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Chapter 1

Introduction

The term “plasma” was introduced by Irving Langmuir [T928] to describe ionized
gases in electric discharges. Plasma is a peculiar state of matter with ionization
degrees varying from 0.001% to 100% [Bogaerts et al., 2002]. Even a discharge
with a low ionization degree exhibits plasma behavior due to the long range
Coulomb forces between the charged particles [Zohm, 2012|. Characteristic for a
plasma is an electric conductivity due to the mobility of unbound charged par-
ticles. Consequently, a plasma is affected by electromagnetic fields. A plasma
usually emits light and is a complex mixture of electrons, ions (positively or
negatively charged), as well as neutral atoms and molecules, except for the elec-
trons mostly in excited electronic, vibrational or rotational states [Abdalla, 2004].
Electrons play an important role with their small mass and high mobility as con-
stituent for ionization, dissociation and excitation by collisions with neutral atoms
and molecules.

More than 99% of the visible matter in our universe is in the plasma state with
naturally occuring plasmas like stars, interstellar gas, the planets’ ionosphere and
magnetosphere and solar winds [Bogaerts et al., 2002]. Space plasma physics and
astrophysics are the key research fields dealing with natural plasmas. Astrophys-
ical plasmas have an extreme variation in density and temperature. In the inter-
stellar space the particle densities vary from 0.1 — 10'® m~3 and the temperatures
from 1 — 100eV. Under more extreme conditions, like in the interior of sun-like
stars, the particle density goes up to 103*m=3 at a temperature of up to 1.5keV.
Technological plasmas are driven by an externally applied power source to sustain

the plasma state. In plasma processing material on surfaces is physically removed



by collisions or chemically by reactions with plasma constituents [Hopkins, 2000]
[Schulz-von der Gathen, 1996].

During the last decades plasmas have been used to accelerate electrons to energies
of multi — GeV [Muggli, 2009]. In this high energetic regime, elementary particle
and subatomic processes can be investigated, see figure Albeit many are
known and well understood, there is certainly new physics beyond today’s limits
in particle acceleration energy. It is supposed to arise at energies, scales and
precisions far greater than e.g. the Large Hadron Collider (LHC) is capable to

provide. The need for higher energies in particle colliders led to the development
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Figure 1.1: Comparison of masses for different particles and the maximum center-
of-mass energy for two colliders, Fermilab collider and Large Hadron Collider.

The “energy desert” represents the unknown energy area to the point of the grand
unification, where all known and unknown particles are included.

of several types of particle accelerators over the last decades. They are either
better suitable for hadrons (e.g. protons and anti-protons) or leptons (e.g. elec-
trons and positrons). Circular accelerators exhibit an energy frontier of several
TeV for hadrons but just 100 GeV for leptons. High energy losses via synchrotron
radiation set limits on the achievable lepton energy [Holzer, 2017]. In particular,
to reach the TeV regime for leptons a circular collider with a radius of over 100 km
would be needed. Therefore linear colliders are usually preferred for lepton accel-
eration. The key issue here is the maximum achievable acceleration gradient. At
present metallic RF-cavities with an acceleration gradient of up to 30 MV /m still
lead to dimensions of more than 30 km accelerator length for particle energies of
1 TeV [Aicheler et al., 2012]. The investigation of new acceleration approaches is

therefore desirable. Promising concepts are plasma-based accelerators.



A characteristic feature of plasmas is that a relatively small charge imbalance
between electrons and ions result in large electrostatic fields. This has attracted
a lot of attention in the field of high-energy physics since the achievable electric
fields in a plasma in the order of GV/m exceed by orders of magnitude the
conventional electric field generation by RF cavities and scales with the plasma
density E(n). These electric fields, however, cannot exist as a stationary case since
the charge imbalance would be quickly restored to a quasi-neutral situation. For
the displacement of charges an energetic driver is required. Several schemes have
been proposed to the non-stationary large electric fields for particle acceleration.
The most promising concept up to now is the laser-driven wakefield accelerator
[Tajima, 1979|, but it fails to accelerate to TeV energy: Assuming an adequate
number of electrons of 10!° reaching 1TeV in energy, the laser has to provide
a power of P = 10'°-1.6-107"C - 1TeV ~ 100kJ just for the purpose of
particle acceleration assuming an energy transformation efficiency of 100%. Even
with modern laser technologies or the coupling of multiple laser this power is
hardly achievable. Circular accelerators, like the LHC at CERN, are able to
provide an energy of several TeV for 10! protons. This brings another type
of plasma wakefield accelerator for high particle energies into play, the proton
driven wakefield accelerator [Caldwell et al., 2016]. Here, a relativistic proton
bunch serves as drive to induce plasma wakefields, i.e. electric fields to accelerate
an electron bunch in a linear plasma column. This means the circular accelerator
is used as a driver for linear wakefield accelerators. A current experiment as
design study is the AWAKE project |Gschwendtner et al., 2016]. First results in
a linear plasma test chamber are encouraging [Adli et al., 2018]. There are still
problems to overcome, e.g. total efficiency, beam quality and repetition rate,
but it is a promising approach worth studying. To realize a plasma wakefield
accelerator, homogeneous, high density plasma columns of n, ~ 10*! m~3 with a
low variation in plasma density are needed [Assmann et al., 2014]. The plasma
must be centrally peaked with a sufficient discharge duration for moving and
accelerating electrons. The plasma cell to be developed must be modular and
scalable to the needed target length of up to several 100m. Such a plasma can
be maintained, in principle, by a helicon discharge but it is challenging to achieve
the required high plasma density and homogeneity. It is the goal of the present
thesis to investigate the temporal evolution of radial plasma parameter profiles,
in particular for neutral and charged plasma species and corresponding electron

temperatures and plasma densities.



The following questions arise: Do the helicon wave properties support high density
plasma columns of n, ~ 102! m~3, are they centrally peaked and reproducable?
Does the electron temperature correspond to the principle of helicon wave heat-
ing? Does the high plasma density interval last long enough for a proton bunch
to pass a whole wakefield accelerator? Is a plasma density limit visible and what
operational parameters show the maximum plasma density? Does neutral deple-
tion in the center of the discharge influence the density evolution and maximum
plasma density?

The content of this thesis is structured in four main parts: Chapter 2 and 3,
4, 5, and 6. The first main part reviews the necessity of particle-driven plasma
wakefield accelerators combined with helicon discharges. In chapter 2 the theory,
concepts and limitations of conventional accelerators and particle-driven wake-
field accelerators are described. Chapter 3 deals with different radio-frequency
discharge types and describes their characteristics and properties. The following
chapter 4 introduces a zero dimensional reaction rate model to study the main
generation reactions of ions and metastable states in a low-pressure, high-density
argon plasma. The principle, the included energy levels and reactions are pre-
sented. The calculated densities and rates for varying neutral gas pressures and
electron temperatures are shown to quantitatively compare them with the ex-
perimental results in the discussions. The experimental set-up, diagnostics and
data processing methods are briefly reviewed in chapter 5. Special emphasis is
put on a correction function for profile measurements and the laser induced flu-
orescence technique, an active spectroscopic diagnostic to non-invasively observe
ion dynamics, to combine line intensity ratio measurements, laser interferometer
results, and the reaction rate model for the calculation of time-resolved electron
temperature profiles. In chapter 6 measurements on time-resolved plasma density
and laser-induced fluorescence profiles, their dependencies on operational param-
eters and the calculated electron temperature profiles are presented. The main

findings made in this thesis and the conclusions are summarized in chapter 7.



Chapter 2

Plasma wakefield acceleration

To study the basic laws of our universe particle accelerators are the main research
tools in the high energy physics community. Experiments conducted at the Large
Hadron Collider (LHC) at CERN in Switzerland or at the planned International
Linear Collider (ILC) in Japan will give new perceptions into the world around
us. To resolve inter- and subatomic processes, as shown in figure [2.1] energies
of several TeV are needed. Some representative processes are the production
and decay of W or Z bosons or the top-quark for hadronic collisions or electron-
positron annihilation processes in electron colliders [Weiglein, 2004]. The energy
frontier for experiments in particle physics are currently several TeV, but circular
colliders in this energy regime for leptons are very costly and time-consuming
to build, thus they are not feasible at these energies. Hence, lepton accelerator
designs reaching the TeV regime are based on linear colliders. However, as the
proposed beam energy increases, also the costs and scale of linear accelerators
become very large, depending on the increasing accelerating gradient in radiofre-
quency (RF) cavities. Nowadays, the usual metallic cavities achieve accelerating
gradients around 30 MV /m, which results in a length of tens of kilometers to
reach even the sub-TeV scale as shown in figure 2.3] and table for the ILC.
Therefore it is meaningful to investigate new methods of accelerating particles
to energies in the 10 — 100TeV regime. Direct laser acceleration of electrons in
free-space would be a simple assumption to make. But no experimental evidence
of direct laser acceleration of electrons in vacuum has been reported using cylin-
drical laser beams [Carbajo et al., 2015]. The reason behind the shortage has lied

upon the ineffectiveness to scale up and deliver the intensity requirements to ac-
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Figure 2.1: Production cross-sections for different processes at hadron colliders (left)
and eTe™ colliders (right) as a function of the center-of-mass energy. The vertical lines
in the figure indicate the limit of example accelerators and the dotted line the change
of proton-antiproton to proton-proton experiments. The well pronounced peak in the
right figure correlates directly to the center-of-mass energy of an ete™ pair. Figures

taken from [Weiglein, 2004].



2.1. Conventional accelerators

cess the relativistic regime of laser-electron interaction well above 110" W /cm?
for optical pulses [Carbajo et al., 2015]. But even if possible to effectively ac-
celerate particles with high electromagnetic laser fields in the focal point of the
beam, a staging with several laser accelerators would be necessary to reach the
TeV regime. Plasma-based accelerator concepts are of high interest because they
are able to produce accelerating fields, orders of magnitude larger than those in
conventional colliders [Tajima, 1979][Chen et al., 1985||Joshi et al., 1984]. Here
the plasma wakefield accelerator is the most promising concept being devel-
oped [Chen et al., 1985|[Ruth et al., 1985][Esarey et al., 2009]. Simply speaking,
a plasma is a medium consisting of free ions and electrons. This is why it can
maintain very large electric fields in the order of GV /m [Esarey et al., 1996]
[Leemans et al., 2006]. Just over the last few decades, remarkable progress has
been made. Acceleration gradients more than three orders of magnitude higher
than in RF cavities have been demonstrated in laboratory plasmas
|[Blumenfeld et al., 2007]|Tajima, 1979|. One can generally say that a plasma can
act as an energy transformer. Current proton synchrotrons are able to produce
high energy, multi TeV protons, but not TeV leptons. If possible to efficiently
transfer this energy from a proton bunch or a laser (driver) to an electron bunch

(witness bunch) via plasma, a new accelerator frontier would be opened.

2.1 Conventional accelerators

Particle accelerators were invented in the late 1920’s to supply high energetic
particles for the investigation of the inner structure of nuclei. Meanwhile this tech-
nique has been used in other areas of physics, biology and medicine
|[Barbalat, 1994][USdoe, 2018|. Simply put, this apparatus accelerates and thus
increases the kinetic energy of a beam of charged particles by generating electric
fields for acceleration and it steers and focuses these particles by magnetic fields.
There are two main types of accelerators, circular and linear ones.

The principles for a linear particle accelerator (LINAC) were proposed by Ising
[1924]. The kinetic energy of charged particles is increased by exposing them
to a series of accelerating electric potentials along the beamline as depicted in
figure While the particle bunch, produced by an ion source, passes one of the
metal drift tubes, it remains unaffected. If the particles cross the gap between

the drift tubes, they will be accelerated due to the presence of an axial electric



2.1. Conventional accelerators

field produced by different potentials attached to the tubes. Subsequently the
potentials switch signs to accelerate the particles further in the next gap. The

energy gain after the nth step is [Holzer, 2017]
E,, = nqUy sin 1y, (2.1)

where n denotes the acceleration step, ¢ the charge of the particle, U, the applied
voltage per gap, and 1)s the phase between the particle and the AC voltage. The
driving frequency of the signal, the length and the spacing between the drift
tubes are designed in a way that the maximum voltage difference appears as the
particles cross the gap. The time-span of an accelerating half-wave of the driving
frequency is defined by the period of the applied frequency, At = Trp/2. So that
the length of the nth drift tube is defined by

TRF

5 (2.2)

L, = v
with v, as particle velocity and Tgr as the period of the RF driving frequency.
Taking the kinetic energy of the particle

1
Ekin = §m02, (23)

into account with m as particle mass, we obtain that

1 nqUy sin Y
l, = 1/ , 2.4
JrRF 2m 24)

with frr as RF-frequency is the required length for the nth drift tube. The first
working LINAC was constructed at the RWTH Aachen by Winderte [1928b].

One of the most up to date, but just planned, linear accelerator is the ILC in

Japan as shown and described in figure [2.3| with a length of 11 km per LINAC
for collision energies of 500 GeV. Nowadays linear accelerators have a variety of
application possibilities. They generate X-rays and highly energetic electrons for
medical purposes or serve as a particle injector for more powerful accelerators,
like it is done at CERN and visualized in figure If the energy increases further
and the speed of the particles approaches at some point the speed of light, the
length of the drift tubes in a linear accelerator will reach dimensions that may no
longer be feasible. Taking the given accelerating gradient of table and

into account, the overall length of a LINAC for a maximum achievable electron
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ion source drift tubes
/

Figure 2.2: Scheme of a linear accelerator. The kinetic energy of charged
particles, produced by an ion source, is increased each time the particle
bunch passes a gap between the drift tubes. Here they are exposed to an
accelerating electric field, produced by different potentials attached to the
tubes. While the particle bunch passes one of the metal drift tubes it is
unaffected. In the next gap the potentials subsequently switch signs to
accelerate the particles further. With increasing velocity the length of the
metal tubes have to be increased as well.

Figure 2.3: Scheme of the ILC accelerator setup, taken from [ILC, 2018].
The electron source is a photocathode ejecting electrons by illuminating it
with intense, nanosecond laser light pulses. These electrons are accelerated
to 5GeV in a 370m linac stage (blue). Synchrotron radiation from high
energetic electrons in a high power cyclotron produces electron-positron
pairs on a titanium-alloy target. The positrons are collected and accelerated
to 5 GeV in a separate linac (green). To reduce the size of the electron and
positron bunches sufficiently they circulate in a pair of damping rings with
3.24km in circumference. Subsequently the particle bunches are sent to
the superconducting RF main linacs of 11 km in length and accelerated to
250 GeV each. The bunches are then focused and collide inside one of two
particle detectors.



2.1. Conventional accelerators

’ parameter | value
collision energy 500 GeV
bunch population 2-1010
number of bunches 1312
bunch spacing 554 ns
number of collisions 6560 st
acceleration gradient 31.5 MW /m
RF frequency 1.3 GHz
power of pulsed RF 190 kW /cavity
beam size 474 nm (width), 5.9 nm (thickness)
circumference of damping ring | 3.2km
length of main LINAC 11 km each
number of detectors 2 (push — pull alternation)

Table 2.1: Specifications of the ILC accelerator setup, taken from
[ILC, 2018].

energy of F.x = 1TeV would be approximately 30 km. Thus, the move to circu-
lar accelerators was done as a natural step in the historical development process
in order to keep the dimensions of the whole accelerators within reasonable limits
and to increase the particle energy further. The key idea is to introduce magnetic
fields to bend the particle beam into a circle.

A number of different accelerators are joined together in sequence to reach finally

particle energies in the TeV regime. Here, the accelerated particle travels around

’ parameter | value ‘
proton collision energy 6.5 TeV
electron collision energy 2.56 TeV /u
number of magnets 9593
number of main dipols 1232
length of main dipols 15m
number of main quadrupoles | 392
peak magnetic induction 7.714T
number of RF cavities 8 per direction
bunch population 1.2-10%
number of bunches 2808
number of collisions 1-109s7!
circumference of ring 26.66 km
number of detectors 7

Table 2.2: Specifications of the LHC accelerator setup, taken from
[EG CERN, 2017).

