaged measurement of plasma
parameters at a horizontal line-of-sight with the source performance, since the
extracted currents are drawn from the large extraction area of the plasma grid. In
addition, the vertical plasma asymmetry depends on the axial electric field, hence

on the sheath potential profile and thus on the applied bias voltage.

Influence on the Cs distribution

Changes of the vertical plasma drift do not only influence the vertical plasma
symmetry, but also as a second-order effect the symmetry of neutral Cs, if the
PG bias is set to values differing from the standard, optimum value: the change
of the Cs symmetry (defined in equation (4.1)) measured by the Cs absorption
spectroscopy is shown in figure 5.12 as function of the bias voltage. For this
measurement, the setup shown in figure 3.15 (b) has been in use, allowing the
determination of the Cs® density at two horizontal LOS. Whereas at low bias
voltages up to the standard operational point of the source neutral Cs is distributed
almost symmetrically, the Cs® symmetry is clearly affected by the plasma drift at
high bias values, where the neutral Cs density is up to 80% higher at the top LOS
(which is in the plasma drift direction in this case). The reason for this behavior is
that with increasing plasma asymmetry Cs is released from vertically less centered
Cs reservoirs from the wall. Hence, after operation of several plasma pulses at
a high bias voltage, an increasing Cs symmetry would be expected due to the
redistribution in plasma phases — this behavior has not yet been investigated and

is thus a task for future work.

Consequence for the investigation of plasma dynamics

It was shown that the plasma grid bias influences the plasma homogeneity in
the extended boundary layer due to a change of the axial electric field and
subsequently a change of the E x B drift. Regarding the effect of the bias on the
source performance, the difference Upas — 1 is the driving parameter, describing

the potential profile in the sheath.
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Since this value does only change by some volts for typically applied bias
values, accurate measurement of the plasma potential &, at a relevant position
in front of the plasma grid is of high importance. For this reason, the usage of
the compensated probe is mandatory, since the non-compensated probe leads to a
wrongly determined plasma potential due to the influence of RF oscillations (see

section 3.3).

5.3 Qualitative comparison of the plasma and

H™ homogeneity

Important for the source operation is to extract a homogeneous ion beam out
of the ion source. Thus, a homogeneous distribution of H™ inside the source is
required.

By comparison of the symmetry of the probe characteristic at different positions,
qualitative statements regarding the homogeneity of the plasma and H™ can be
made, as the shape of a Langmuir probe characteristic depends on the fraction of
the negative ion density in respect to the electron density ny- /n.. A symmetric
characteristic indicates that H™ is the dominant negatively charged particle
(ng-/ne > 43 or np- /ne. > 61, respectively), whereas a classical characteristic is
formed with electrons being the dominant negatively charged particle (ng-/n. <

43 or np- /n. < 61, respectively).
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Figure 5.13: Comparison of Langmuir probe characteristics for one pulse with
plasma drift down: (a) for the probes (top and bottom) at the vertical symmetric
edge position and (b) showing additionally the top probe at the centered position.

Shown in figure 5.13 are Langmuir probe characteristics at the three measure-
ment positions in the source. The characteristics have been recorded at a well
conditioned source during deuterium operation. Similar measurements leading to
the same result are also available for hydrogen operation (but not shown in this
work). The magnetic filter field was arranged to a resulting downward vertical
plasma drift. The current of the top probe is shown additionally scaled by a factor
of six in order to compensate the smaller probe tip area compared to the bottom
probe (the tip radius is three times smaller, the length is two times smaller) — this
scaling has no effect on the determination of the plasma parameters, but simplifies

the qualitative comparison.

Figure 5.13 (a) shows the characteristics at the vertical symmetric edge positions.
Whereas the positive ion part differs only little with a slightly higher drawn positive
ion current of ‘bottom’ compared to ‘top x6’; the characteristics differ strongly for
positive applied voltages: ‘top x6’ is almost symmetric (the symmetry point at
the plasma potential is shifted to positive voltages due to the applied bias voltage
of 25 V), whereas ‘bottom’ shows a higher drawn electron current. The slightly
higher positive ion density at the bottom position (2.2 x 10" m™3) compared to
the top position (1.8 x 10" m~3) is a result of the downward plasma drift.

This simple qualitative observation leads to the conclusion that the ratio
np-/n. must be larger at the top position (contrary direction to the plasma
drift) compared to the bottom position and thus that H~ must be vertically

distributed either more homogeneously or inhomogeneous in counter direction
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(ng- higher in the top part compared to the bottom part) to the plasma density
— measured at an axial distance of 7 mm to the plasma grid. This result agrees
well with modeling results showing that the main fraction of H™ is converted
out of neutral H atoms [25]. Since atoms are mainly created in the hot driver
plasma, they are not affected by the plasma drift inside the expansion region.
However, an inhomogeneous distribution of negative hydrogen ions can take place
if either the surface production is space-charge limited due to a too low amount
of positive charges for space charge compensation (see section 2.4), or if the
destruction processes with plasma particles become relevant in the extended
boundary layer. Also an inhomogeneous work function of the plasma grid due
to insufficient Cs coverage would result in an inhomogeneous H™ distribution.
However, measurements of the beam homogeneity at MANITU showed no clear
correlation with the plasma homogeneity in the source, with the beam instead
being more homogeneous compared to the plasma [88]. Thus, the measurements

shown here are in good agreement.

The absolute number of np- can be derived from the symmetric characteristic
at the top edge position, where np- ~ n;+ = 1.8 x 10'” m~3. This agrees well to
the CRDS measurement of np- = 1.0 x 10'” m™3 during the same pulse, when
taking into account the uncertainty in the absolute evaluation of the positive ion

density discussed earlier.

The observations discussed up to now are carried out at the edge position
close to the sidewall. More centered, in front of the plasma grid, the flux of
negatively charged particle is — due to the higher positive ion density of 5.0 x
10" m~=3 — dominated by electrons. Comparison of the edge and centered position
(figure 5.13 (b)) shows that H™ is distributed also horizontally more homogeneous
compared to the positive ion density (symmetric curve at the edge position,

asymmetric at the centered position).

Although not shown within this work, it should be mentioned that the shape
of the Langmuir probe characteristic differs not only at different locations, but
changes also during the Cs conditioning process, starting with a classical, asym-
metric shape, which becomes more and more symmetric at not-centered positions
[78]. This effect is attributed to the increasing fraction of negative hydrogen ions

during the Cs conditioning process.
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5.4 Influence of the source pressure and isotope

Bias scans have been carried out for two different source pressures (0.45 Pa and
0.6 Pa) in hydrogen and deuterium. Because changes of the plasma parameters
lead to changes in the plasma potential, a constant value of the bias voltage is
not necessarily sufficient for a comparison, since the latter is only reasonable at
the same sheath characteristics close to the plasma grid, i.e. at the same value of
Upias — Pp.

For all shown parameter scans, the Cs evaporation rate out of the oven has
been chosen in order to achieve the optimum performance of the source. The
source performance was stable before and after each parameter scan. Hence, a

constant work function of the plasma grid is expected during each scan.

Dependence on the source pressure

The influence of the sheath potential profile on several source quantities, i.e. (a)
the extracted current densities, (b) the bias current, (c¢) the positive ion density at
the top centered position, (d) the electron temperature at the same position, (e)
the plasma homogeneity at the edge positions of the probes and (f) the H™ density,
is shown in figure 5.14 for a source pressure of 0.45 Pa and 0.6 Pa in hydrogen
operation. For determination of Uy — ®p1, the plasma potential measured with
the RF compensated top probe at the centered position in front of the extraction

apertures is used. The following trends are identified:

(a) The extracted H™ current density is only slightly influenced by the sheath
potential profile and not significantly dependent on the source pressure. In
contrary, the amount of co-extracted electrons is decreased for increasing
values of the sheath potential profile in the electron repelling case and is
stable in the electron attracting case. This behavior has been already shown
in figure 5.8. The amount of co-extracted electrons is higher at the lower

source pressure independent on the sheath potential profile.

(b) The bias current increases for larger values of the sheath potential profile
with saturation at high values of the sheath potential profile, as already

shown in figure 5.5. A larger bias current is drawn at 0.6 Pa.

(¢) The positive ion density — measured with the top probe at the centered

position — shows the typical behavior (compare with figure 5.10) with a
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Figure 5.14: Dependence of several source quantities on the sheath potential
profile, comparing two source pressures in hydrogen operation: (a) source per-
formance, (b) bias current, (c) positive ion density, (d) electron temperature, (e)
plasma symmetry, (f) negative hydrogen ion density.
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slight increase for larger values of the sheath potential profile due to the
increase of the vertical plasma drift. Almost no difference takes place for

varying source pressure.

(d) No significant change of the measured electron temperature (top probe
centered position) happens neither for varying sheath potential profile nor

for the different source pressures.

(e) For the plasma symmetry, the definition in equation (4.1) is used with the
positive ion density measured at the top and bottom edge position. The
vertical asymmetry is increased at higher values of the sheath potential
profile due to the increasing plasma drift. Regarding the different source
pressures, no significant deviation occurs for Upjps — @1 < 0 V, whereas in
case of Upjas — ®p1 > 0 V the plasma is more symmetric at higher source

pressure.

(f) The negative hydrogen ion density shows a similar dependence on the sheath
potential profile for both source pressures (in particular a decrease at a high
value of the sheath potential profile, compare with figure 5.8). However, ny-
is larger at higher source pressure. This dependence of the negative hydrogen
ion density on the varying source pressure has been already discussed in

section 5.1.

The reason for the different amount of co-extracted electrons as well as the
drawn bias current for different source pressures is complex: at first glance, when
co-extracting a larger amount of electrons at low pressure, a larger flux of electrons
towards the extraction apertures would be expected. However, since the positive
ion density as well as the electron temperature is similar at both source pressures
and the difference of the negative hydrogen ion density (about 2 x 101® m=3) is
one order of magnitude lower than the positive ion density, the local electron flux
(at the top probe inside position, 7 mm distance to the PG) shows no significant
difference. Of course it has to be taken into account that the plasma parameters
are measured locally and the extracted currents are averaged over the full size of
the extraction apertures — however, the plasma symmetry measured at the edge
positions of the probes shows at least for the electron repelling case no significant
pressure dependence.