10



2.1. Conventional accelerators
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Figure 2.4: The LHC injection complex at CERN, taken from
[Caron, 1993]. It is a succession of machines with increasingly higher ener-
gies. Each accelerator injects the particle beam into the next one, which
takes over to bring the beam to an even higher energy. In the last ele-
ment, the LHC, each particle beam is finally accelerated up to an energy
of 6.5 TeV. Most of the injecting accelerators have their own experimental
halls, where the beams can be used for experiments at lower energies, see

figure 2.6]
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2.1. Conventional accelerators

a closed circular path, consisting of separated components for acceleration, beam
focusing and bending. The particles get accelerated in a linear setup as described
above driven by radio-frequency sources and focused by quadrupole magnets.
Bending is also done by magnetic fields, whereby the magnetic induction is syn-
chronized and proportional to the kinetic energy of the particles and increases
during the acceleration process. The Lorentz-force that acts on a particle over
the magnetic field has to compensate the centrifugal force due to the movement
on the orbit. Neglecting the electric fields, the Lorentz force and the centrifugal
force of the particle is [Holzer, 2017]

FLorentz = QUB, (25)
yma?
Fcentrifugal - r (26)

with B as magnetic induction, v = 1/4/1 —v?/c? as Lorentz factor with ¢ as
speed of light, and r as radius of the circular path. If we assume an idealized
particle moving along the path, the two conditions will be equal for a perfect

circular orbit. This yields the condition
= Br, (2.7)

where we refer to protons and set accordingly ¢ = e, as elementary charge, and
with p as particle momentum. Br is the so called beam rigidity that is related to
the particle momentum carried in the storage ring and directly defines the size
of a circular accelerator. Instead of a simplified picture of a continuous dipole
field, storage rings are build out of several dipoles closed to a loop. If ¢ is the
bending angle, p the bending radius of a single magnet and [ the particle path

length, then [Holzer, 2017]
dl  Bdl
0= " By
p p

The main dipole magnets of the ring have to determine a total bending angle of

(2.8)

2m. Therefore we require that

Bdl

In the example of the LHC, the dipole field has been designed to achieve the
highest possible values. Using (2.7)), (2.9) and the values given in table [2.2] with

12



2.1. Conventional accelerators

the specifications of the LHC, we obtain a required magnetic induction of

_ 2mple 2m - 6500 - 109 eV

B -
lc 1232 -15m - 2.99792 - 108 ms—!

— 7.37T, (2.10)

to bend the beams. That can be realised by using superconducting NbTi fila-
ments operated at T'= 1.9 K.
The maximum energy of the particles is on the one hand side limited by the
obtainable magnetic induction, the maximum curvature, and the size of the cir-
cular accelerator. On the other hand side another aspect plays also an important
role, mostly important for electron accelerators, i.e. the loss of energy due to
the emission of synchrotron radiation. If the electrons become more and more
relativistic, 5 = v/c & 1 and are bent on a circular path, they radiate intense
light, the so-called synchrotron radiation. The power loss due to this radiation
is inversely proportional to the square of the bending radius and depends on the
energy of the particle beam [Holzer, 2017]:
4 4

P, = gahg% = gah%, (2.11)
where a denotes the fine structure constant and A the Planck constant. The
particles lose energy with each turn they take. To compensate for these losses,
RF-accelerator stations are installed in the straight sections of the ring. The
power loss is proportional to the 4th power of the relativistic factor v, i.e. of
the inverse particle mass and sets severe limits on the beam energy in the ring.
Electrons are a factor of ~ 2000 lighter than protons, resulting in a power loss by
synchrotron radiation ~ 10'3 times higher than for protons of the same energy
in the same circular accelerator. To overcome this limitation even larger circular
accelerators were built and more powerful magnets were installed to maintain the
beam path for higher particle energies. A recent plan at CERN is to build a new
particle accelerator, the “Future Circular Collider” (FCC), through three coun-
tries with a circumference of nearly 100 km [APS, 2017], see figure For the
maximum achievable electron energy of E = 175 GeV the synchrotron radiation
would cause an energy loss of around 8.6 GeV per turn, resulting in an
immense need of energy supply. For one thing, this machine would extend the
current frontier in particle energies by more than one order of magnitude, but
the costs and effort to build this accelerator will be enormous and the electron

energies are still not reaching the 1 TeV mark.

13



2.1. Conventional accelerators

All these listed limitations for current and future laser, linear and circular ac-
celerators lead to the conclusion that a new type of accelerator is needed. The
LHC is able to produce high energy, multi TeV protons, but not electrons. If
it would be possible to transfer a fraction of the energy from the protons to the
much lighter electrons, a new accelerator frontier would be opened. The goal can

be achieved with plasma wakefield accelerators as described in the next section.

’
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Figure 2.5: Plan of a next accelerator at CERN, the Future Circular
Collider (FCC), taken from [APS, 2017]. It would be build through
three countries with a circumference of nearly 100 km. The maximum
proposed electron energy is ' = 175 GeV.
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2.2. Particle-driven wakefield accelerators

2.2 Particle-driven wakefield accelerators

Wakefield acceleration has already a long history of scientific development. The
first steps towards a plasma wakefield accelerator were taken in the late 1940’s
by Fermi [1949] and Mc¢ Millan [T950]. They considered cosmic-ray particle ac-
celeration by moving magnetic fields or electromagnetic waves. Based on that,
Chan [I97T] introduced a possible energy booster for relativistic charged particles
by ultraintense laser radiation. Only one year later Palmer [1972] discussed an
electron accelerator with lasers directed through a helical magnetic field. Willis
[1975] proposed the possibility to accelerate a dilute plasma with a high power
laser and a relativistic electron beam. Based on that, plasma-assisted acceleration
was recognized as a potential alternative to conventional RF-based acceleration
[Tajima, 1979|]. They investigated the drive of a plasma wakefield with an intense
laser pulse. The electromagnetic radiation sets the electrons into a transverse os-
cillation producing a space charge in this region by the displacement between
electrons and ions. If the light pulse has passed, the generated electric field pulls
the electrons back and a plasma oscillation is created. The wake plasma oscil-
lation can trap electrons which can gain a huge amount of energy when they
are accelerated forward. Soon after the publication it was realized that charged
particle bunches could also drive large amplitude wakefields and the scheme for a
plasma wakefield accelerator (PWFA) was introduced [Chen et al., 1985]. In the
scheme the plasma electrons are displaced by the electric field of the relativistic
particle bunch and not of the laser. Up to now laser-driven wakefield acceler-
ators reach higher maximum plasma densities and accelerating fields compared
to particle-driven wakefield accelerators, but latter are a more promising concept
towards even higher particle energies. Modern PWFAs are maximizing the accel-
erating field inside the plasma by increasing the number of particles per volume
unit using a high power laser just to ionize the vapor in the plasma cell and a
relativistic particle bunch to drive the wakefield (see section for details).

2.2.1 Theory and concepts
As outlined in section2.2] in the PWFA scheme the plasma electrons are displaced

by the electric field of the relativistic particle bunch. If the particle bunch is

negatively charged, plasma electrons are expelled from the volume of the particle

15



2.2. Particle-driven wakefield accelerators

bunch. These electrons leave a net positive charge behind the bunch head, are
attracted back, overshoot and sustain plasma oscillations [Caldwell et al., 2016].
The local plasma density ng defines the angular frequency of the plasma wave in
this region by [Caldwell et al., 2016]

[ npe?
= 2.12
wp eomea ( )

where m, is the electron mass. The plasma ions are much heavier than the

electrons and can be considered as immobile [Caldwell et al., 2016]. The plasma
wake is directly coupled to the drive bunch. Hence, the phase velocity vy of the
wake is close to that of the drive bunch v, which is close to the speed of light c.
Therefore its wavelength is
Ap = % (2.13)
Wp
Consequently, the plasma wave is effectively driven by a particle bunch with the

length on the order of the wave period [Lu et al., 2005]

o = 2 (2.14)

The maximum longitudinal electric field amplitude, defined by the wave breaking
field [Akhiezer, 19506]

Ey = %c (2.15)
is nearly reached for high density plasma wakes. The excited plasma wakefields
have an accelerating (decelerating) longitudinal component and a focusing (defo-
cusing) transverse component with comparable amplitudes [Caldwell et al., 2016].
In the plasma wakefield these fields switch periodically and lead to an accumu-
lation of accelerated electrons behind the bunch. Consequently, a plasma wake
with high accelerating fields is driven by the movement of an relativistic drive
bunch of charged particles through a plasma [Joshi, 2003||Bingham et al., 2004]
[Caldwell et al., 2009)]. If an additional trailing bunch of relativistic electrons with
sufficient charge follows the drive bunch in the wake at an appropriate distance,
these electrons are efficiently accelerated to high kinetic energies.

First experimental results were published by Rosenzweig [1988], demonstrating
the drive of a plasma wakefield by a relativistic electron bunch and the acceler-
ation of a witness bunch. Previous experiments have shown that, using a single

42 GeV electron drive bunch, plasma electrons are accelerated up to a maximum

16



2.2. Particle-driven wakefield accelerators

energy of 85GeV in less than a meter of plasma [Blumenfeld et al., 2007]. But
the total charge of accelerated electrons was insufficient to be extracted from the
plasma. To reach higher resulting energies in such wakefield accelerators, a stag-
ing of many plasma sections would be required. In 2009 an alternative proposal
was made [Caldwell et al., 2009][Lotov, 2010]. They developed the concept of a
proton-driven plasma wakefield accelerator by proof-of-principle simulations. In
that type of PWFA a high energy transfer efficiency became possible between the
driver and the witness bunch for proton energies above 1TeV. The PWFA by
Litos [2014] produced highly accelerated electrons of a trailing bunch that con-
tains a sufficient charge to extract a significant amount of energy from the plasma
wakefield accelerator, but with a lower accelerating field. Over a length of 36 cm
the core electrons gain about 1.6 GeV of energy per particle. Thus, additional
steps and investigations have to be done to irretrievably implement proton driven
PWFAs as a new research tool. One next step is the AWAKE project at CERN
|Gschwendtner et al., 2016|[Assmann et al., 2014][Caldwell et al., 2016].

2.2.2 The AWAKE project

The Advanced Proton Driven Plasma Wakefield Acceleration Experiment
(AWAKE) is an electron accelerator project to study proton driven wakefield
generation based at CERN. It is a proof-of-principle experiment demonstrating
that relativistic proton bunches of energies around £, = 400 GeV can drive wake
fields in a plasma to accelerate electrons to the TeV regime [Turner et al., 2016].
But to achieve such high accelerating fields of GV /m in a plasma, high particle
densities are needed and the driver must be shorter than the plasma wavelength
[Pukhov et al., 2012]. The wave breaking limiting field of a plasma is also
given by |[Assmann et al., 2014]

Te

B~ 1020 \n—3

(2.16)
with F as accelerating electric field and n. as plasma density. Due to the fact

that we are looking for a high gradient acceleration, the plasma density has to be
higher than 102 m~3.
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2.2. Particle-driven wakefield accelerators

The corresponding plasma wavelength (2.13) [Assmann et al., 2014]

102t m—3
Ap R || —— mm, (2.17)
Te
is then in the range of a mm and thus much shorter than the available driving
proton bunches in a cm scale. To meet these restrictions one takes advantage

of a physical mechanism, the self-modulation instability (SMI) in this kind of

environment |[Kumar et al., 2010]. In the AWAKE experiment a proton beam,

which contains around 3 - 10! particles, are extracted from the CERN Super
Proton Synchrotron (SPS), see figure and coupled into the plasma chamber
[Pukhov et al., 2012, Gschwendtner et al., 2016|. The proton beam has a bunch
length of 12 cm (see table [2.3). The bunch length is rather large compared to the
wavelength of the wakefield (A, ~ 1 mm), and the experiment relies on the SMI,

which modulates the proton driver at the plasma wavelength into smaller groups

in a first seperate several meters long plasma chamber [Gschwendtner et al., 2016).
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Figure 2.6: The CERN accelerator complex with the Super Proton Syn-
chrotron (SPS) in light blue and the AWAKE experiment location in red.
Other accelerator rings and experiments are also depicted with their respec-
tive year of construction. Figure taken from [Gschwendtner et al., 2016].
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2.2. Particle-driven wakefield accelerators

The SMI selectively focuses or defocuses different parts of the beam, caused by
an amplification of the rippling of the proton beam resulting in a plasma wave
train. When leaving the chamber, the previously large proton bunch is split
into hundrets of micro-bunches seperated by exactly one plasma wavelength to
drive the high amplitude wake. This process is very energy inefficient but cost-
effective and easy to handle. Hence, it is a very well suited solution for many
PWFAs. A main restriction for the SMI is that these micro-bunches have to
interact constructively, meaning that the plasma in which the SMI happens has
to be highly uniform [Lotov et al., 2013c|[Lotov et al., 2013a]. The error of the

relative plasma density has to be in the range of [Assmann et al., 2014]

0N N Ap

Ne 2mo,p

(2.18)

With this boundary conditions for the SMI, the variation of the plasma density
has to be below 0.5 % over a distance of several meters [Oz, 2014]. Different stud-
ies have shown that the SMI is less sensitive to plasma density inhomogeneity than
the accelerated particles. If the plasma density fluctuates, the drive bunch freely
passes through regions of increased plasma density and interacts with regions of
reduced plasma density, which corresponds to the spacing of the micro-bunches
[Lotov et al., 2013c][Lotov et al., 2013b|. Up to now, the best way up to now to
achieve the required axial homogeneity is to use an alkali metal vapor filled cham-
ber and to ionize the neutral gas with a high power laser pulse which is shorter
than A, [Turner et al., 2016]. The reasons to use alkali vapor the low ionization
potential in the range of a few eV and the large ion masses, which makes them
less sensitive to electroc field forces [Vieira et al., 2012b][Vieira et al., 2012a]. If
additionally the laser propagates parallel to the motion of the proton beam, the
fast creation of plasma inside the bunch seeds the SMI [Assmann et al., 2014].

After the first chamber the self-modulated proton bunch enters a second plasma
cell where it drives the plasma wakefield. One major reason to split the PWFA
into two parts, besides the plasma uniformity challenge for the SMI, is the avoid-
ance of the phase velocity problem if the witness bunch would be coexisting with
the SMI and consequently to growing wakefields. Over the first meters in the first
plasma cell the SMI grows. In this region the effective wakefield phase velocity is
slower than the drive bunch phase velocity [Lotov, 2015|[Schroeder et al., 2011].
The slow wave is as problematic for accelerated particles as the plasma unifor-

mity, i.e., the defocusing phase of the wave scatters the particles. For protons
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2.2. Particle-driven wakefield accelerators

‘ parameter | value
proton beam
beam momentum 400 GeV /c
number of protons per bunch | 3 - 10!
bunch length (o) 0.4ns|12cm
bunch size at entrance (0,,) | 200 um
laser beam
laser type fibre titanium:sapphire
wavelength 780 nm
pulse length 100 — 120 fs
laser power 4.5TW
focussed laser size (oy,) 1 mm
repetition rate 10 Hz
plasma source
plasma type laser ionized rubudium vapor
plasma density 7-10%m=3
length of plasma chamber 10m
plasma radius > 1mm
skin depth 0.2mm
electron beam
beam energy 16 MeV
energy spread 0.5%
bunch length (o) 0.5 ps
bunch size at focus (o,,) 250 pm
charge per bunch 0.2nC

Table 2.3: Specifications of the AWAKE accelerator setup, taken from
[Gschwendtner et al., 2016].
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2.2. Particle-driven wakefield accelerators

this is not a severe problem due to the fact that the growth of the SMI relies
also on the defocusing feature. To prevent the phase velocity problem for elec-
trons, an additional accelerated electron beam with energies of E, = 16 MeV is
injected and merged to the proton beam line of the second cell for acceleration
purposes at the stage of fully developed SMI [Pukhov et al., 2011|. The electron
beam is produced via laser induced photo-emission from a cathode and is addi-
tionally boosted. In the second cell, a more than 10 m long and homogeneous,
high-density plasma discharge is required to create high electric fields of GV/m
in which the electrons are accelerated. To create the high electric fields, a plasma
discharge with plasma density of n, = 7-10%° m~3 has to be provided with a varia-
tion in plasma density of under one percent [Caldwell et al., 2009]. Axial plasma
density changes would lead to varying frequencies of the plasma oscillations and
cause phase differences between the driving proton bunch and the plasma wave,
and also between the accelerated particles and the wakefields. If the plasma den-
sity increases, the plasma wavelength shortens and the electrons will be scattered
transversely by the defocusing phase of the wave. On the contrary, if the plasma
density decreases the plasma wavelength gets longer and the electrons will be
decelerated by the phase difference [Caldwell et al., 2016].

These two possibilities are leading to a deceleration and broadening of the elec-
tron bunch. The high and homogeneous plasma density has to be maintained
for a few microseconds. In this time window the relativistic protons are moving
through the several meters long plasma discharge and accelerate the injected elec-
trons. Another requirement is that the peak plasma density has to be achieved
in the center of the discharge where the proton bunch is moving through. This
area has to be, depending on the proton source, a few mm wide. One possi-
bility to achieve such a high plasma density with the given constraints is the
use of an alkali metal vapor filled plasma chamber, ionized with lasers, as done
in the first plasma chamber. Plasma densities in the order of n, ~ 10*2m~3
can easily be reached in the center of the cell. But the possible use of the op-
tion is uncertain, due to the limited available laser power and the difficult up-
scaling to a length of [ = 100m or even [ = 10m for the AWAKE experiment
[Assmann et al., 2014]. Figure shows the experimental setup. A possible
solution for such a long plasma discharge would be a helicon plasma discharge
[Buttenschon et al., 2013|[Buttenschon et al., 2014] as described in section [3.3]
The next chapters address the question if the requirements in specific plasma pa-

rameters required to realize the particle accelerators within the AWAKE project
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Figure 2.7: Baseline design of the AWAKE experiment, taken from
[Gschwendtner et al., 2016].

are achievable. The experimental setup of the helicon plasma cell PROMETHEUS-
A, the laser-diagnostics and the numerical methods are described in chapter [5]
In chapter [6] the experimental results are shown and design relevant questions
are answered, e.g., if the goal plasma density, measured with a laser interferom-
eter, can be achieved and how large the width of the peak plasma density is. A
brief summary on this subject was recently published |[Buttenschon et al., 2018|.
Other important aspects as the centrally peaked plasma profile and the similarity
and reproducability of the plasma density evolution over the whole plasma pro-
file are discussed. It is investigated how the change of experimental parameters
influences the plasma density and some limitations are shown. To characterize
the plasma, the electron temperature is calculated and compared to the plasma
density evolution with the help of a rate reaction model, described in chapter [4
This all is done for different experimental parameters. To describe the neutral
gas and single ionized atom evolution, laser induced fluorescence measurements
are shown. These results of metastable atoms and of the rate reaction model are
taken into account to scale down to the groundstates of argon and the relation

to the plasma density and temperature is discussed.
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Chapter 3

Radio-frequency discharges

Radio-frequency (RF) discharges are driven by alternating, time-dependent cur-
rent and voltage sources. They are working in a low pressure neutral gas regime.
The angular driver frequency wrr is in a range where the ions are not able to

follow the alternating electric field, i.e.
Wpi < WRF < Wpe, (31)

where wp,; and wp. are the ion or electron angular plasma frequency, respec-
tively. A typical RF-frequency is frr = 13.56 MHz with its first harmonic
flgF) = 27.12MHz. As described in section the heating source of the ex-
perimental discharge are three helical antennas. The mechanism that couples
the heating power into the plasma depends on the input power level. Three dif-
ferent modes of discharges are distinguished with increasing heating power: the
capacitive, the inductive, and the helicon discharge. The capacitive and the in-
ductive plasma discharges are widely used in industry, are well known and already
deeply investigated [Conrads and Schmidt, 2000||Braithwaite, 2000]. The helicon
discharge mechanism is mostly used in research and is still under investigation
since several physical processes are not yet well characterized and are under inten-
sive discussion [Chen, 2015|. This chapter gives a short overview of capacitively
and inductively coupled discharges and discribes the helicon discharge mechanism
[Lichtenberg, 2005] in more detail, mainly because the discharge mode is used in

the present thesis work.

23



3.1. Capacitively coupled discharge

3.1 Capacitively coupled discharge

The basic experimental setup scheme of a capacitively coupled plasma discharge
consists of two parallel mounted metal plates. Between these plates a RF-signal
is applied. In front of the plates a sheath is formed. Over the period of the RF-
signal the thickness of the sheath varies and induces an oscillation in the plasma
potential at the frequency of the applied signal. In the sheath high electric fields
develop and accelerate the existing ions in the plasma. At moderate to high
neutral gas pressures, the power coupling is determined by inelastic collisions of
electrons with the neutral background gas. Due to the acceleration of ions at the
plasma edge (resulting in ion-wall collisions) high energy losses are generated and
rather low plasma densities of n, < 1-10'" m~3 are achievable [Lichtenberg, 2005].
Because of the accelerating fields and the dynamics in the sheath in front of the
plates, the capacitive discharge mode is used in many surface processing devices
[Wegner, 2010].

3.2 Inductively coupled discharge

The simplest experimental setup for an inductively coupled plasma discharge
consists of a current-carrying coil wound round a cylindrical dielectric vacuum
chamber. The oscillating electric fields have two effects: (1) At both ends of the
coil a voltage drop exists leading to an alternating electric field, as in the case of
the capacitively coupled plasma discharge. (2) The other heating mechanism is
based on an additional electric field induced into the plasma by the alternating
magnetic field of the antenna. The resulting electron current heats and ionizes the
plasma via collisions. The most efficient inductively coupled discharges requires
that the induced electron currents distribute over the whole plasma volume. This
is the case if the penetration depth of the alternating magnetic field, defined
by the skin depth 6 = c/w,, is equal to the plasma radius [Lichtenberg, 2005].
The drop of the voltage at the sheath is essentially lower than in the case of
the capacitive discharges. Therefore higher plasma densities of typically up to

ne < 1-10¥m~3 are achieved.
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3.3. Helicon discharge

3.3 Helicon discharge

A helicon discharge is an efficient plasma production mechanism, creating plasmas
of high density and low temperatures. They produce routinely plasma densities
around n, ~ 10 m~3 at moderate RF-heating powers. Another advantage is
that a helicon discharge deposits the main heating power in the center of the
discharge, different from capacitive or inductive plasma discharges. In contrast to
an electron-cyclotron-resonance heated (ECRH) plasma, a helicon wave heated
plasma is a non-resonant heating mechanism. This specific type of heating is
effective in plasmas with a high collisionality, leading to a high ionization rate

and low electron temperatures in a non-LTE plasma, with
Te >> 7—11 2 Tg7 (32)

with 7, as electron temperature, 7; as ion temperature and 7, as neutral gas
temperature. Helicon waves are the bounded version of whistler waves, that are
right-handed circular polarized electro-magnetic waves. The dispersion relation
of a helicon wave is [Chen, 1984]
ifQ =1— M’ (3.3)
WRF 1 — (we/wrr)
with k as wave number and w,. as cut-off frequency. If a long wavelength whistler
wave propagates in a cylindrical chamber, eigenmode structures are formed with
different dissipation and polarization characteristics. The eigenmodes are char-
acterized by a mode number m that is also retrieved in the design of the an-
tenna |Light, 1995]. The helicon dispersion relation can than be simplified to
[Chen, 1997]

3B 2
h = v 4
s where [ 2 (3.4)

wrr = k

with @ as vacuum permeability and k&, as the wave number of low-frequency
whistler waves for which k% = k% + kﬁ applies. The parallel wave number kj is
basically given by the geometry of the antenna, whereas the perpendicular wave
number k; depends on the radial expansion of the plasma [Franck, 2003]. This
is especially well-founded for low-density plasmas. As seen in , the plasma
density scales linearly with the magnetic induction in the helicon dispersion rela-

tion; theoretically there is no plasma density cut-off. But the dispersion relation
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3.3. Helicon discharge

(3.4) is only valid in the limit
Wei < WRF < Wee, (35)

with we as ion cyclotron frequency and w.. as electron cyclotron frequency. At
magnetic induction and plasma frequency combinations where the RF-frequency
is close to the lower hybrid frequency, the linear scaling of stops and the
plasma density even decreases. The lower hybrid frequency is an oscillation of
ions and electrons in a magnetized plasma with a hybrid frequency of ion, electron

cyclotron and plasma frequency and is written as

wcewciWQ B2€2Z
= p = . 36
WL \/wcewci + w? \/me(B2eoZ + nem;) (3.6)

The lower hybrid frequency is dependent on plasma density and the magnetic

induction. Experimental results have shown that the plasma density and the
collisionality of the plasma particles are maximized close to the lower hybrid fre-
quency (figures and , what is discussed as a major reason for the efficient
ionization of the plasma [Kwak et al., 2000|,|Buttenschon et al., 2018|. The spe-
cific mechanism of power absorption in helicon discharges is still under debate.
The collision frequency of coulomb collisions in this regime is too low and no
dominating factor in power absorption. There are three different approaches to

explain the plasma-power coupling:

1. One ansatz takes the electron population into account. The thermal velocity
of the electrons has to be comparable to the phase velocity of the helicon
wave and the energy of the wave is collisionlessly dissipated by Landau-
damping [Molvik et al., 1997].

2. It is supposed that a second wave-type exists, the Trivelpiece-Gould mode,
which is driven by the helicon wave. The energy of a Trivelpiece-Gould

wave is efficiently dissipated by the plasma via collisions [Shamrai, 1996].

3. The third approach proceeds on the assumption that some resonance close

to the lower hybrid frequency leads to an efficient absorption [Boswell, 1984].

The RF heating power is coupled into the plasma via external helical antennas.

This principle brings another benefit into play. One can distribute the total power
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Figure 3.1: Scaling of the central plasma density with magnetic field in-
duction for two different RF power levels. The black dotted line indi-
cates the magnetic induction B = 130.8mT at which the lower hybrid
frequency matches the RF frequency of 13.56 MHz at an plasma density
ne < 6-102°°m™3. Data are taken at pg = 5Pa and B = 116 mT, taken
from [Buttenschon et al., 2018].
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Figure 3.2: Scaling of the lower hybrid frequency with magnetic field induc-
tion for two different ionization levels. Data points for plasma density
and magnetic induction taken from figure (high power case). The blue
horizontal line indicates the RF driving frequency of 13.56 MHz and the
vertical lines the matching magnetic inductions for different ionization level
where fLu = frr.
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Figure 3.3: Scheme of neutral pumping. Axially outwards the ions are moving
with ¢s. Argon ions are also moving radially outward and recombinate at the
outer wall to neutral argon. These neutrals are moving with thermal velocity
inwards. Comparing both quantities an imbalance gets visible and a depletion of
neutrals in the center of the discharge.

over a number of individual antennas and couple it to a set of RF sources. That
makes it possible to scale a helicon wave heated discharge to an arbitrary length.
The plasma density limit is commonly ascribed to neutral pumping, the depletion
of neutral gas density in the center of the discharge. To keep the pressure balance
and to ensure that the ionization process is not decelerating, the flux of argon
neutrals and argon ions have to be equal, see figure Axially the ions are
moving with the sound speed ¢,. A fraction of argon ions is also moving radially
outward and recombinates at the outer wall to neutral argon. The neutrals at the

wall are moving with thermal velocity vy, inwards. If we compare both quantities

ZkgT, kgT,
. = [725Be 9500 m/s S vy, = B78 ~ 300 m/g (3.7)
m; Mg

where Z is the atomic number, kg the Boltzmann constant, m; the ion mass and

we see that

mg the mass of a neutral gas particle. The ionization mean-free path at these

high plasma densities is

1 1

A p— p—
Voneoo  V/2-1-10%cm=3-7-10-16 cm?

~ 0.4 cm, (3.8)

with o being the cross section for ionization by electron collisions (see chapter [4)).
This results in an average ionization of neutrals before they even reach the center
of the discharge, leading to an imbalance of fluxes and depletion of neutrals in
the center of the discharge, limiting the maximum plasma density. For this type
of discharge, power balance calculations have shown that high plasma densities

are achievable with relatively low RF power at low electron temperatures (figure
[Wegner, 2010][Buttenschon et al., 2018|. These power balance calculations
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are an estimation of the required power to maintain a plasma discharge of a
given plasma density considering a constant neutral gas density of the discharge
and general power sources and losses, like ionization, excitation, recombination,

coulomb collisions between ions and electrons and particle losses to the wall.

peak density (102° m™)
o = N W A O O N

rf power (kW)

Figure 3.4: Scaling of the central plasma density with total RF power. The
shaded area indicates the plasma density region the power balance predicts
for an filling gas pressure of pg = 5 Pa and a flat-top plasma density profile
with 10 mm radius within the boundary of the electron temperature values
shown, taken from [Buttenschon et al., 2018§].
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Chapter 4

Modeling of high-density argon

discharges

4.1 Reaction rate model

This chapter introduces into a zero dimensional reaction rate model (0DRRM).
The model allows one to study the main generation reactions of ions and meta-
stable states in a low-pressure, high-density argon plasma, which is quantitatively
related to the experimental results obtained with laser-induced fluorescence (LIF)
measurements in the PROMETHEUS-A helicon device, c.f. chapter[5] The input
parameters for the model are chosen to match the experimental conditions with
a neutral gas pressure of py = 2 — 8 Pa and RF powers of Pgrp = 0.3 — 27kW in
total coupled via three helical antennas. The plasma reactions are described by
a set of first-order differential equations, that are solved self-consistently to yield
the densities of the respective species. To verify experimental results, many dif-
ferent theoretical models were developed over the last decades. They often vary
by several orders of magnitude due to the use of more or less exact rate coeffi-
cients [Schmidt et al., 2015]. Although nowadays more quantitative information
on rate coefficients is available, in many cases one has to rely heavily on approx-
imate methods. The semi-empirical formula of Lotz [1968|, which uses a classi-
cal scaling law, is still widely used [Baeva et al., 2012] |[Peerenboom et al., 2010]
|[Heiermann, 2002]. Another often used formula to take excited states into ac-

count is given by Hoffert et al. [1967]. They promote an analytical formulation
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for forward ionization and recombination of argon. Electron impact ionization
occurs when the energy of the electron exceeds the ionization threshold energy
of the atom, which is Fj, = 15.76eV for argon. Another possibility to ionize an
atom is to generate an excited state first and ionize it afterwards. In the excited
state, the required energy for ionization is lowered due to the higher energetic
state of the atom. Argon has up to 75 excited states [VIcek, 1986]. Most of these
states decay to the ground state via spontaneous radiative transitions and have a
short life time. Some of them are populated long enough to be ionized by electron
collisions. This leads to a process of ionization by excitation and a subsequent
ionization of the excited atom. The process of stepwise ionization is not negligible
for electron temperatures 7, > 1eV [Fridman, 2011] and is implemented in the
respective reaction rate model.

There are three kinds of collisions between electrons and neutrals:

1. elastic collisions, with an exchange of momentum but the total kinetic en-

ergy of the colliding particles remains constant,

2. inelastic collisions, in which part of the kinetic energy of one particle is
converted into internal energy of the other particle (most common in rare

gas plasmas is excitation and ionization),

3. superelastic collisions, in which internal energy of one particle is changing

the kinetic energy of the other particle [Raju, 2004]

For ionization by electron collisions, which is considered in the model, only the
inelastic collisions are taken into account.

In the development of a reaction rate model, specifically designed for the compari-
son with our experimental measurements, different models have been investigated
and evaluated. One of the oldest models for the calculation of ionization cross
sections is the model of Thomson [T912]. It is based on the principles of electrody-
namics and does not correctly reflect the processes of impact ionization. Nonethe-
less the model forms the basis for various advanced models, such as the ones from
Drawin [I961] or Vriens [1973]. One of the successors of Thomson’s model is
the model of Drawin [I961][1963]. It contains an empirical correction of Thom-
son’s formula for the calculation of collision cross-sections. This model shows
good agreement with experimental results from Smith [1930] and Asundi [1963b].