Thus, the probe measurement show similar electron fluxes towards the plasma

grid. However, the distribution of electron fluxes is changing: when considering
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only the axial component of the electron flux (towards the plasma grid), electrons
can either penetrate the sheath at the plasma grid and thus hit the plasma grid
(counting to the bias current), or reach the plasma meniscus of an extraction
aperture leading to its extraction, or they are reflected back towards the source
due to a repelling electric field in the sheath or due to collisions. Two effects
regarding this distribution are indicated in figure 5.14 (a) and (b): at higher
values of the sheath potential profile, a larger fraction of electrons is collected by
the plasma grid whereas a lower amount is extracted. The second effect takes
place for varying source pressure: at higher source pressure, the bias current is
increased whereas the amount of co-extracted electrons is decreased.

In the following, the electron flux in the extended boundary layer is compared
quantitatively with the sum of the bias and co-extracted electron current. As
a favorable operational point of the source for the present magnetic filter field
setup, the setting Upias — @1 = 0 V in figure 5.14 is chosen. The measured
parameters (linearly interpolated) are listed in table 5.1. However, as already
discussed, the bias current at this setting does not only consist of electrons, but
also of positive ions. Thus, for comparison of electron fluxes, the maximum drawn
bias current Ipissmax, in Which positive ions collected on the PG play a minor
role, is chosen. However, since especially in the 0.45 Pa case saturation is not yet
completely reached at the maximum applied bias voltage, Ipiasmax 1S €rroneous by
some amperes.

Further on, the assumption of n, = ny+ — ny- is taken, although the negative
hydrogen ion density is measured line-of-sight integrated at a slightly different
position. Calculation of the electron current flux towards the plasma grid (j. =
Tnee) yields 575 mA/em? for 0.45 Pa and 448 mA/em? for 0.6 Pa, respectively. For
the total size of the uncovered plasma grid including the area of the extraction
apertures (426 cm? + 63 cm? = 489 cm?) this yields a current of 275 A for 0.45 Pa
and 219 A for 0.6 Pa, being about one order of magnitude larger than the sum of
the small co-extracted electron current and large bias current (25 A for 0.45 Pa

and 29 A for 0.6 Pa). The difference can be caused by the following reasons:

e For the calculation of the electron flux, the plasma parameters of the top
probe at the centered position are used — due to the plasma drift towards
the upper side, the total electron flux is overestimated. To quantify the
amount of overestimation, the mean positive ion density in figure 5.9 (b)
is chosen: ny+ = 0.5 x (2.9 + 1.9) x 10" m™3 (0.45 Pa case). This yields

with the same estimations as above a reduced electron current of 145 A (in
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Table 5.1: Measured parameters (figure 5.14) at Upias — Pp1 = 0 'V for the source
pressure of 0.45 Pa and 0.6 Pa.

Parameter 0.45 Pa 0.6 Pa
I, 0.55 A 0.28 A
Thias,max 24.5 A 29.0 A
N+ 29x 10" m™3 2.6 x 10" m™3
ng- 6.8x 10 m™2 8.4 x 10 m3
T, 0.9 eV 0.9 eV

comparison to 275 A) — still being a factor of six larger than the sum of

co-extracted electron current and bias current.

e The calculated electron current in the extended boundary layer is only valid
for a uniform velocity distribution. Due to the magnetic field consisting of the
filter field and the electron deflection field and the subsequent magnetization
of electrons, the axial flux towards the plasma grid is hindered. As shown in
figure 2.11, the strength of the electron deflection field is increasing strongly
towards the PG at an axial distance below 1 cm, resulting in a complex field

topology and thus in a complex transport.

As assumption of the lower limit of the electron flux towards the plasma
grid, the electron transport is considered perpendicular to the magnetic field
lines — thus, magnetic field components in axial direction are neglected. The
electron diffusion velocity is estimated as vgig = rpv, since an electron is
transported by a mean value of one Larmor radius each collision. For the
collision frequency v, Coulomb collisions with positive and negative ions and
elastic collisions with H and Hs are taken into account. Coulomb collisions
with electrons are not considered, because they lead to no net transport
perpendicular to the magnetic field [34]. The Coulomb collision frequency

of electrons with ions v is given by [89]

B V2724 n; In A
12722 /me (kpTo)"?

Vei (52)
with the charge number Z of the ion and the Coulomb logarithm In A =
In [127r (eokpT.)"* / (e?’né/ 2)} The frequency of elastic collisions is given by
Ve, = Xem,N,, With the rate coefficient X g, of elastic electron collision

with H or Hg, respectively. The rate coefficients have been calculated by [27]
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using cross sections from [90, 91, 92]. With the measured plasma parameters
of the 0.45 Pa case and the mean positive ion density discussed in the item

above, this results in
V = Vgt + Vei— + Vet + Verr, = (8.5+2.54+0.9+2.2) x 10° Hz = 1.4 x 107 Hz.

The magnetic field strength of 4 mT in axial distance of 7 mm to the PG
yields a Larmor radius of the electrons of 1, = 0.8 mm (equation (2.9)). Thus,
the electron diffusion velocity is estimated to vgg = 1.2 x 10* m/s. This
results in an electron current density of j. = 33 mA /cm? and a total electron
current of 16 A, which is slightly lower than the sum of co-extracted electron
current and bias current (25 A), but much closer than the assumption of
isotropic electron fluxes. Already this estimation shows the importance of

magnetization for the electron transport close to the PG.

e An axially increasing H™ density towards the PG due to the dominance of
surface production and subsequent diffusion would result in a decrease of the
electron density towards the plasma grid in order to sustain quasi-neutrality.
However, as discussed in section 5.1, experiments in a similar source revealed
no significant increase of ny- towards the PG [87] at an axial distance of

2 mm and 24 mm.