Although Drawin has not calculated any rate coefficients in his work, the cross
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sections have been used by other authors, e.g. Annaloro et al. [2012]. The model
of Hoffert [1967] is an advanced model which aims at developing a simple but real-
istic representation of coupled atomic processes in argon, in particular atom-atom
and atom-electron impacts s well as three-body recombination. It consists of a
set of equations governing a quasi one-dimensional flow of an argon plasma and
was confirmed by Maxwell [I974] for a temperature range of 0.25eV < T, < 2eV
in an expansion experiment of partially ionized argon. Another model developed
in the 1960’s is the semi-empirical model of Lotz [1967b|[1968]. Almost all ex-
perimental results can be approximated with the formulas given in that model,
but multiple ionization that lowers the ionization potential and the collision limit
is not taken into account. Another step was taken by Lennon et al. [1988b] by
calculating Maxwellian rate coefficients over a wide temperature range through
an evaluation of cross sections for each species based on the classical scaling laws.
A model for treating multistep ionization and recombination was developed by
Simpson [1990]. The formulae are based on experimental data and theoretical
calculations, where he uses data of Wetzel et al. [I987] to describe ionization
from the ground state, data from Bretagne et al. [1986] and Tachibana [1986b]
for the excitation of atoms and data of Vriens [1973] to calculate the ionization
of excited states. This model is very useful for plasmas in which radiation effects
are negligible. One of the currently developed models is from Annaloro et al.
[2012], in which global rate coefficients for ionization and recombination over a
wide electron temperature range of 0.25eV < T, < 2eV are obtained. A zero-
dimensional (time-dependent) code is used to investigate the behavior of excited
states, which are considered as independent species. As described in the next
sections, formulae, cross-section and rate coefficient data were taken from several

of these models to formulate a specific reaction rate model.
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4.1.1 Principle and energy levels

The ODRRM provides calculations of fundamental plasma properties like plasma
density and temperature. Since there are no plasma profile effects directly taken
into account, the model gives no information about the spatial distribution of the
respective plasma species. Furthermore the model assumes a Maxwellian electron
energy distribution function (MEEDF [1990b]), justified by the high collisional-
ity in the low electron temperature and high plasma density argon discharges of
PROMETHEUS-A (T, =1 —2¢eV and n, < 7-10%° m™3). The energy distribu-
tion of electrons has a strong influence, due to the fact that collisional ionization
has a certain threshold energy in the order of some electron volts.

The argon plasma discharge contains a number of species created by different
reactions, which are all described by specific rate coefficients. The reaction rate
model contains in total 14 energy levels and between them several reaction chan-
nels. In the pressure regime under consideration three-body collisions are of little
importance, but they are included in the model to cover the full set of reaction
channels. Reactions requiring high energetic electrons or ions with energies of
E > 50eV are neglected and the changing coupling efficiency between RF power
and plasma is not integrated in the calculations. In 0DRRM only inelastic reac-
tions are taken into account. Included are: the argon ground state, single and
double ionized states, the six metastable states (for laser-induced fluorescence
measurements of neutrals and ions), dimer and trimer states that depend on the
single ionized and the neutral metastable states.

For an overview, all considered atomic argon states and transitions are marked by
arrows in figure [4.1] The specific atomic reaction equations are given in table [4.2]
The reaction rate model yields all plasma quantities that are shown in table [4.1]
All tabulated quantities are a function of gas pressure and electron temperature.
Before starting a calculation run, the initial neutral argon ground state density

na, is calculated from the experimental neutral (ideal) gas pressure.

PAr
L= , 4.1
A k‘B . ( )

The global density evolution is balanced by sources and sinks. The estimation
of the plasma parameters within the plasma volume is provided by the particle

balance equation:
dn,

dt V= Gsourcev - Glossv - Fm‘sy (42)
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Figure 4.1: The reaction rate model contains 14 energy levels in total and several
reaction channels between. Included are the argon ground state, single and dou-
ble ionized state, the six metastable states for the neutral and ion laser-induced
fluorescence measurements and dimer and trimer states. The additional reaction
product, representing the special reaction type, is marked on the respective arrow.
All reactions concerning dimers and trimers are not marked for clarity. For the
specific reaction equations see table .
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4.1. Reaction rate model

atomic state density | label | description

Te electrons

nay | neutral argon ground state

n Ar(QPg/z 45) nay | initial neutral argon metastable state
n Ar(2p?/2 ip) nare | excited neutral argon metastable state
n Ar(2P?/2 45) nat | final neutral argon metastable state
Nar, (P, 4) Ny | initial neutral argon dimer

N (2P9/2 4p) narg | excited neutral argon dimer

Nay, (2P9/2 45) Na, final neutral argon dimer

na+ | single ionized argon ground state

TAr+ (1F7,3d) nayi+ | initial single ionized argon metastable state

Mt (po 4 nare+ | excited single ionized argon metastable state
r ( 5/2 p)

TAr+ (1Pg ), 45) na+ | final single ionized argon metastable state

Nay+, | single ionized argon dimer
Nay+, | single ionized argon trimer

naz2+ | double ionized argon ground state

Table 4.1: Yielded plasma quantities in the reaction rate model.
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4.1. Reaction rate model

where the parameter V' is the volume of the plasma vessel, S the surface area of
the plasma, I, the average particle flux normal to the surface and Ggouree and Giogs
the source and loss terms. They are determined by the product of the reaction
rate coefficients k,, and the respective densities n, and n, of the plasma species

involved in a reaction with two reagents for example:
G = kyyna(t)ny(t). (4.3)

In a general form, the generation of ion-electron pairs by collision of electrons

and neutral argon particles is described by Scheubert [2001] as

G = nas [E O:E a(E)\/ZE; F(E)dE. (4.4)

Here E denotes the energy, o(FE) the energy dependent ionization cross section,

E;, the minimum kinetic energy an electron needs to ionize via collisions and
f(E) the electron energy distribution function.
The electron energy distribution decreases exponentially with increasing energy

as given by the Maxwellian electron energy distribution function (MEEDF)

)= Q\E (kBlT) o (_ ka) ’ (45)

and the ion generation by electron impact dominates in the energy region close

to the ionization threshold energy Ej,. A simplification to avoid the integration
over the whole energy dependent ionization cross section is the use of a simple

step function for the cross section:

0 E < Eiz,
o= (4.6)
or FE Z Eiz'

Now the integration over a MEEDF can be carried out analytically and the ion-

ization rate GG is then given by

8 kaTe Eiz Eiz
= NeNAr — 1 — . 4.
G = nena O'T\/;H . ( + k?BTe) exp < k?BTe) (4.7)

Another simplification given by Meyyappan [1990b] is to neglect the temperature

dependence of Fi,/(kgT.) and to modify op. But this assumption was not taken
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4.1. Reaction rate model

into account in our reaction rate model.

In figure [4.2] different ionization rates are displayed, using data given by the differ-
ent authors listed above. For an argon plasma with a neutral filling gas pressure
of po = 1Pa and a neutral gas temperature of T, = 300K, ionization rates were
determined for an electron temperature range of T, = 1-10*—1-10°K ~ 1—10eV.
In figure the full line shows the obtained ionization rate by integrating over a
Maxwellian distribution and using an energy dependent ionization cross section
as carried out by Lennon et al. [1988b]. The dashed line is an approxima-
tion which corresponds to the calculations done by Meyyappan [1990b], but with
an ionization cross section of o7 = 3.0 - 1072 m? worked out by Stewart et al.
[1994]. The dot-dashed line is based on (4.7)), with an ionization cross section
or = 2.0-1072°m? as used in the work of Meyyappan [I990D] and the dotted line
is based on the data of Passchier [1993].

Figure shows the ionization rate for the same parameters, using the rate
same reaction model and taking into account, showing a high agreement
to the curves in figure [£.2 In general, the plots in figures and show a
steep increase in regions of low electron temperatures (7, < 40000 K =~ 3.5eV)
over several orders of magnitude. This region is of high interest since many low
pressure plasmas operate in that electron temperature range, especially helicon
discharges which are investigated in the preent work. At higher electron tem-
peratures (7, > 60000 K ~ 5.2¢V) the ionization rates tend to saturate and the
differences between the various approximations vanish. Already in 1924 it was
pointed out by Schottky [1924b] that the ambipolar diffusion coefficient of a low
pressure discharge and the geometry determine the ionization rate. Schottkys
calculations were done on a simple diffusion model, neglecting ion momentum
and assuming that the particle density vanishes at the chamber wall.

The simulation results from Stewart et al. [1994], Meyyappan [1990b] and Lennon
et al. [1988b| are all comparable. Only the approach by Passchier [1993] differs
significantly. This is due to the fact that a minimum mean electron energy of
5.3eV is required to start any ionization processes by electron impact. This

assumption is not used in our model.
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Figure 4.2: Ionization rates for argon. Calculations done in depen-
dence on the electron temperature T;, at pg = 1Pa and T, = 300K,
taken from Scheubert [2001].
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Figure 4.3: Tonization rates for argon. Calculations based on (4.7)
and done in dependence on the electron temperature T, at pyp = 1Pa
and T, = 300K, using the cross-sections as in the implemented reac-
tion rate model and done in dependence on the electron temperature
T¢ at po = 1Pa and T, = 300K.
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4.1. Reaction rate model

4.1.2 Wall loss term

The modeling of the plasma in PROMETHEUS-A is based on the assumption
that the electrons are described by a MEEDF and T, > T;. Since no radial profiles
are directly considered in the model, the behavior of the charged particles at the
sheath edge is described by a wall loss term.

The interaction of the plasma with an absorbing wall can be described as follows
|[Riemann, 1991]: The highly mobile electrons charge the wall negatively with
respect to the surrounding plasma. Due to the repulsion of electrons, a positive
space charge region (’sheath’) with a typical extension of a few Debye lengths Ap
forms, which shields the neutral plasma from the negative wall. A stable sheath
formation requires that the ions enter the sheath region with ion sound speed to
render the shielding, as formulated in the Bohm criterion (see below). The early
works of Langmuir [1929] uncovered basic features of plasma-sheath transitions.
The kinetic analysis of a low-pressure plasma column of Tonks [1929b] already
used an implicit form of the Bohm criterion. However, the explicit formulation
and definite interpretation of the sheath condition was done by Bohm [1949b].
The Tonks-Langmuir problem was solved analytically by Harrison [I959]. They

found a kinetic formulation of Bohm’s criterion:

[kgT,
Cis Z & = Um, (48)
my

where vg is the Bohm-velocity and ¢ the ion sound velocity. Since the plasma
in PROMETHEUS-A is magnetized, the main loss channels are parallel to the

ambient magnetic field. The wall loss term is parameterized as

(4.9)

2
e (22 T

V mi7

where A is an arbitrary scaling factor, 25 is the surface area limiting the plasma
parallel to the magnetic field to both sides and ne\/%?e is the Bohm flux I'g =
NeUB.

The particles of the plasma are not only subject to parallel but also radial losses.
Although latter are much smaller than the former due to the radial magnetic
confinement in the helicon discharge, they may contribute to the total wall losses
because its much larger effective surface.

To take it into account an arbitrary scaling factor A is introduced in (4.9)), to
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4.1. Reaction rate model

consider the diffusion of particles to the wall. If there are no losses of electrons
and ions, the factor will set to A = 0. If only parallel losses are present, A = 1.

A factor A > 1 includes also radial losses parametrically. Figure [4.4] shows a

Figure 4.4: Schematic of possible wall losses. If
A =1 only losses along the magnetic field, if A > 1
radial losses are also included.

schematic depiction of the wall losses for charged particles.
Neutral metastable argon atoms also experience radial losses to the wall where
they deexcite to the neutral argon ground state. It is described by the wall loss

coefficient .
kw(met) = Zrymet@met(s/v) (410)

The factor 1/4 results from the use of an isotropic Maxwellian energy distribution.
The mean thermal velocity of the metastable argon particles is

Umet = %, (4.11)

TMmet

where my,e¢ is the metastable particle mass and 75 is the neutral gas temperature
T, = 400 — 800 K [Lee, 1995][Gudmundsson, 2001|[Wainman et al., 1995], which
is slightly higher than the wall temperature due to the high collisionality between
electrons and neutrals. (Recent reports indicate T, to be significantly higher than
room temperature [Lee et al., 2017]). The factor 7y is the sticking probability,
which is constant for small energies. The vessel of PROMETHEUS-A is made
out of glass, what results in a sticking probability of v, = 0.007.
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4.1. Reaction rate model

4.1.3 Overview of reactions

For the 14 energy levels, included in the 8 types of species, over 160 reactions are
considered. All reactions and rate reaction labels with neutral argon or reactions
related to the processes with singly ionized argon, argon dimers and argon trimers
are compiled in table 4.2l A full overview of all reactions and their respective
rate coefficient equations, values and sources for the different types of reactions
are compiled in the tables (appendix).

In the reaction rate model argon-electron, argon-argon and also three body colli-
sions are included. Three body collisions only play a significant role in discharges
with high neutral gas pressures p > 100 Pa. The helicon discharge investigated
here is a collision dominated discharge and three body reactions are not generally
neglected. Due to the low temperatures, reactions that require particle energies
exceeding 50 eV are neglected.

Reactions included in the model are: ionization, excitation, recombination,
metastable pooling, quenching, spontaneous emission, three body collision, dimer

and trimer formation, dissociation and wall loss processes.

reactions with neutral argon

reaction sort, of atom label
ionization Ar+e — Art+e+e k1
Art+e - Art+e+e ko
Ar*+e — Art+e+e ks
Arf+e 5 Art4e+e ka
Ari+e —» Artf4+e+4e ks
Arf +e —» Artf+e+e ke
el. coll. excitation Ar+e — Ari4e kr
Ar+e — Ar®+e ks
Ar+e — Arf+e kg
recombination Art 4+e — Ar k1o
metastable pooling A+ Ay — Art +Ar+e x=1iefx=y k11
Ar* 4+ Ar* — Ar+ Ar* x = i,e,f k1o
Ar*+ Ar — Ar+ Ar x = i,e,f k13
electron quenching Ar*4+e — Ar+e x = i,e,f k14
spontaneous emission Ar® — hy 4+ Ar k15
Art = hv 4+ Arf kig
Ar' — hv 4 Ar k17
Arf - hv+ Ar kig
penning ionization Ar*+ArY — Art +Ar+te x=1ief,x#y | ki
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4.1. Reaction rate model

reaction sort of atom label
excited state kinetics Are+ Ar — Arf + Ar k1o
three body collisions Art 4+2¢ — Ar+e koo
Ar* 4+ Ar+Ar — Ar+Ar+ Ar x =1i,e,f ko1
Art +e+ Ar* — Ar+ Ar® x = g,i,ef koo
Art +e4+e —» Ari4e kas
Art+e+e —» Arf+e koa
wall interaction Ar* 4+ wall — Ar x =1i,e,f kw1
reactions with singly tonized argon
ionization Art+e — Artt +e+e kos
Artide —» Artt 4e+e kag
Arte+e — Artt +e+e kor
Artf+e — Arft +e+e kog
el. coll. excitation Art +e — Arti4e kag
Art +e — Arte4e k3o
Art+e — Artf4e k31
Arti4e — Artete k3o
penning ionization Artt +Ar — Artt +Art +e k33
Art™> £ Ar* — Artt 4 Ar+4e x =ie,f k34
metastable pooling Artt + Ar — Art 4+ Art kss
Artt + Ar — Arti4 Art k3
Artt 4+ Ar — Arte 4 Art k37
Artt 4+ Ar — Artf4 Art kss
ArtT 4+ A — Ar™ 4+ Ar™ x =ie,f k39
recombination Art*4e — Ar x = ie,f k4o
Artt +e — Art ka1
spontaneous emission Arte — hy+ ArtS k4o
Arte - hy+ Artt ka3
Arte — hy 4 Art kay
Artt = hy 4 Art ks
excited state kinetics Art> 4+ Ar — Art 4+ Ar x =ie,f kas
wall interaction Art™ 4 wall — Ar x = g,ief kwo
Artt +wall — Ar ks
reactions with argon dimers and trimers
dimer and trimer Art + Ar+Ar — Ar2+ + Ar kar
formation Ar* 4+ Ar — A1r2+ +e x =1i,e,f kas
Ar; +Ar+Ar — Arg' + Ar ka9
Ar® + Ar+ Ar — Ar§+ Ar kso
Art + Ar+ Ar — Arb + Ar ks1
Arf + Ar+Ar — Arb + Ar ks2
ionization Ar§+e — Ar; +e+e ks3
Ar¥+e — Arf +edte x = 1,f k54
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4.1. Reaction rate model

reaction sort, of atom label
recombination Aty +et+e — Ari+e x =1if kss
collisional Ar?{ +e — Ar®+ Ar+ Ar kse
dissociation Argo +e — Ar*+ Ar+ Ar x =i,f k57
Ar;' +Ar — Arj +Ar+Ar kss
Ar;' +e — Ar®+ Ar kso
Ar+e — Ar+Ar+e x = 1,f keo
Atk +e — Arl+Ar+e ke1
Arb+e — Arf+Ar+e keo
Arg +Ar — Art + Ar+ Ar kes
Ar§ +Ar — Ar*+ Ar+Ar x=1f kg4
Ary 4+ Ary — Arf + Ar+ Ar x =1,e,f kes
Ary 4+ Ary — Ar+Ar+ Ar+ Ar x =1le,f ke6
Ary 4+ Ary — Ars+ Ar x =1i,e,f ke
spontaneous Ar] — Ar+ Art kes
dissociation Ar§ — hv+ Ar+ Ar keo
Ary — hv+ Ar+Ar x =1if k7o
el. coll. excitation Ar§+e — Ar§+e x=1f kr
penning ionization At +Ary — Arg +Ar+Ar+e x =1lef k7o
Ar* 4+ Ar* — Argr +e x = i,e,f k73
At + Ar* — Arf +Ar+e x = i,e,f k74
wall interaction Ary +wall — Ar+ Ar x = i,e,f kwa
Arér +wall — Ar+ Ar kws
A1r;)r +wall — Ar+ Ar+ Ar kwe