Consequently, the electron dynamics influencing the distribution of electrons
either towards the sheath of the plasma grid (and thus to the bias current) or to
the plasma meniscus (and thus to the co-extracted electron current) is controlled
by the transport in the magnetic field close to the PG, which consists of a complex
3D shape. Access to the subsequently complex fluxes is however only possible by
usage of modeling codes and not by diagnostics — nevertheless, it can be stated
that the structure of the magnetic field close to the PG is expected to have a

direct influence on the electron dynamics.

Comparison of hydrogen and deuterium

Bias scans for the comparison of hydrogen and deuterium operation have been
carried out at the same two source pressures shown before. Figure 5.15 shows
the comparison for a source pressure of 0.6 Pa, the comparison at the source
pressure of 0.45 Pa, which is closer to the requirement of the ITER source, is then

followed in figure 5.16. The data points for hydrogen are the same as in figure 5.14
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— however, to ease the comparison, they are plotted again in the following figures.

The lowest possible value of the sheath potential profile is limited by the larger

amount of co-extracted electrons in deuterium operation. Thus, the accessible

range of Upias — Pp1 < 0V is smaller in deuterium operation compared to hydrogen.

Since the relative behavior of the plasma parameters for varying sheath potential

profiles have been already discussed in detail, only the deviation between hydrogen

and deuterium is considered. The following trends can be identified at psource =
0.6 Pa (figure 5.15):

(a)

Whereas the amount of extracted H™ and D™ current density is almost
similar, a much larger amount of electrons is co-extracted in deuterium
operation — the minimum value of j. is increased from 4.3 mA/cm? in
hydrogen by a factor of almost six to 24.3 mA/cm? in deuterium. This
well-known behavior triggered the demand of a detailed comparison. Both

isotopes show the same relative trend for varying sheath potential profile.

The bias current shows the same behavior and a similar value for both
isotopes, when considering the error bar of the determined plasma potential
and thus sheath potential profile. However, the maximum drawn current is

slightly increased in deuterium operation.

The positive ion density at the top centered position is about two times

higher in deuterium, independent on the sheath potential profile.

The measured electron temperature is increased from about 1.0 eV to
1.2 eV in deuterium operation, independent on the sheath potential profile.
However, the limitations of the electron temperature measurement with the
Langmuir probe, which have been discussed in section 3.3, must be taken

into account.

The vertical plasma symmetry is similar for Upias — ®p1 < 1 V, whereas at

higher values positive ions are distributed less homogeneous in deuterium.

The negative ion density is higher in deuterium with a difference of about

1.5 x 10* m~3, which is almost independent on the sheath potential profile.

The neutral Cs density is higher in deuterium. This is a direct result of
the experimental observation that a higher Cs evaporation rate is necessary

in deuterium in order to achieve the optimum source performance. Due
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Figure 5.15: Dependence of several source quantities on the sheath potential
profile, comparing hydrogen and deuterium at 0.6 Pa: (a) source performance,
(b) bias current, (c¢) positive ion density, (d) electron temperature, (e) plasma
symmetry, (f) negative hydrogen ion density, (g) neutral Cs density.
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Table 5.2: Plasma parameters inside the driver at p = 0.6 Pa, P = 70 kW for
hydrogen and deuterium operation [35].

Parameter H, D,

7’LH/7’LH2, nD/nD2 0.37 0.49

Ne 0.67 x 10¥ m=3 0.80 x 10® m—3
T 9 eV 7.5 eV

to averaging along a vertical LOS, there is no dependence on the sheath

potential profile.

A similar amount of extracted H- and D~ current density requires the same
flux of produced negative ions at the plasma grid, whereas due to the higher mass
and thus reduced particle velocity the density of negative ions is increased in the
extended boundary layer — the measurement agrees with this consideration, as
already discussed in section 5.1.

Regarding the amount of produced negative ions, it is necessary to characterize
the flux of H and H* from the driver towards the plasma grid. Since dissociation of
hydrogen molecules and ionization of hydrogen mainly takes place in the hot driver
plasma, the comparison of plasma parameters in the driver is desirable between
hydrogen and deuterium operation. The characterization of the driver plasma by
means of OES at the axial LOS through the driver has been carried out in the
past [35] for the source pressure of 0.6 Pa; however, at an slightly elevated applied
RF power of 70 kW. Nevertheless, a qualitative comparison between hydrogen
and deuterium is possible and also valid for the measurement campaign shown in
figure 5.15. The resulting plasma parameters are listed in table 5.2.

The density ratio ny/ny, of hydrogen molecules is significantly higher in deu-
terium compared to hydrogen operation (0.49 compared to 0.37). Also the electron
density is increased in deuterium (0.80 x 10'® m~3 compared to 0.67 x 10'® m~?),
whereas the electron temperature is slightly decreased (7.5 eV compared to 9 eV).
For the same dissociation degree, the flux of dissociated conversion particles to-
wards the plasma grid would be reduced by a factor of v/2 in deuterium due to the
doubled mass. However, the larger dissociation degree in deuterium can at least
partly compensate the mass difference, resulting in similar fluxes of conversion
particles towards the plasma grid. This result is in good agreement with the almost
similar amount of extracted negative ions in hydrogen and deuterium as well as

-0.5

with the increased D~ density compared to H™: because I' = nv oc m™"°, a similar
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flux of surface-produced negative hydrogen ions I'y- ~ I'p- results in np- > ng-

— being in good agreement with the measurement shown in figure 5.15 (f).