Table 4.2:

and trimers.
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4.1. Reaction rate model

4.1.4 Rate equations

The particle balance equations for the charged particles, shown here for the single

ionized argon ground state Ar™ are given by

drare et e WA (4.12)

dt source loss

where WA™ = A (%) A+ is the wall loss term derived in (4.9)). The source and

loss terms for this specific state read to be

Gﬁ)rutce = kinarne + konaine + ksnarene + kanaine + k1iinainayi
+ k‘nnArenAre + kllnAranrf + klgTLArinArf + k?lgnAriTLAre + k?lgnAre’l’LArf
+ Kagnari+nar + KagNarer Nar + KagNap+nar + Kainartne
+ 2kzsna+nar + 3ksgnartnay + 3kzgnaernare + 3k39nara+Mae
+ k3enare+nar + karnace+nar + kagnaz+nar + k3gnar+nar

+ k45nArf+ + ]C44nAre+ + kﬁsnAr;- + k63nAr; NAr

Art
Gioss = KiomartNe 4 Faonar nene + Kaalar+ NeNayi + kool art NeNAre

+ koonart NeNart + koolart NeNar + Ko3Nart NeNe + k24Tt NeTle

+ kagnartne + k3onartne + k31martNe + KosNart Ne + Kaznar+ narnar

and are inserted into to yield a differential equation for the single ionized
argon ground state Ar™. For all other atomic states from the model the equations
are derived analogously and represent in total a full set of differential equations
which needs to be solved self-consistently. The sum of particles over all atomic

states is kept constant during the complete run.
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4.2 Results of the model calculations

4.2.1 Primal results

A cylindrical argon plasma is modelled by the 0DRRM, with a typical neutral gas
filling pressure in the range of po = 1 —30 Pa. For a predefined temperature range
of T, = 0.5 —4.0eV solutions of the reaction rate calculations yield the respective
densities ne, NAr, Mari, MAre, ML, MAr,, TArgs AL, ATt TUAri+, TAret; A+, TUArt,,
Nar+, and nae2+. The densities of all species included in the reaction rate model
establish an equilibrium during the calculation run. The steady state condition
for all included species is typically achieved after approximately t = 1 ms.
Figure depicts the temporal evolution of neutral argon, ionized argon and the
two initial metastable argon states for neutral and singly ionized argon for an
electron temperature of T, = 1.4 eV, an neutral filling gas pressure of py = 6 Pa,
what corresponds to a neutral argon density of na, = 1.45 - 10*! m™3, and a wall
loss factor of A = 0.001. Starting from the initial densities of na, = 1.45-10%' m~3,
Nart = Nare = 1-10°m ™ and npg = nae = Nayr = Nag = Narg = Mar = N+ =
NApe+ = Nay+ = Nart, = Nty = Na2+ = 0 the corresponding species undergo
reactions defined by the reactions rate constants. Since the calculations in this
example are done for a high plasma density regime in the centrally localized he-
licon plasma, only axial wall losses are included. The neutral argon is not kept
constant due to the small collisional ionization mean free path for the neutrals
moving inwards.

It results in a decrease of ny, and in an increase of all other particle densities dur-
ing the calculation run, resulting in an equilibrium state with n,, = 1.03-10%! m~3,
Ne = 4.19-102°m =3, nau = 2.51- 10" m™3, npu+ = 5.30 - 104 m=3. The time
evolution of the respective densities is depicted in figure Since the electron
temperature is the most important parameter determining the density of the dif-
ferent states, figure [4.6| shows the results of the model calculation in the range
T, = 0—10eV together with a comparison to independent model calculations in
figure As shown in figure the neutral argon density (black line) starts to
decline at around 7, = 1eV due to the beginning of the ionization processes vis-
ible in the increasing Art density (red line). With higher electron temperature,
sufficient electron energy gets available to ionize the argon plasma further to Ar?*
(blue line). The Ar?* density of starts to increase at around T, = 2.5 eV resulting

in a decrease of na,+. The temperature dependent behavior is expected and rep-
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Figure 4.5: Evolution of density of different states during the calculation run.

resents qualitatively an argon plasma discharge system, with the exception that
at temperatures at T, = 5eV the neutral gas is almost completely ionized. This
condition is generally not reached in gas discharges due to the lack of heating
power.

Compared to other calculations as shown in figure the here implemented re-
action rate model shows on the one hand a good agreement in the temperature
dependent density evolution where on the other hand the maximum fractional
abundance is different for ns.+ and na2+. In the first case of na,+, the difference
is explained by the fact that in the present model the second ionization level
starts to be occupied higher electron temperatures compared to the one descibed
by Loch et al. [2007]. The difference in the density maximum is just explained
by the boundary condition that no further ionization is taken into account and
Ar?* can rise up to a fraction of 100%.

To validate the reaction rate model over a wide variation range of parameters,
calculation runs were performed for 0.5eV < T, < 4eV and 1Pa < py < 30Pa
with the same intitial densities as in the case shown in figure 4.5 excluding na,
as variable parameter. The resulting neutral argon ground state density na, and
plasma density n. are shown in figures and respectively. 'The resulting
densities show the same behavior as already shown in figure [4.7 but just scaled
up to higher initial densities. The first rise in plasma density in figure is due to
the first ionization step and the second rise in plasma density around T, = 2.5eV
constitutes the starting phase of the ionization process to Ar?T. The neutral den-

sity in figure |4.8| consequently shows the inverse behavior to the plasma density.
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Figure 4.6: Comparison of the occupation of ionization levels. Equi-
librium ion-stage balance for Ar — Ar*®. Solid line, distorted-wave
atomic data; dashed line, older atomic data. Figure taken from [2007]

1
Q 0.8
[
(]
©
S 0.6
o)
(0]
S 0.4t
ko)
§ —Ar
Y= 02 _Ar+
—Ar2*
G 3 N
10° 10
T_[eV]

Figure 4.7: Population of the two different ionization stages. Neutral
argon density (black line) starts to decline at the beginning of the
ionization process and the density of Ar™ (red line) increases. With
higher electron temperature the argon plasma gets further ionized to
Ar?* (blue line).
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The dependence is valid over the whole scanned pressure range.

To understand in detail the global behavior, linked to the variation of electron
temperature and filling gas pressure, these dependences have been split into sin-
gle reaction rate channels for sources and sinks for na, and n,. The main sources

and sinks for the argon ground state at constant gas pressure of p, = 6 Pa are

displayed in figure [4.10a and [4.10b| respectively. Since the reaction rates of the

respective metastable LIF states are very similar, only the one for Ar' is shown.
The process of electron quenching (blue line) and spontaneous emission (green
line) of the metastable states are the most important sources for Ar. As depicted
in figure collisional ionization (blue line) and excitation by electrons (green
line) are the main loss channels for this state. For the electron production chan-
nels, shown in figure the most important reactions are collisional ionization
by electrons with neutrals (blue line) and metastable states (green line). The re-
actions with the highest influence on the loss of electrons (figure are both
three body recombinations, the first one to the argon ground state (green line)
and the second one with two electrons as additional reagents to a metastable

state (cyan line).
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Figure 4.10: Main source and loss channels for argon ground state density
nAr, (a) and (b) and plasma density ne, (¢) and (d) calculated by the reaction
rate model at a neutral filling gas pressure of py = 6 Pa.
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The same procedure was done for a constant electron temperature of T, = 1.4eV
and a variable neutral gas pressure, varying over py < 20 Pa . The resulting rate
reactions are shown in figure [{.11] Compared to the reaction rates with varying
electron temperature, cf. figure the main source and sink reactions are the
same as for constant filling gas pressure and varying electron temperature. As
shown in figure the source reaction for neutral argon of electron quenching
(blue line) becomes dominant at high pressures of around py = 15 — 20 Pa in the
low electron temperature regime under consideration. Compared to the quench-
ing mechanism dependence shown in figure [4.10a] the quenching rate is not as
sensitive to pressure variation as it is to temperature variation. It holds true for

many of various reaction rate channels.
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Figure 4.11: Main source and loss channels for argon ground state density
nAr, (a) and (b) and plasma density ne, (¢) and (d) calculated by the reaction
rate model at a constant electron temperature of T, = 1.4eV.
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4.2.2 Dependence of metastable densities

The metastable argon states Ari,Ar® Arf Arit Are™ and Arft (see section for
details) are included in our model to represent the required atomic states for the
laser induced fluorescence measurements.

The dependence of ny,: in a range of 0.5eV < T, < 4eV and 1Pa < py < 30Pa is
shown in figure The density of the metastable state behaves differently than
the ground state densities shown in figures [£.8 and [£.9] Starting at an electron
temperature of T, = 1eV, the density starts to increase to a maximum at around
T, = 1.6eV. After this point, the metastable density decreases and converges to
a low-level density for higher electron temperatures. To explain that behaviour,
it is necessary to take a closer look into the different source and sink channels for
this state, which are compiled in figures and for a constant gas pressure
of pg = 6 Pa and electron temperature of T, = 1.4V, respectively.

The main sources in both cases are electron collision excitation (blue lines) and

recombination from argon ions (red lines), see figures 4.14aland [4.15a. The equiv-
alent rates start to rise after 7, = 1eV and saturate at T, ~ 1.5eV. That is the
point where in the loss channels (see figure 4.14b)) the electron quenching rate

(green line) gets larger than the spontaneous emission (red line). The decrease

of the metastable density happens due to the crossing and the continuing steep
increase of the charge exchange reaction (cyan line, figure , which has the
highest rate at T, > 2.3eV.

The initial metastable ion density is not showing this behavior at all and has no
clear turning point in the considered temperature regime. It shows a saturation
of the density at T, ~ 4eV and a slight indication of a starting decline, but not

in the temperature regime of our helicon discharge. The most important source

channels for Ar'", depicted in figures |4.14c| and |4.15¢| are the electron collision

excitation (blue line) and spontaneous emission from the metastable excited state
of the argon ion (green line). These sources are just opposed by losses which are
several orders of magnitude lower throughout the whole intervall of temperature
and pressure variation. The most relevant sinks (see figures and
are the quenching by collisions with neutral argon particles (blue line) and the
ionization by electron collisions (red line). The difference in magnitude results in

the continuous increasing of metastable ion density over the full parameter space.
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Figure 4.12: Neutral argon metastable (Ar') density for increasing temper-
ature and filling gas pressure.
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Figure 4.13: Ion argon metastable (Ar't) density for increasing tempera-
ture and filling gas pressure.
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Figure 4.14: Main source and loss channels for initial neutral metastable density 7,1,
(a) and (b) and single ionized argon metastable density ny,+i, (¢) and (d) calculated
by the reaction rate model at a neutral filling gas pressure of pg = 6 Pa.
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Chapter 5

Experimental set-up, diagnostics

and numerical methods

5.1 PROMETHEUS-A

As outlined in section [2.2] a high-density plasma discharge is required to build up
electric fields in the order of GV /m to accelerate electrons to energies in the TeV
range with proton driving bunches. Up to now, the highest accelerating fields gen-
erated are around 100 GV/m on a centimeter-scale [Hogan et al., 2005]. But to
design a future PWFA like it is done in the AWAKE project
(|Gschwendtner et al., 2016], see section plasma sources are needed that
are able to maintain discharges with plasma densities of n, > 7 - 102m=3 over
distances of tens or hundreds of meters. Helicon plasma discharges are a promising
concept to create plasma densities relevant for PWFAs . In the present work,
such a plasma is created and characterized in the PROMETHEUS-A device, the
Prototype Module for Experiments on High Power Helicons as Uniform Plasma

Source for AWAKE.

5.1.1 Experimental set-up
The experimental set-up is schematically shown in figure |5.1} complemented with

a photo shown in figure The PROMETHEUS-A consists of a one meter long

glass tube with an inner diameter of d = 44 mm and three radial ports with an
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Figure 5.1: Schematic drawing of the experimental setup of PROMETHEUS-A.
Neutral gas inside of the glass tube, with three ports in total for diagnostics,
is heated by deposited power over three helical antennas. The magnetic field is
provided by five water-cooled copper coils. At the right end gas is continuously
injected and at the opposite site pumped out. A laser interferometer (left) and a
laser-induced fluorescence diagnostic (right) are mounted at two different radial
ports.

axial distance of 230 mm for diagnostic purposes. The axial magnetic field is
provided by four water-cooled copper coils. Coil currents of I.,; < 370 A create a
magnetic field induction up to B < 116 mT. The axial magnetic field coil place-
ment was calculated to achieve a homogeneous magnetic field by simultaneously
providing access to the radial ports.

At one axial end the working gas (here argon) is continuously injected into the
tube and pumped at the opposite side. Before starting the discharge, the gas flow
is manually adjusted for a constant filling pressure of neutral gas in the interval
of po = 3 — 15Pa. No gas flow or pump control are integrated.

For plasma heating three identical half-turn helical copper antennas are equidis-
tantly placed along the glass tube. Each antenna is powered by a RF-generator
and manually matched over a capacitive matching unit. Every single RF-generator
is able to supply up to Prr = 12kW. The limiting factor for the maximum total
power is the arcing. Without arcing it was possible to couple up to Prr < 27kW
into the plasma. To reduce the heat load on the glass tube and helicon antennas,
the discharge was operated in a pulsed mode with f = 10 Hz with a 10 % duty
cycle. This operation mode generates fast ramp-ups in the microsecond scale and
is opening the possibility to reproduce the plasma discharge in a short time scale.
Two laser diagnostic tools are mounted at two different radial ports of the plasma

cell: A 2-pass CO, laser interferometer and a laser-induced fluorescence (LIF)

o6



5.1. PROMETHEUS-A

diagnostic. Both diagnostics are described in more detail in section [5.2] The
complete plasma cell is mounted on four electric lifting cylinders. That makes it
possible to move the plasma cell vertically with respect to both laser diagnostic

and radial profiles can be measured. To achieve a preferably homogeneous mag-

to PMT

from LIF-laser gas inlet

from interferometer-laser

Figure 5.2: The experimental setup of PROMETHEUS-A. At the right end gas
is continuously injected and at the opposite site pumped out. A laser interfer-
ometer and a laser-induced fluorescence diagnostic are mounted at two different
radial ports. The small buttom figure shows the other side of the setup with the
mounted pick-up optics for the LIF diagnostic and the mirror at the port of the
interferometer to reflect the CO4 laser.

netic field the optimal axial magnetic field coil placement was calculated. Figure
shows the axial magnetic induction in the center of the discharge at a maxi-
mum coil current of I..; = 370 A. To illustrate the placement and expansion of
PROMETHEUS-A the experimental setup is positioned below the graph. At the
radial port for the laser interferometer a magnetic induction up to B < 116 mT
can be reached. At the spot of the LIF diagnostic a magnetic induction up to
B < 105mT are achievable. All described characteristics are summarized in table
and important plasma parameters like plasma density n. and electron tem-
perature T, are added to give a full overview of PROMETHEUS-A.
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PROMETHEUS-A
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Figure 5.3: Calculations of the axial magnetic field induction in the center of
the glass tube for the maximum coil current. Measured values at two ports are
shown as red dots. The schematic drawing of the experimental setup is shown
below to illustrate the placement and expansion in comparison to the magnetic

field induction.