A clear isotope effect happens for the positive ion density in the extended
boundary layer, which is almost doubled in deuterium operation. The plasma
parameter in the driver show the same trend, with a slightly higher electron
density in deuterium. The amount of negative hydrogen ions in the driver is not
significant, leading to n, = n;+. The increase of the positive ion density in the
extended boundary layer is more pronounced than the increase of the negative
hydrogen ion density, resulting in an increased electron density in Dy operation.
In combination with the similar plasma symmetry at low values of the sheath
potential profile, the flux of electrons from the extended boundary layer towards

the plasma grid is larger in deuterium.

As stated before, the transport of electrons towards the PG in the magnetic
field with complex 3D structure in the volume close to the PG is complex. Thus,
only qualitative statements can be made. The increased electron flux leads to a
highly increased amount of co-extracted electrons in combination with a slightly
increased maximum bias current in deuterium operation compared to hydrogen.
The reason for this differing current distribution is however not experimentally

accessible for diagnostics, as mentioned before.

The comparison of the same quantities in both isotopes at a source pressure
of 0.45 Pa is shown in figure 5.16. Similar trends as for 0.6 Pa can be identified,
however, with the following exceptions: (a) jp- is slightly lower than jy-, (b)
the bias current is significantly larger in deuterium operation, (f) the negative
hydrogen ion density is similar and thus not increased in Dy and (g) the neutral Cs
density is lower in deuterium operation. In particular the lower Cs density shows
that the source has not been optimal conditioned, resulting in a lower production

rate of D™, hence to an increased fraction of electrons ne/np- and thus to the
different behavior (a), (b) and (f).

However, the main statement regarding the co-extraction of electrons, what was
made for the 0.6 Pa case above, is still valid at 0.45 Pa: the amount of co-extracted
electron current is strongly increased in Dy (a), the positive ion density in front of
the extraction apertures (c) as well as the measured electron temperature at the
same position (d) is increased, whereas the vertical plasma symmetry (e) is similar
for both isotopes. The resulting increased electron flux in the extended boundary
layer is balanced by a larger amount of co-extracted electrons in combination with

an increased bias current.
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Figure 5.16: Dependence of several source quantities on the sheath potential
profile, comparing hydrogen and deuterium at 0.45 Pa: (a) source performance,
(b) bias current, (c) positive ion density, (d) electron temperature, (e) plasma
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symmetry, (f) negative hydrogen ion density, (g) neutral Cs density.
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5.5 Conclusion

The applied bias to the plasma grid influences the sheath potential profile Uyias— Py,
what leads to a variation of the E x B drift and thus to a change of the vertical
plasma symmetry. In addition, due to the transition from an electron repelling to
an electron attracting sheath in the applied bias voltage range, the drawn bias
current reacts sensitive on the applied bias voltage and thus also the amount of
co-extracted electrons, which is reduced to its minimum in case of an electron
attracting sheath.

The extracted H™ current density correlates almost linearly with the H™ density
during Cs conditioning as well as for varying RF power, what shows a clear
connection of plasma parameters in the extended boundary layer with the source
performance.

A qualitative correlation exists between the sum of bias current and co-extracted
electron current with the electron density, investigated for varying source pressure
and isotopes. Quantitatively it was seen that the hindered transport of electrons
in the magnetic field is the key parameter for the lowered sum of bias current and
co-extracted electron current. Thus, the distribution of electron fluxes between
bias current and co-extracted electron current is controlled by the magnetic field
close to the plasma sheath and extraction meniscus. A deeper inside into the
complex distribution can only be obtained by modeling codes, which is an ongoing
task.

Nevertheless, the increased amount of co-extracted electrons in deuterium
operation compared to hydrogen is a consequence of the increased electron density
in the extended boundary layer. This result is in good agreement with a former
characterization of the driver plasma, where a slightly increased electron density
has been observed in deuterium operation. The increased dissociation degree of
deuterium molecules compared to hydrogen results in a similar extracted negative

ion current density in both isotopes, if the source is optimal conditioned.






6 Outlook towards larger sources

The results of this work, carried out at the small prototype source, lead to
predictions for larger fusion relevant negative hydrogen ion sources. With the
improved understanding of the Cs dynamics, the following consequences are

expected:

e Homogeneous Cs evaporation is less important due to the homogenizing effect
of the Cs distribution during plasma phases and subsequently homogeneous
fluxes of Cs towards the PG. Thus, the position of the Cs oven(s)?® and the
design of their evaporation nozzle may be of minor importance in order to
achieve homogeneous Cs conditions on the plasma grid. However, there are
some boundary conditions, i.e. the avoidance of large Cs losses through the

grid in order to sustain the high voltage holding of the extraction system.

e Sufficient Cs reservoirs at the source walls are required during long pulses
in order to sustain stable Cs conditions. The long-pulse Cs dynamics at
MANITU was controlled by the undesired release of Cs from the heat-up
of the not actively cooled bias plate. Thus, ELISE is the first test facility,
at which the long-pulse Cs dynamics under ITER relevant conditions can
be investigated. Sustaining a sufficient flux of Cs towards the PG in order
to sustain a stable and low work function will be a challenging aim for the
future. Furthermore, the increasing ratio between plasma volume and wall
area at larger sources might lead to differences in the Cs dynamics during
plasma phases and thus to the required amount of Cs reservoirs and Cs

evaporation.

In addition, the results regarding the plasma dynamics in the extended boundary

layer lead to the following predictions:

e Changes of the vertical plasma symmetry, which is influenced by Fx B

drifts, are expected, because the magnetic filter field topology is necessarily

25The use of multiple Cs ovens is planned for the ITER source. Two ovens are used at ELISE.
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differently shaped at the larger sources: a sufficiently large magnetic field
strength in the horizontal center of the source cannot be generated by
permanent magnets due to the increased source width, and is thus created

by applying a vertical electrical current at the plasma grid.

Not much difference regarding the extraction of a homogeneous negative
hydrogen ion beam is expected due to the size scaling. As has been shown,
H~ is distributed more homogeneously inside the prototype source compared
to the plasma because of the high relevance of conversion out of hydrogen
atoms. However, the challenge of achieving a homogeneous and temporally

stable low work function at the plasma grid mentioned above remains.

The amount of co-extracted electrons, the bias current and its distribution
between these two quantities is expected to be sensitive on the magnetic field
topology close to the plasma grid. As mentioned above, the filter field differs
at the larger sources, with a horizontally more homogeneous distribution
in front of the PG and no steep positive gradients towards the side wall,

avoiding effects caused by a magnetic mirror.

The bias current and as a consequence the amount of co-extracted electrons
reacts very sensitive on the potential profile in the plasma sheath of the
PG and thus on the bias voltage. The sheath potential profile can however
differ locally in large sources, if the plasma potential is not homogeneous
in front of the PG. The optimum operational point could not be achieved
homogeneously in front of the PG in this case. Hence, the determination
of the plasma potential with some spatial resoulution is a desirable task in

larger sources.

A similar behavior is expected regarding the difference between deuterium
and hydrogen operation at the larger sources compared to the prototype
source, i.e. a similar amount of extracted negative ions in combination with
an increased amount of co-extracted electrons in deuterium, because the

observed difference is attributed to changes of the driver plasma.

These predictions are presently investigated at the ELISE test facility.
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The neutral beam injection system of the upcoming ITER fusion experiment is
based on the production, acceleration and neutralization of negative hydrogen
ions. The development of large-scale (0.2 m? extraction area at a size of 1 x 2 m?)
sources for negative hydrogen ions fulfilling the ITER requirements is an ongoing
and challenging task. A prototype source has been developed successfully at IPP
Garching, which has roughly 1/s the size of the ITER source. The main production
of H™ takes place by surface conversion of hydrogen atoms and ions, produced in
a hydrogen plasma, on a caesiated grid. Due to the high chemical reactivity of Cs
in combination with the vacuum conditions inside the source and pulsed plasma
operation (a pulse length of up to one hour is required for ITER), a complex Cs
dynamics takes place. Gaining a deeper insight into the Cs dynamics was one
aim of this work, since, especially for the design and operation of upcoming larger
sources, knowledge about the requirement of homogeneous Cs evaporation and

the determination of the optimum Cs evaporation rate is desirable.

The ITER requirements have been fulfilled by the small prototype sources,
although not simultaneously in one source. Open issues are the size scalability
towards the full-size ITER source as well as the amount of inevitably co-extracted
electrons in long deuterium pulses: co-extracted electrons are removed from the
particle beam by magnets bending the electrons onto the extraction grid creating
a local heat load. The maximum acceptable heat load is technologically limited
by the cooling capabilities, leading to a limitation of the tolerable amount of
co-extracted electrons. Experimentally observed is a higher amount of co-extracted
electrons in deuterium compared to hydrogen operation. This forms in particular
a problem during long pulses, where an increase of the amount of co-extracted
electrons is usually observed after several minutes. A reduction of the co-extracted
electron current would be desirable also for sources beyond ITER, because then
a larger amount of negative ions could be extracted using a higher extraction

voltage or an increased power for plasma generation.

Since the amount of co-extracted electrons is a crucial parameter for the source
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performance, some effort is taken for its reduction: on the one hand, the plasma
production is separated from the conversion grid by an expansion chamber with a
magnetic filter field. The hot and dense driver plasma (T, & 10 eV, n, &~ 108 m™3),
required for dissociation of hydrogen molecules and ionization processes, is cooled
down in electron temperature and density by one order of magnitude each towards
the conversion grid — cooling down the electron temperature is not only required
for the reduction of the amount of co-extracted electrons, but also to reduce the
destruction of H™ particles by electron stripping. In addition, a positive bias
voltage of the conversion grid with respect to the source walls reduces the amount
of co-extracted electrons. Thus, the important physics of such a source takes place
at the downstream side of the magnetic filter close to the plasma grid (this region
is called extended boundary layer): the production of H™, its transport through
the plasma and its extraction through the grid in combination with electrons out
of the plasma. Experimental comparisons of the plasma dynamics in the extended
boundary layer with the extracted currents in hydrogen and deuterium operation
are eligible in order to find correlations and thus to gain a better understanding

of relevant plasma parameters for achieving high source performance.