’ parameter

value

working gas

tube length

tube radius

RF power

magnetic field induction
neutral gas pressure
plasma density

electron temperature
diagnostic

argon
l=1m

r = 22mm

B <116 mT

po =3 —15Pa

Ne < 7-10*m=3

1.3eV <T,<19eV

LIF with diode laser, Py < 0.5W
interferometer with CO, laser, Poo, <20 W

Table 5.1: Characteristics and parameters of PROMETHEUS-A.
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5.2. Plasma diagnostics and numerical methods

5.2 Plasma diagnostics and numerical methods

Two laser diagnostics are mounted at two different radial ports of the plasma
cell as described in section and schematically shown in figure 5.1 A 2-
pass COq laser interferometer and a laser-induced fluorescence (LIF) diagnostic
|[Freegarde, 1997][Severn et al., 1998] are used to measure radial profiles of plasma
parameters, like neutral atom or ion temperatures, drift velocities or the plasma
density [Hardin et al., 2004]. In this section, the diagnostics are described in more
detail and the data evaluation is described. In addition, the principle line ratio
measurement, is described to calculate the electron temperature with the help of
the reaction rate model (see chapter [1.1)).

5.2.1 Laser interferometer

2(.

o
=
o
(2]
©
-
N
O
®)

DELecto beam splitter

Figure 5.4: Schematic setup of the laser interferometer at PROMETHEUS-
A. The beam of the COq laser is splitted into two legs. One outside of
the experiment and one through the plasma. Both are reflected back and
superimposed at the beam splitter, resulting in an interference pattern with
a varying intensity depending on the plasma density measured with a laser
power meter.

One main diagnostic tool is a 2-pass COs laser interferometer with a wavelength
of A = 10.6 um. The interferometer measures the line-integrated plasma density
at one axial location in between two helicon antennas. By moving the cell up and
down (see section and assuming a cylindrical symmetry of the discharge,
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bricks as

power-dump  COp-laser mir;or on moveable piezo-element
—\ /

laser power-meter optical isolator beam splitter

Figure 5.5: Experimental setup of the laser interferometer with beam paths shown in
white. The beam power of the COq laser is first reduced by dumping a fraction of it
into beam dumps (bricks) and measured by a power meter. The diagnostic leg of the
beam is transferred through an optical isolator to prevent the coupling of back scattered
light into the laser system. The beam is then splitted into two legs, one reference beam
outside of the experiment and one beam through the plasma. Both are reflected back
and superimposed at the beam splitter, resulting in an interference pattern with a
varying intensity depending on the plasma density measured with a laser power meter.
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one derives the radial local plasma density distribution at the location of the
interferometer measurement via inversion techniques. The schematic setup is
depicted in figure [5.4] and a picture of the experimental setup is shown in figure
The single incoming laser beam of coherent light from the CO, laser is
split into two identical beams by a beam splitter. Each of these beams travels
a different path, either outside of the plasma cell or inside the plasma cell by
going through a diagnostic port. Both are reflected back the same path and
superimposed by the beam splitter before arriving at the detector. Depending
on the respective medium, electromagnetic waves are refracted and spread with
different velocities. The phase velocity v, in a medium correlates to the speed

of light c. The relation of both quantities gives the refractive index
N= " =", a.1
i (5.1

The dielectric properties of the plasma define the refractive index that is depen-

dent on plasma frequency f, = /(e*n./eyme)/2m and thus on plasma density n.
as [Hartfuss et al., 1997]

b Me

N = 1_ﬁ: 1—n—c, (5.2)
where f is the laser frequency and n. = 4n°fZmeeo/e? is the cut-off density,
defining the frequency where an incoming wave oscillates with the plasma fre-
quency and is unable to propagate in the plasma and gets fully reflected. In
PROMETHEUS-A the plasma densities are n, < 7 - 102 m™3 . This corre-
sponds to plasma frequencies of f, < 250 GHz. The CO; laser has a frequency
of f = 30 THz which is much higher than the expected plasma frequencies. By
travelling through the active plasma discharge over a length of [ the laser beam

experiences a phase shift of

o [ ne(z)
Ap==2 [ 11— 1= .
o= [ 1=y 1= (5.3

in the plasma leg of the interferometer. Since the laser frequency is much bigger

than the plasma frequency, respectively the plasma density is far below the critical

density, the square root in (5.3) can be expanded and the integral is simplified to
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5.2. Plasma diagnostics and numerical methods

a direct proportionality of the phase shift and the integral of the plasma density

!
7T
Ap =~ )\nc/o ne(z)dz. (5.4)

Depending on the plasma density the refractive index of the plasma changes and
consequently the phase shift changes from low to high plasma densities. The phase
difference creates an intensity variation when the two beams are superimposed:
two beams with equal amplitude and frequency, one unaffected, S; = A - sin(wt),

and the other one phase shifted, S, = A - sin(wt + ), result in

S - Sl + 82
= A -sin(wt) + A - sin(wt + ¢)

= 2A - cos (g) sin (wt + g) : (5.5)

It is measured by the intensity variation of the laser beam at the end with an
optical detector. The plasma density can be evaluated by using ([5.4).

5.2.1.1 Abel inversion

As outlined above the COs laser interferometer measures the line-integrated
plasma density. By measuring the full radial plasma density profile, one can
calculate the radial profile of the plasma density distribution for comparison with
model calculations and LIF measurements. The assumption that the shape of the
radial plasma density profile is not varying over a wide range of operational pa-
rameters is used in the approach. A parabolic or Gaussian-like shape is assumed
for various heating RF powers and magnetic inductions. With this assumption
the measured line-integrated plasma densities are inverted in order to obtain ra-
dial plasma density profiles. It is done using Abel-inversion of the line-integrated
plasma densities [Abel, 1826]. The measured intensity I(x) is described by the
Abel transform, as also described by Smith et al. [I988¢] or Pretzler et al. [1992]

< re(r)

. [r2 — 2

with €(r) as emission coefficients, = as the displacement of the plasma density

I(z) =2 dr, (5.6)

profile and r as the radial distance to the source. ¢(r) can also be defined as

a radial slice of the two-dimensional circular symmetric function on which the

62



5.2. Plasma diagnostics and numerical methods

measured one-dimensional intensity /(z) is projected. The inverse Abel transform
is then given by .

e(r) = —% i d—%dx (5.7)
A complication in the application of the method is owing to the enhancement
of noise in the data by the derivative of the projection. The intensity is usually
not obtained as a continuous function but as discrete points. To handle these
problems several numerical approaches have been made in the last decades for
example by Nestor [1960] or Bockasten [1961b] by a prior smoothing of the data.
Current numerical approaches done by Singh et al. [2010] or De Micheli [2017]
compute Legendre coefficients of the inverse Abel transform employing a Fourier
transform. Thus, the algorithm is also applicable for the inversion of Abel integral

data of noisy measurements.

5.2.2 Laser-induced fluorescence

The second laser diagnostic used in the experiment is the laser-induced flu-
orescence (LIF) method. It is a non-invasive tool for local measurements of
metastable particle densities, drifts and temperatures [Chakraborty et al., 2012]
[Scime et al., 1998].

The diode laser system, described in more detail in section produces
wavelength-stable laser light with a linewidth of oy < 1-10"%nm over a tun-
ing range of more than AX = 60pm with tuning steps of A = 0.1pm. It
opens the possibility to choose different wavelengths, to measure not only the
neutral argon metastable fluorescence signal with an exciting laser wavelength
of Aa,r = 667.91nm [Boivin, 2003, but also the metastable fluorescence signal
of the single ion argon atoms with a laser wavelength of Az, = 668.43nm
[Stark et al., 2006][Scime et al., 2005|, see also figure The energy in one
photon at these wavelengths equals precisely the energy gap between the lower
(initial) and upper (excited) atomic state. The laser light from the continuous
wave (cw) diode laser system is chopped by an acousto-optic modulator (AOM)
with faom = 500kHz to discriminate the background noise from the fluores-
cence signal. This sets also a principal technical limit for the highest reachable
time resolution. The chopped laser light is transferred via an optical fiber to
the PROMETHEUS-A experiment (see figure , coupled into the glass tube,

focussed to a spot of 1 — 2mm diameter and absorbed by the metastable argon
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A argon-|
argon-I| excited state
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Figure 5.6: Atomic states of argon used for the LIF measurements. The
initial metastable states (see table for details) are populated by colli-
sions with electrons or background gas and subsequently stimulated to the
excited state by incoming laser radiation. By emitting radiation of a specific
wavelength, the fluorescence signal, the excited state is immediately decay-
ing to a final state and further to the ground state. The shown scheme is
divided into neutral argon LIF (red) and ion argon LIF (blue) with labeling
of the respective wavelengths.

ground state

atoms at the spot. By absorbing the laser light, the metastable state of argon is
excited to a higher energetic atomic quasi-metastable state. The mean half-life
period of quasi-metastable states is in the order of ns, which means that they
nearly instantaneously decay to a lower, more advantageous energetic state by
emitting fluorescent light with a wavelength inversely proportional to the energy
gap between these two atomic energy levels. The line shape of the fluorescent
light is measured by scanning the laser over a narrow frequency band that covers
the absorption line and measuring the intensity of the emitted fluorescent light.
Several broadening mechanisms determine the line shape of these fluorescence
lines [Sobel’'man et al., 1995]. One is the natural line broadening by transitions
between bound atomic states. The broadening comes from the uncertainty prin-
ciple of the transitioning electrons and results in a Lorentzian line shape. Other
mechanisms are the Van-der-Waals broadening by collisions with neutrals, res-
onance broadening and Stark broadening due to splitting of atomic states in a
prevalent electric field which is especially important in highly ionized high density
plasmas [Goeckner, 1989]||[Roston, 2012]. All these mechanisms are neglectable in

our plasma environment. For neutral/ion temperatures greater than 7} = 0.02eV
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and a magnetic induction less than B = 120mT the effect of Doppler broadening
dominates the line shape [Keesee et al., 2004 [Keesee, 2007]. The frequency of
light, emitted from the moving neutrals or ions, is seen shifted by an observer.
The frequency shift with respect to the natural line frequency is proportional to
the velocity of the emitting atom, Af = f-wv/c. This allows a direct correlation
between the shape of the fluorescent light signal from the laser scan and the neu-

tral /ion velocity distribution function. But additionally the magnetic induction

natural line

drift

spectral distribution

intensity

temperature

wavelength

Figure 5.7: Schematic drawing of the measured spectral distribution
(black), broadened by different mechanisms, compared to the natural spec-
tral line (red). The distributions plotted with the blue dotted line are the
Zeeman splitted components of the measured distribution. They consist of
one spectral m-line and two o-lines with opposing polarizations. The tem-
perature of the measured metastable states are calculated over the width of
the spectral lines, the metastable density over the integral of the spectral
distribution and the drift by the offset of the peak of the distribution to the
peak of the natural line.

in the order of B = 100 mT causes a non-neglectable energetic Zeeman splitting
of the atomic states into different energetic states. More precisely, the magnetic
field couples with the momentum of the atomic states and causes a splitting of
spectral lines [Haken, 1987]. These splitted states are populated and pumped
by the laser (see figure for details). The energy difference of two levels of
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transition is given by [Stark, 2006]

eh
4mme

AE = BOA(9172M1,2)> (58)

with g 2 as the Landé factors and M » as the magnetic quantum numbers of the
respective upper or lower level. The Landé factor is different for each energy level
and, according to the selection rules, AM; 5 can have values 0 or £1. Transitions
with AM; 5 = 0 are the so-called m components and those with AM; 5 = £1 are
o components. The two o-lines are polarized perpendicular to the magnetic field
and the m-line is polarized parallel to the magnetic field. Transitions between the
splitted energy levels lead in superposition to an effective Zeeman broadening.
That broadening mechanism has also been taken into account in our model.

Due to the polarization of the distinct spectral lines, measurements parallel to the
magnetic field lead to an observation of only the two o-lines (see figure and
with an excitation perpendicular to the magnetic field the 7-line and o-lines are
visible (see figure [5.8b]). The atomic metastable states of argon to measure char-

[e0]
intensity [arb.u.]
D q? [os}

intensity [arb.u.]
N

o

oo 600 0 1000 2000 000 0 1000 2000
v [m/s] v [m/s]

(a) Neutral LIF velocity distribution (b) Neutral LIF velocity distribution

parallel to the magnetic field at B = perpendicular to the magnetic field at

50mT and Prr = 0.9kW. Measured B = 50mT and Prr = 3kW. Mea-

points in blue and fit with two Gaussians sured points in blue and fit with three

in black. Gaussians in black.

Figure 5.8: Comparison of typical measured neutral LIF velocity distributions
parallel (a) and perpendicular (b) to the magnetic field. Due to different experi-
mental parameters both measurements are not comparable in intensity and mean
velocity.
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| | configuration | term | J | energy [eV] ]

neutral metastables
initial state 3s23p°(°PY,)4s | 2[3/2° | 1 11.624
excited state 3s*3p°(°PY,)4p | ?[Y2] | O 13.480
final state 3s%3p° (PP, )4s | 2120 | 1 11.828
ton metastables
initial state 35%23p*(3P)3d T 72| 33455
excited state 3s23pi(*P)dp | 1Dy | 5/2 35.309
final state 3s23pt(3P)4s P3| 32.509

Table 5.2: Characteristics of the atomic states used for the neutral and ion
LIF in PROMETHEUS-A.

acteristics of metastable neutrals or ions in the experimental setup are compiled
in table [5.2] and depicted in figure 5.6l The population of these metastable states
is mostly dependent on neutral gas pressure, electron temperature and plasma
density.

Another issue in using laser-induced fluorescence as a plasma diagnostic is the
saturation broadening. Ideally, the Doppler-broadened line shape represents the
ion velocity distribution function. But at high laser powers, the saturation of
the optical transition leads to an additional line broadening [Goeckner, 1989]
[Goeckner et al., 1993]. To exclude this broadening mechanism, measurements of
the intensity of the fluorescence signal for increasing laser power were performed
(see figure to compare theory and experimental data. Since the measure-
ments show a linear dependence and no saturation of the fluorescence signal, one
can conclude that the present laser power does not lead to broadening effects. The
fluorescent light with wavelengths of Af o, = 750.59nm or A¢ avr = 442.72nm for
the neutral or ion LIF measurements, respectively, is collimated into a multimode
fiber and converted into an electrical signal by optical narrow 1 nm bandpass fil-
ters, centered at the desired fluorescence line, photo multiplier tubes (PMT) and
current-to-voltage converters (figure .

The biggest challenge in LIF measurements is to collect the LIF signal from high
photon noise background resulting from spontaneous emissions. For that a lock-
in amplifier is used. This technique generates the amplitude of the LIF signal
directly and is routinely used for metastable temperature measurements. But
to achieve LIF measurements with high time resolution [Palomares et al., 2013]
[Stark et al., 2006] and to have the raw PMT signals for the line intensity ratio
calculations (section [5.2.5), a digitizer board is used to sample the PMT sig-
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(a) Strength of the fluorescence signal (b) Measured fluorescence intensity of
as a function of laser intensity. The neutral argon as a function of laser
sketch (for a single laser frequency) il- intensity for a single laser frequency
lustrates how LIF is a non-linear pro- done at pg = 5Pa, B = 60mT and
cess at high intensities. Figure taken Prr = 3.3kW.

from |Goeckner et al., 1993].

Figure 5.9: Comparison of a typical saturation broadening dependency and ex-
perimental data from neutral LIF in PROMETHEUS-A.

nal output with a sampling frequency of f; = 5 MHz. The disadvantage of the
method is that a large amount of data has to be stored and the off-line spectral
analysis to extract the LIF signal is very time consuming. After processing the
raw data from the PMTs (see section a spectral (velocity) distribution is
obtained as shown in figure 5.7, Due to Zeeman-splitting and Doppler broaden-
ing the velocity distribution function is a superposition of three Gaussians and is
fitted accordingly.