As main diagnostic for the investigation of the Cs dynamics in this work, a
tunable diode laser absorption spectroscopy system for the determination of the
neutral Cs density during plasma and vacuum phases has been applied at the
prototype ion source at up to two lines of sight, allowing the measurement of
the Cs density with some vertical spatial resolution. The latter is of importance,
since the prototype ion source has an intrinsic asymmetry with only one Cs oven
mounted in the top part. For the operation of the source, a spatial homogeneous
and temporal stable work function of the conversion grid is required. A former
determination of the work function in a lab experiment under similar vacuum
and Cs conditions revealed that the prototype ion source operates with a work
function of bulk Cs (2.14 eV) and thus the Cs coverage of the conversion grid is
at least several monolayers thick if the source is well conditioned. Although a
homogeneous distribution of Cs is not necessarily required in order to achieve a
homogeneous work function in this case, it helps nonetheless to reduce the amount

of required Cs evaporation and is thus desirable.

Detailed experimental studies have been carried out in this work regarding the
strong difference in the Cs dynamics between vacuum and plasma phases: the Cs
density in vacuum phases is determined by the evaporation of Cs as the source and

chemical sticking on the wall as the sink, with a typical line-of-sight integrated Cs
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density of 104-10'® m~3. Thus, the homogeneity depends mainly on the position
of the Cs oven and the amount of sticking. A statistical analysis of the vertical
Cs distribution for several month of operation revealed that the highest frequency
occurs at a roughly doubled Cs density at the top LOS compared to the bottom
LOS in vacuum phases as a consequence of the asymmetric Cs evaporation from

the top part of the source.

A strongly differing Cs dynamics during plasma phases has been found experi-
mentally. Due to plasma-induced redistribution processes, as chemical sputtering
out of Cs compounds, the volume density of Cs is strongly increased: the density
of neutral Cs is in the order of 10*® m~2 and Cs is ionized in a large fraction
(> 90%) as well. In addition, Cs is distributed much more homogeneous inside
the source: a statistical analysis revealed the highest frequency for almost vertical
symmetric distribution at a vertical symmetry of 0-0.25 (a value of zero reflects
perfect symmetry). Thus, a homogeneous evaporation of Cs is not necessarily
required in order to achieve homogeneous Cs conditions. The Cs redistribution in
plasma phases shows a kind of memory effect since it depends much more on the
amount of Cs reservoirs (pure Cs in combination with Cs compounds) on the wall,
and thus on the history of Cs evaporation, than on the actual Cs evaporation rate.
The requirement of Cs reservoirs inside the source is especially pronounced in long
plasma pulses: if not a sufficient amount of Cs has been evaporated into the source
in the past, Cs can be depleted during long (> 100 s) pulses, where particularly the
amount of co-extracted electrons reacts very sensitive. The strongly differing Cs
dynamics during plasma and vacuum phases can be observed by the Cs absorption

spectroscopy, making it the favorable diagnostics for caesium in the source.

A comparison of the neutral Cs density during plasma pulses with the source
performance revealed a correlation during the Cs conditioning phase at short term
(during one day), however, not at long term (for different experimental campaigns)
— resulting in a different required amount of neutral Cs flux towards the conversion
grid. This can either be caused by the necessity of taking into account the flux
of Cs ions towards the grid or it can be based on a very sensitive dependence of
the required Cs flux on the amount of impurities and thus being very sensitive on
the complex surface layers consisting of vacuum impurities, Cs compounds and
elemental Cs at the surfaces. Therefore, a controlled feedback system adjusting
the Cs evaporation rate to a certain neutral Cs density is not possible — which
would have simplified the operation of the ion source. Nevertheless, it was found

that the neutral Cs density during plasma phases is always in the order of 10> m~3
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when achieving high source performance, which gives at least hints regarding the
required amount of Cs evaporation. It was also seen that the performance is not
sensitive on the current Cs density in plasma phases for a well conditioned source,
because a Cs coverage of multiple monolayers on the plasma grid results in the

work function of bulk Cs.

For the investigation of the plasma dynamics in the extended boundary layer,
the difference of the present magnetic filter field setup at the BATMAN test
facility, using permanent magnets with an axial distance of 9 cm to the plasma
grid, in comparison to the original setup, which uses an axial distance of 3 c¢m,
has to be taken into account when comparing to former results. Multiple source
diagnostics have been applied at the same time in an axial distance of 0.7 cm
and 2.2 cm to the plasma grid to find correlations with the source performance.
Simultaneous measurement is required because achieving the same source per-
formance at the same parameters (e.g. Cs evaporation rate) is rarely possible:
although the prototype source is able to achieve the same high performance in
different experimental campaigns, the complex Cs dynamics mentioned above can
lead to different Cs conditions in different experimental campaigns. In addition
to the routinely applied Cs absorption spectroscopy for the determination of the
neutral Cs density, the LOS-averaged volume density of negative hydrogen ions
is determined via cavity ring-down spectroscopy. Langmuir probe measurements
reveal the local plasma potential and therefore the potential profile in the sheath
close to the conversion grid and additionally the positive ion density and electron
temperature. The vertical symmetry of the plasma (defined as the symmetry of
positive ions) can be determined in this way as well as electron fluxes in the exten-
ded boundary layer, in which the electron density is calculated as the difference
between the positive ion density and the negative hydrogen ion density due to the
quasi-neutrality of the plasma. The determination of the sheath potential profile
is of particular importance since it directly influences electron fluxes from the

bulk plasma towards the plasma grid.

A comparison of the measurements in the extended boundary layer with the
driver plasma is desirable. By characterizing the driver plasma, statements about
the flux of conversion particles towards the plasma grid can be made. For this
purpose, a former characterization of the driver plasma by means of optical

emission spectroscopy has been used.

Measurements have been carried out for comparing the isotopes hydrogen and

deuterium at two source pressures, 0.45 Pa and 0.6 Pa. The pressure of 0.6 Pa has
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been chosen since it is a standard operational pressure of the prototype source
and therefore a comparison with former measurements is possible, whereas the
lower pressure is more relevant for the development of the ITER source, which

has to operate at 0.3 Pa.

When comparing local plasma parameters with the source performance averaged
over the plasma grid, the plasma symmetry has to be taken into account. The
vertical symmetry is influenced by the bias due to a varying axial electric field
distribution, leading to a change of the dominant E x B drift. With the present
magnetic filter field setup, an almost vertical symmetric plasma distribution has
been found at low applied bias voltages whereas the asymmetry has been increased
to a value of 1-2 at high applied bias. However, no significant change in the
symmetry has been determined for varying source pressure or isotope if values
at the same sheath potential profile are compared. A qualitative comparison of
the plasma symmetry with the H™ symmetry has shown a more homogeneous
distribution of H™ compared to positive ions, which is a consequence of the high
relevance of H™ production out of conversion of neutral H. The latter is dominantly

produced in the driver and thus is not affected by the plasma drift.

The H™ density is increased during the conditioning process from 10'® m™3 up

to 101" m~3 when achieving high source performance. The extracted negative
hydrogen ion density jg- and its volume density ngy- measured in the extended
boundary layer correlates almost linearly during Cs conditioning for constant
operational parameters as well as for varying RF power. This correlation shows
the link of the source performance with parameters inside the extended boundary
layer. In particular, an increase of np-/jp- by almost a factor of v/2 has been
observed in deuterium compared to hydrogen operation due to the mass difference,
showing that the physics in the boundary layer is basically the same in both

isotopes.

No significant isotope effect happens regarding the amount of extracted H~ and
D~ current density, respectively. For this reason, the flux of produced H™ and
D~ particles is similar, resulting in a measured increased D~ density due to the
doubled mass. This dependency agrees well with the former measurement of the
driver plasma, where an increased dissociation degree in deuterium compared to
hydrogen has been determined. Therefore, the flux of conversion particles out of

the driver is similar for both isotopes.

The amount of co-extracted electrons is influenced by the potential profile

Ubias — ®p1 in the sheath of the plasma grid. Since this difference is only varied
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by some volts (i.e. from —3 V to +3 V) for typically applied bias voltages (i.e.
15-30 V), it is important to determine the local plasma potential in front of the
extraction apertures for comparing the sheath potential profile with the source
performance. For values of Upias — @1 < 0V, electrons are hindered from reaching
the plasma grid and thus not removed out of the sheath. In this case, the amount
of co-extracted electrons is increased by a factor of 2—4 for lower values of the
sheath potential profile at lower bias voltages. As expected from the sheath
physics, no significant change of the amount of co-extracted electron happens
for Upias — ®p1 > 0 V since all electrons from the sheath edge are collected on
the plasma grid; however, the co-extracted negative hydrogen ion current density
is slightly decreased (up to 10% in the applied bias range) due to the resulting

potential barrier for surface produced negative ions.

The flux of electrons towards the plasma grid influences the amount of co-
extracted electrons. The electron flux is distributed to the part hitting the plasma
grid and thus counting to the bias current, to the part penetrating through the
meniscus and thus being co-extracted out of the source, or it is reflected back to
the bulk plasma by collisions or a potential barrier. A quantitative comparison
of the electron current towards the PG in the boundary layer with the sum of
bias and co-extracted electron current (i.e. 20-30 A) results in an overestimation
of the electron flux towards the PG of more than one order of magnitude (i.e.
> 100 A) if a simple isotropic electron velocity distribution in the boundary layer
is assumed, whereas a hindered transport perpendicular to the magnetic field lines
results into a slight underestimation (i.e. &~ 16 A). This shows that the electron
transport is clearly affected by the magnetic field close to the PG, containing

additionally axial magnetic field components.

Qualitative balancing of the electron flux in the boundary layer with the bias
and co-extracted electron current for varying source pressure yields the same flux
in the boundary layer at lower source pressure, whereas the distribution is shifted
to a larger amount of co-extracted electrons compared to the bias current. A
comparison of hydrogen with deuterium operation reveals an increased positive
ion density in the extended boundary layer from about 3 x 10}” m~3 to a value
of 5-6 x 10" m~3 in deuterium operation. Since the difference in the negative
hydrogen ion density is smaller in the order of 10*® m~3, the electron flux is
increased in deuterium. This results in a slight increase of the bias current and
a large increase of the measured amount of co-extracted electrons by a factor of

up to six. The reason for the different distribution must be a consequence of the
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complex electron transport in the magnetic field with complex 3D structure close
to the plasma grid, which is unfortunately not accessible with source diagnostics.
The source performance is determined by the plasma parameters at the plasma
meniscus, which is the boundary between the source plasma and the extracted
particle beam. A theoretical approach by modeling is an ongoing task, for which
the experimental results carried out during this work are of high importance for

use as input data and for benchmarking.
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