From these fitting results characteristics of the measured neutral argon or argon
ion metastable states are calculated. The temperature is calculated from the

width of a spectral component of the Zeeman splitted distribution as

0% ma,C
T, = 2~ 5.9
g 2kB ) ( )
with dp as width of the spectral distribution
_<M)2
In(\) =e ) (5.10)
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The particle drift is calculated from the Doppler shift between the location of the

natural line and the measured peak in the center of the spectral distribution as

A eak /\na
Vdrift = € (%) ; (5.11)

with A\peax representing the wavelength where the peak of the spectral distribution
is located and \,,; as the wavelength of the natural fluorescence line. The relative
density of the respective metastable states are determined by the integral over

the total measured spectral distribution

A = / T Ip(\)dA. (5.12)

—00

5.2.2.1 The Diode laser system

The diode laser system is a modular setup well suited for the laboratory as well
as for industrial measurement applications: the LION external cavity semicon-
ductor laser system manufactured by Sacher Lasertechnik GmbH. It is a tapered
amplifier system build to amplify tunable cw light sources. It consists of elec-
tronic control units connected to the external laser head to precisely regulate the
laser current, the optical output power and the temperature of the laser diode
to reach a maximum mechanical and optical stability at a laser output power of
more than 500 mW.

Figure [5.10| shows the interior of the master-slave configuration, consisting of a
tunable external cavity in Littman configuration (upper right) and the tapered
amplifier system (lower left). The master diode produces a relatively broad spec-
trum around the desired wavelength. It is a commercial laser diode where one
facet is antireflection coated to suppress the reflectivity below 10~* and to maxi-
mize the output power. The beam of the master diode passes a diffraction grating
to select the desired wavelength. Gratings make use of the wave properties of light
by making sections of a wavefront travel extra distances as it is reflected off a non-
uniform surface. The wavefront propagating from one groove and the wavefront
propagating from another groove will only constructively interfere if the difference

in the lengths of the light paths is an integer number of the lights wavelength.
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optical isolator master diode
\ reflecting mesh tiber coupler
/

/ cylindrilcal lens acousto—optilcal modulator

amplifier diode beam splitter

Figure 5.10: Diode laser system for laser-induced fluorescence measurements on
PROMETHEUS-A. The light of the master diode hits a diffraction grating to select
the desired wavelength. After passing an optical isolator, to prevent damages by high
power reflections, the spectral narrow light is coupled via two mirrors into the amplifier
system to boost the laser power with up to a factor of 100. The cylindrical lens refracts
the beam into a more Gaussian-like shape. Past another optical isolator the beam is
now splitted for wavelength detection purposes and the high power beam is coupled into
a fiber, transferred through an AOM and finally coupled into the experiment.
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In general the so-called grating equation, defining the dependence of the reflected

wavelength and the angle of diffraction, can be written as
nA = d(sinf +sin6’), (5.13)

where n is the order of diffraction, A is the diffracted wavelength, d is the grating
constant (the distance between grooves), 6 is the angle of incidence measured from
the grating normal, and ' is the angle of diffraction measured from the grating
normal (figure[5.11)). The first diffraction order of the incident master diode beam

incident light

............... grOOVe normal

o grating normal
first order

zeroth order

Figure 5.11: Schematic drawing of a diffraction grating with grating con-
stant d, angle of incidence # and angle of diffraction ¢’ both measured from
the grating normal.

is reflected back into the diode via a reflection prism. Only a small fraction of
the beam power is coupled out via the 0" diffraction order of the grating and
exits the cavity. The back reflection forces the master laser to oscillate in one
single longitudinal mode at a defined wavelength. By simultaneously translating
and rotating the grating the wavelength can be tuned. This is done with the
help of a piezo actuator mounted at the grating arm. The spectrally narrow light
of the master laser diode is coupled via two mirrors into the amplifier system.
The optical isolator in front of the first mirror prevents reflections back into the
master laser to avoid damages to the master diode. For an optimal operation of
the system, both laser beams, before and after the two mirrors, must be aligned in
a collinear way. To achieve this, the two mirrors can be tilted in two dimensions
by two micrometer screws each. Hereafter the beam enters the amplifying diode.
The amplifier diode is a high power laser diode where both facets are coated with

antireflection material. By stimulated emission of the diode and trapping of the
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coherent light in an optical resonator (an arrangement of mirrors that forms a
standing wave cavity resonator) the laser beam gets amplified by a faktor of up to
100. Past amplification, the beam passes a cylindrical lens to bring the beam into
a more Gaussian-like shape. After another optical isolator, the beam is splitted
with a fraction of 1 : 50 for wavelength detection purposes and the high power
beam is coupled into a polarization maintaining single-mode fiber, transferred

through the AOM and finally coupled into the experiment.

5.2.2.2 The acousto-optic modulator

The acousto-optic modulator (AOM) is a device to control the power, frequency
or spatial direction of an incident laser beam with the help of an electrical
drive signal. AOMs have a large variety in possible applications [Gooch, 2018]
[Vivek, 1999]. They are for example used for Q-switching of solid-state lasers,
where the AOM serves to block the laser resonator before the pulse is generated.
AOMs are also used for cavity dumping of solid-state lasers, to generate either
nanosecond or ultrashort pulses, as a pulse picker to reduce the pulse repeti-
tion rate of a pulse train or in laser printers for modulating the power of a laser
beam |[RP-Photonics GmbH, 2018|. The functionality of an AOM is based on the
acousto-optic effect, i.e. the modification of the refractive index by the oscillating
mechanical pressure of a travelling sound wave.

Thus, the key element of an AOM is a transparent crystal (or a piece of glass)
through which the incident light propagates. When a light beam passes a trans-
parent material in which traveling acoustic waves are present (figure , the
acousto-optic effect occurs. By treating the modulation as a photon-phonon scat-
tering process the main features can be described by the energy-momentum re-
lations [Donley et al., 2005]

keq=Fk+r and wq = w; + Q, (5.14)

with k4 and k; as diffracted or incident photon wave vector, respectively, x as
phonon wave vector in the respective optical or acoustic field, w as incident light
frequency and 2 as the RF modulation frequency. If photons and phonons are
part of a scattering process this will result in the absorption of acoustic phonons.

Figure [5.12| underlines the mechanism as a momentum conservation diagram that
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X

Figure 5.12: Momentum conservation diagrams for the absorption of a
phonon. The case represents a configuration for the incident and diffracted
light beams where the conditions are Bragg matched for a given orientation
of the phonon momentum. For clarity: « , and thus 6; and 64, are made
large. Normally the Bragg angle is < 1° and the phonon momentum is
roughly two orders of magnitude smaller than the photon momentum.

describes the scattering event and Bragg’s law is visible as

K

2k’

sinfp = (5.15)
where 6g is the Bragg angle, and 6; = 64 = 0g. The acoustic waves are gen-
erated by a piezoelectric transducer attached to the material and driven by a
RF signal with a frequency in the range of frp = 200 MHz (table and yield
periodic density variations. The compressions and rarefactions of the acoustic
wave, traveling at sound speed v, with the frequency frr, result in changes in the
index of refraction in the medium. The refractive index is thus modulated with a
wavelength of A = 27 - vs/ frr (figure [5.13). With (5.15), the latter equation and
k = wy /vy, and k = Q/vs with vy, as speed of light and vy as the speed of sound

in the medium one obtains the known and familiar Bragg’s law as

AL
2.A’

sin QB =

(5.16)

which is also schematically shown in figure [5.13] Light is Bragg diffracted by the
traveling periodic refractive index modulation (AOMs are also called Bragg cells).
The frequency of the scattered outgoing beam is increased or decreased by the
frequency of the sound wave and is scattered in a slightly different direction, due
to the fact that the wavenumber of the sound wave is small compared to that of
the light beam. The shift of the frequency depends on the propagation direction
of the beam relative to the acoustic wave. The frequency of the sound wave

controls the frequency shift and the direction of the scattered beam, whereas the
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incident first
light beam | ... order
with w +
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..... Tt TR
...... traveling acoustic | | . %
rarefaction plane waves L zeroth
.............. with & \ order
compression

piezoelectric transducer

Figure 5.13: Schematic drawing of an aligned AOM. The AOM-mode is
shown where the light is diffracted into the +first order and the laser fre-
quency is up-shifted by the RF modulation frequency €. Phonons are ab-
sorbed in this configuration, and thus, momentum is transferred to the laser

beam as shown in figure [5.12] The AOM crystal

can also be aligned for the

-first diffraction order, but that case is not shown here. In that case, corre-

sponding to a phonon emission process, the diffra

cted laser frequency would

be down-shifted by €. The refraction of light at the air-glass boundary is

also shown. Note that the external Bragg angle
Bragg angle due to the refraction process at the

74
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‘ parameter | value ‘
driving frequency frr = 200 MHz
material TeO,
speed of sound vs = 4200 m/s
refraction index NTe0, = 2.26@633 nm
optical power handling | P.x = 400 mWcw
rise and fall time T =<3ns
extinction ratio Pon/pg > 50dB
insertion loss < 3dB
modulation control analog or T'TL

Table 5.3: Characteristics and parameters of the AOM by AA Opto-
Electronics (Model MT200-R18-Fio-PM-J1-A-VSF).

optical power can be adjusted by the acoustic power.

Most of the incident light on the acousto-optic modulator can be diffracted by
acoustic waves. Under optimal conditions, diffraction efficiencies of nearly 85 —
90 % can be achieved. By switching the acoustic driver on and off, the acousto-
optic modulator acts as a rapid light deflector, as used in this work. The switching
of the incident light beam to the first order diffracted beam can occur in a short

period of time as shown in table [5.3

5.2.3 Signal processing

The PMT data gathered from the LIF measurements need careful data analysis to
select the desired information from the noise background. The problem of noise
in these measurements is widely known and so well established data processing
techniques are available. On the one hand side one can use a lock-in amplifier
for detection. This technique generates the amplitude of the LIF signal directly
and is routinely used for metastable temperature measurements. In this work
the lock-in amplifier is used to check if the LIF signal is detectable beforehand.
To achieve a high time-resolved LIF measurements, another technique is applied:
Two signals are taken into account, one containing the measured data and the
other one a periodic reference signal from the AOM. The first contains the ampli-
tude information, the second is used to calculate the phase between both signals
at the frequency of the reference signal. How this technique works in detail is

explained in the following section.
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5.2.3.1 Cross power spectral density

The power distribution over different frequencies is an important quantity of
fluctuating signals. A widely used method is the concept of the power spectral
density (PSD) estimation [Vaseghi, 2000]. One obtains the power distribution
of a signal over a certain frequency range. The PSD of a signal x(t) is defined
in Parseval’s theoreme as the Fourier transform of the autocorrelation function
T (T)

P(w) = /_00 Too(T)eTdT = F(w)Fi (W), (5.17)

where P,, is the PSD, F,(w) is the Fourier transform of the signal’s time series
and F(w) its complex-conjugate. The PSD is calculated from the PMT output
signal, which yields the LIF amplitude as the spectral intensity at the chosen
chopper frequency. In the case of a non-stationary LIF signal, time resolution can
be realized by the use of a short time Fourier transform (STFT) [Vaseghi, 2000],
but on the expense of statistical confidence.

For time resolved LIF data we define the cross spectral density (CSD) similar to
the PSD but now with two signals x(t) and y(t) as

Pry(w) = Fulw) Fy (). (5.18)

Here, F(w) and F*(w) are the Fourier transforms and their complex-conjugate of
x(t) and y(t) respectively. The CSD is a complex valued quantity. From P,,(w)
the amplitude A(w) and the phase spectrum O(w) is obtained as [Stark, 2006]

B B ImP,,(w)
A(w) = |Pyy(w)| and O(w) = arctan RePy ()’ (5.19)

The CSD is used for time-resolved LIF measurements (see section [5.2.3.2)) with
the raw PMT data and the reference signal from the AOM. The method reduces
the needed integration time in comparison to the PSD and enables to decrease

the minimum time resolution compared to lock-In measurements.
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5.2.3.2 Time resolved calculations

For time averaged measurements takes both signals over the full time interval
into account and calculate directly the CSD. For time-resolved measurements,
windows with a defined width in time are specified for both signals and the CSD
is calculated for each time window. The starting point in time of the first window
can be set and the CSD is computed. The next step uses the second window
with the same width but moved in time with the predefined window step. This
procedure is continued until the end of the data stream is reached and for each
window the CSD is calculated. An overlap of sequential windows is possible but
not required. An illustration of the difference in the time averaged and time-

resolved calculation scheme is shown in figure for a periodic reference signal.

time averaged measurement
U window over full time

ot
time resolved measurement
9] window next window _
! I
. 1 >
—_—— e e e e ———— t

— window width —
—|  window step <

Figure 5.14: Illustration of the difference in the time averaged and time-resolved
calculation scheme just for the reference signal. For time averaged measurements
the signal over the full time interval is taken to calculate the CSD. For time-
resolved measurements windows with a defined width are specified. The starting
point of the first window can be set and the CSD is computed. The second window
with the same width is now moved in time with the predefined window step. An
overlap of sequential windows is possible in this calculations, but not required.
This procedure is continued until the end of the data stream is reached and for
each window the CSD is calculated.

Since in the LIF measurements the integration time is just a few seconds to get
a high signal-to-noise ratio, time averaged measurements can be done quite fast

with a few repetitions of the discharge for each wavelength. This is different
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for time-resolved measurements. The higher the required time resolution, the
smaller the window width and the more repetitions of the discharge have to
be recorded. For time resolutions of At < 100 us, over 100 repetitions of the
discharge (t = 3s) have to be performed, including 15 times a 5ms discharge.
It results in a time consumption of 1 — 2h for a total time-resolved spectral
distribution measurement at just one radial position. It was found that a time
resolution of At = 200 us is sufficient for the desired LIF measurements, as a
compromise between time resolution, signal strength and integration time. Two
examples are shown in figure for a neutral LIF measurement performed at a
filling gas pressure of py = 5 Pa, a magnetic induction of B = 55mT and heating
powers of Prp = 1.5kW for time resolutions of At = 250 us (a) and At = 50 ps
(b). Both show a similar evolution of the neutral argon metastable density, but to
accomplish a resolution that describes appropriately the time-dependent density
also for different experimental parameters, an intermediate time resolution at
At = 200 ps is chosen.

40 ‘ ‘ ‘ ‘ 20
(a) \ (b)
S 30 S 15¢
.e Kol
8 8
= 20r 210
[72} [72]
C C
[3] [
© ©
< 10 z 5
% 1 2 3 4 5 % 1 2 3 4 5
time [ms] time [ms]

Figure 5.15: Evolution of neutral metastable density for a measurement at a filling
gas pressure of pg = 5Pa, a magnetic induction of B = 55mT and heating powers
of Prp = 1.5kW for time resolutions of At = 250 us (a) and At = 50 us (b). Both
show a similar evolution of the neutral argon metastable density, but to accomplish a
resolution that describes appropriately the time-dependent density also for different
experimental parameters an intermediate time resolution is chosen.
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5.2.4 Profile correction function

The complete plasma cell is mounted on four electric lifting cylinders to move the
cell vertically with respect to the diagnostics. This possibility was not integrated
into the experimental setup when the LIF diagnostic was set up, aligned and
adjusted at the optical table. Thus, the chosen lenses for the pick-up optic have
the same size as the vacuum flange mounted at the plasma cell (figure ,
to maximize the solid angle and the gathered fluorescence signal for the static
measurement, in the center. After the electric lifting cylinders were installed it
became clear that the collected LIF signal depends on the cylinders lift position.
Instead of installing a fluorescence signal collector with a much smaller solid angle
for all profile measurements, a correction function is introduced. A smaller solid
angle would inevitably lead to a reduced signal strength and would therefore
increase the needed measurement time by a factor of up to five. The profile
correction function is calculated at different radii of the helicon plasma cell. At
the port at the opposite site of the pick-up optic a piece of a millimeter scale
paper is attached and the output of the diode laser system is guided through the
pick-up optics so that the scale is illuminated. The illuminated area represents
the scaled spot size at the center of the discharge tube. For each position a
picture was taken. Examples for different positions are shown in figure [5.16
To get a comparable correction function between all measured radii the ratio of
the number of pixels of the illuminated area and an area of A = 1cm? of the
scaled paper is calculated with a graphic programm. Normalizing these ratios
to the value of the central ratio yields a position-dependent function Q(h) for
profile LIF measurements. For all measured positions the values for the number
of pixels, the calculated ratios and correction factors are compiled in table
Taking the calculated profile correction factors into account, a fit is computed in
dependence of the position of the plasma cell. The profile correction function is
then

Q(h[mm]) = 0.0059 - h* — 2.2204 - 10~ - h + 1.0185. (5.20)

The correction function has to be taken into account for the LIF profile measure-
ments in addition to transmission factors and quantum efficiencies of the neutral
and ion fluorescence lines, as calculated in the next section, to have comparable
metastable densities. For line ratio measurements the correction function Q(h)
is obsolet since for both fluorescence signals the correction function has the same

value and cancels out.

79



5.2. Plasma diagnostics and numerical methods

(a) h = 14.1 mm (b) h =9.9mm

(d) h =0.0mm

Figure 5.16: Pictures of the spotsize represented by luminescent millimeter
scaled paper for some example heights. At the port at the opposite site of
the pick-up optic a piece of a millimeter scaled paper is attached and the
output of the diode laser system is guided through the pick-up optics. The
illuminated area represents the scaled spot size at the center of the discharge
tube. To get a comparable correction function between all measured heights
the ratio of the number of pixels of the illuminated area and an area of
A = lcm? of the scaled paper is calculated with a graphic programm.
Normalizing these ratios to the value of the central ratio yields the height-
dependent function Q(h) for profile LIF measurements.
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‘ height [mm] ‘ #pixelspor ‘ #pixel 2 ‘ ratio ‘ profile correction factor €2 ‘

14.1 34001 28728 0.8449 2.2124
12.9 36543 27888 0.7632 1.9984
11.9 40094 27885 0.6955 1.8212
10.9 43706 28728 0.6573 1.7211
9.9 48785 29237 0.5993 1.5693
8.9 50234 28044 0.5583 1.4619
7.9 25568 29925 0.5385 1.4101
6.9 28582 30798 0.5257 1.3765
2.9 60250 28896 0.4796 1.2558
4.9 71762 32037 0.4464 1.1689
3.9 68201 29237 0.4287 1.0964
3.0 68387 28050 0.4102 1.0741
2.1 73085 28718 0.3929 1.0288
1.0 76504 28900 0.3778 0.9893
0.0 525566 200700 | 0.3819 1.0000

Table 5.4: Measured heights with corresponding values for the number of pixels of
the spot and of A = 1cm? of the scaled paper, the calculated ratios and the profile
correction factors. The values of 2 were taken to fit a quadratic equation to them
(15.20)).

5.2.5 Line intensity ratio measurements

Due to the high plasma density of up to ne < 7-10* m™3 and a variety of
energetic states of the argon atom in the helicon plasma discharge, one needs a
collisional, radiative model to calculate the quantitative population of the dif-
ferent metastable states and the dependencies of the fluorescence lines on tem-
perature and plasma density [Zhang et al., 2011] (4.1). The radiative model for
the metastable states to compare with the experimental LIF measurements can
also be used the other way around. With given plasma density and fluorescence
signals of the metastable states used for LIF the needed electron temperature
[Kano et al., 2000] is calculated. The plasma density is experimentally deter-
mined by independent measurements with the 2-pass CO, laser interferometer
(section and the fluorescence signals are experimentally quantified with
the LIF setup described in section Since the reaction rate model provides
the population and reaction rates of the relevant atomic states, it is sufficient
to just gather the raw PMT data to calculate the natural fluorescence intensity.
The light emitted by the plasma at specific wavelengths is collected by the PMT
through a fiber optics interface as described in figure 5.1} The plasma emissivity
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T()\) of T(X) of | T(N) of | T(N\) of | n(A) of
Alnm) flange windows | fiber lenses filter PMT
750.59 (neutral) 99.78 99.5 92.2 70 0.04
442.72 (ion) 73 99 91.63 ) 23

Table 5.5: Values for the transmission factors and quantum efficiency of the neu-
tral and ion fluorescence lines as taken for LIF measurements in PROMETHEUS-
A taken from product characteristics.

at a defined wavelength \;; from a transition from level j to level i can be written
as [Wiese et al., 1966]:

ejz' = (47T>_1hl/jz‘NjAjZ‘, (521)

where hvj; is the energy of the emitted photon of the transition, N; is the popu-
lation of the upper, emitting energetic level and Aj; is the Einstein coefficient for
the transition. Assuming a uniform plasma, the measured photon count rate is
given by

I,(Aji) = (4m) "IN A VAT (A )n(Aja), (5.22)

with V' as the plasma volume used for the fluorescence measurements, {2 as solid
angle subtended by the pick-up optics, T'(\;;) as transmission factor of the detec-
tion system and n();;) as the quantum efficiency of the PMT at the wavelength

Aji. Thus, the ratio of two different photonic count rates is

L(Nji) — NjAGT(Na)n(Nge) 1 N A,
I

p()\k:l) B NkAle(Akl)n<>\kl) B FR ]\]'kfélkl7

(5.23)

with FRr as relative calibration factor for known atomic transitions and wave-
lenths. Since a suitable light source to directly measure the transmissivity of the
optical system was not available the relative calibration factor was theoretically
calculated. In table [5.5] all values for the transmission factor and quantum effi-
ciency of the neutral and ion fluorescence lines are compiled. In total the relative

calibration function is calculated to be

1 T(Non)n(Nien)  13.0280
P T'(Aneutra1)N( Aneutral) ~4231.7300

~ 0.0031. (5.24)
The principle of line ratio calculations makes it irrelevant to know the exact
measured plasma volume and solid angel and due to the fact that the fluorescence
measurements yield a qualitative intensity. It is anyway necessary anyway to

measure the nearly independent neutral and ion fluorescence lines to obtain a
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line intensity ratio. In total several conditions have to be fulfilled to use a line

ratio measurement [Boivin et al., 2001]:
e ionization process by electron collisions, partially balanced by three-body
recombination
e excitation of atomic states by electron collisions

e dependence of line ratio as much as possible on electron temperature and

as little as possible on plasma density

e radiation mainly emitted by spontaneous emission

plasma optically thin for emitted radiation

The first requirements for the ionization, recombination and excitation processes
are described in section and depicted from figure to For vary-
ing temperature and filling gas pressure, the ionization and excitation process
of atomic states are primarily influenced by electron collisions and the main re-
combination channel is the three-body recombination. Figure |5.17 shows the line
ratio of the metastable states for increasing electron temperature and filling gas

pressure (number of particles). It is seen that the ratio depends more on electron

15000
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Figure 5.17: Line ratio of the investigated fluorescence lines of metastable
states for increasing electron temperature and filling gas pressure (number
of particles). The ratio depends more on electron temperature than on
plasma density.
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temperature than on plasma density, what is in line with the described premises.
The qualification that radiation is just emitted by spontaneous emission is pos-
sessed by the results of the reaction rate model, showing a main loss channel as
spontaneous emission (figure .

To proof that a transmission line is optically thin and that the plasma does not
affect the transmission, one must examine if both the stimulated emission and
absortion are negligible compared to the spontaneous emission. If that is the case,
the line intensity can be described with and the principle of line ratio calcu-
lations can be used. There are two important quantities describing the opacity of
a plasma, the mean optical depth (MOD) 7y and the optical escape factor (OEF)
A(19). The MOD is the exponential absorption coefficent for a given transition
(I = Ipe ™) and the OEF corresponds to the fraction of light able to escape the
plasma. For an OEF close to unity the plasma is optically thin. In connection
with the discussion in section [5.2.2] the dominant broadening mechanism is the
Doppler broadening. Taking that into account, the mean optical depth 75 and
the optical escape factor A(7y) are given by [Boivin et al., 2001]

migi AjiAgr (5.25)

To = T(VO) = 89‘7T3/2Uth )

Almg) =1— 2; (\_/ZD_% (5.26)

where n; is the population density of the lower level, g; and g; are the statistical
weights of the lower and upper levels, respectively and )\q is the central wave-
length associated with the transition.

Due to the fact that plasmas are increasingly opaque as the plasma density in-
creases only one example for high plasma densities is shown. Considering the
high power helicon plasma in PROMETHEUS-A with a filling gas pressure of
po = 5Pa, a plasma density of n, = 6.5 - 10?°m™3, an electron temperature of
T, = 1.5eV, a column radius of » = 1.5cm and a thermal velocity (from LIF
measurements) of vy, = 600m/s one can determine the metastable densities with
the help of the collisional radiative model (section . The calculated popula-
tions are n;,, = 2.9 - 10" m~3 for neutrals and n; = 1.74 - 10 m~3 for the final

ionic metastable state.

84



5.2. Plasma diagnostics and numerical methods

| transition (j — 1) | Ao [nm| | Au108s ] g | g5 | mlm™] |
(°PJ,)4p — (°P7,)4s | 750.50 (neutral) | 0.445 | 1.102 | 1.380 | 2.9- 107
(*P)4p — (*P)4s 442.72 (ion) 0.817 | 1.722 | 1.722 | 1.74- 10

Table 5.6: Quantities of the measured transitions for neutral argon and argon ions.
Considering a high power helicon plasma with a filling gas pressure of pg = 5Pa, a
plasma density of ne = 6.5-102° m ™3, an electron temperature of 7, = 1.5eV, a column
radius of » = 1.5 cm and a thermal velocity (from LIF measurements) of vy, = 600 m/s
the metastable densities n; were calculated with the help of the collisional radiative

model.

Taking these computed and other values shown in table into account, com-
bined with (5.26)) the optical escape factor yields

A(750.59nm) = 0.9735

for the specific transition in neutral argon and

A(442.72nm) = 0.9962

(5.27)

(5.28)

for the described transition between argon ions. With these evaluated values one

can say that the investigated argon plasma is optically thin for the relevant atomic

transitions and all conditions are fulfilled to use such a line ratio measurement.

As described before the plasma density is measured with the 2-pass CO, laser in-

terferometer and the PMT signals of the characterized fluorescence lines (see table

5.2)) are measured with the laser-induced fluorescence diagnostic setup without the

use of the exciting laser. Taking both PMT signals, the neutral and ion metastable

fluorescence line into account and calculating the ratio @ = 1/Fg - In.+ /I, with
the calibration function 1/Fg to get the line ratio inside of the plasma,
the electron temperature is calculated using the collisional radiative model. An
illustration is shown in figure WIth the collisional radiative model the theo-
retical dependencies of n.(po,Te) and Q(po,T%) are calculated. Knowing the lower

and upper limits of the measured quantities at each given time, trajectories in

the pressure-temperature space can be found. For illustration an plasma density
of ne =2.0£0.1-10*m=3 and a line ratio Q = 3.754+0.05- 1073 are shown. The

plasma densities are shown in red and the line ratios in blue. In the next step

the points of intersection of n.(low)|Q(low) and n.(high)|@Q(high) are calculated,

yielding the respective lower and upper limits of the gas pressure py and electron
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Figure 5.18: Calculation of the pressure and electron temperature with
the help of the collisional radiative model. Trajectories in the pressure-
temperature space can be found with known lower and upper limits of the
measured quantities of plasma density (red, brown) and line ratio (blue,
black). Here ne = 2.0 £ 0.1 -10*m™3 and Q = 3.75 £ 0.05 - 1073 are
shown. The intersections of n.(low)|Q(low) and ne(high)|Q(high) yield the
respective lower and upper limits for the gas pressure pg and electron tem-
perature T,. Here a pressure of pg = 9+ 1Pa and an electron temperature
of T, = 1.28 = 0.01 eV are calculated.

temperature T,. By entering the measured error into the scheme as described, the
calculation of the error of pressure and temperature is implemented by default.
The example results in an electron temperature of 7, = 1.28 + 0.01eV and a

pressure of pg = 9 £ 1 Pa.
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Chapter 6

Experimental results

This chapter addresses the question if the plasma parameter requirements as de-
fined by the AWAKE project are achievable (see chapter . The experimental
setup of the helicon plasma cell PROMETHEUS-A, the laser-diagnostic setups
and the numerical methods have been described in chapter 5| Subsequently, the
experimental results are shown and discussed, e.g., the goal plasma density and
the width and time of the peak plasma density. A summary on this subject was
also recently published |[Buttenschon et al., 2018]. Another important aspect is
if the radial plasma density profile is centrally peaked and if the time evolution
of the plasma density is similar over the whole profile and reproducable. It is
investigated how the change of experimental parameters influences the plasma
density and some limitations are shown. To characterize the plasma, the electron
temperature is calculated and compared to the plasma density evolution for dif-
ferent experimental parameters. To investigate the argon neutral gas and singly
ionized atom evolution, laser induced fluorescence measurements of metastable

argon densities are evaluated using the rate reaction model (chapter [4)).

6.1 Plasma density profile

An important requirement for the use of PWFAs is a centrally peaked plasma
density profile. In the central region the self modulated proton bunches and
electrons travel through the helicon discharge and the desired high accelerating

electric fields are created.
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6.1. Plasma density profile

(o))

'(a)2Pa' | | '_ '(b)5Pa'

£

[110%° m™3
wW

[e>)

'(c)9Pa' | | '_ _'(d)13Pz'1

R

[102° m™3
wW

20 10 0 10 20 20 10 0 10 20
radius [mm] radius [mm]

Figure 6.1: Density profile measurements at B = 105mT, Prp = 9kW and a
varying filling neutral gas pressure taken at the time instant of highest plasma
density. The data points are shown in blue with their corresponding error bars.
A spline fit is shown in black. At low pressures the profile is centrally peaked and
rises in plasma density with increasing pressure by simultaneously building up a
nearly flat top plasma density profile.

The shown interferometer measurements of profiles are conducted at varying
filling neutral gas pressures, magnetic induction of B = 105mT, and RF powers
of Prr = 9kW and Prp = 24kW (figures and [6.2). For all shown profiles
the time instant of highest plasma density was chosen in each measurement and
the axis limits are chosen equally for comparison reasons. In most cases shown in
figures [6.1] (kW) and [6.2] (24 kW) the plasma density profile is centrally peaked
or exhibits a region of high plasma density around the center of the discharge.
Around +5mm from the center of the discharge, the plasma density is at more
than 90 % of the peak plasma density. At low filling gas pressure the plasma den-
sity profile is peaked, at high filling gas pressure discharge a nearly flat-top profile
is found. In the evolution from low to high filling gas pressures the peak plasma
density rises the higher the pressure gets with saturation starting at py = 9 Pa.
The biggest enhancement is between the three lowest pressure cases. Increasing

the pressure from 2 Pa to 13 Pa, first in the positive part of the profile the plasma
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6.1. Plasma density profile

density rises. At po = 13 Pa also the negative part rises, forming nearly a flat
top profile. Comparing figures (9kW) and (24 kW) the global behavior
as described above is the same with the difference that in the higher power case

higher plasma densities are achieved.

'(a) 2 Pa' | | | I (b) 5 Pa'

(c) 9 Pa' | | | | (d) 13 Pfli

20 210 0 10 20 20 210 0 10 20
radius [mm] radius [mm]

Figure 6.2: Profile measurements at B = 105mT, Prp = 24kW and a varying
filling neutral gas pressure taken at the time instant of highest plasma density.
The data points are shown in blue with their corresponding error bars. A spline
fit is shown in black. At low pressures the profile is centrally peaked and rises in
plasma density with increasing pressure by simultaneously building up a nearly
flat top plasma density profile.

In summary the plasma density profiles are characterized by the highest plasma
density around the center of the discharge, with a peaked plasma density profile
for lower gas pressures and a nearly flat top profile for higher filling gas pressures.
Central heating and the development of a high plasma density region in the cen-
ter of the discharge is a helicon discharge characteristic driven by non-resonant
heating and ionization processes in the highly collisional helicon plasma. The
maximum plasma density increases with increasing filling neutral gas pressure

and increasing RF power.
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6.1. Plasma density profile

6.1.1 Time evolution of plasma density profile

The previous section has shown the density profiles at their peak values measured
with the laser interferometer. But the time evolution of the density profiles is

also of interest.

(a) 2 Pa (b) 5 Pa
N | P 4
A
— 5 3
E e
- 2 2
S _5| Cm
1
10
0
T | T
10 e ‘ 1n
— Sl 3 m;_'
E N £
g ° 3]
@ ©
= -5 c
1
—1 O RGO i
e A : : . . . | il
1 2 3 4 5 0
time [ms] time [ms]

Figure 6.3: Time resolved plasma density profile measurements at B = 105mT,
Prrp = 9kW and different filling neutral gas pressures of 2 Pa (a), 5 Pa (b), 9 Pa
(c) and 13 Pa (d). The axes and color bars are chosen equally.

Figures [6.3| and summarize the time evolution of plasma density profiles over
the whole duration of the plasma discharge. The RF-heating is turned on at
ton = O0ms and turned off at t,g = Hms. Figures m and correspond with
parameters to the density profiles in figures and [6.2] After switching on
the RF power, the plasma density increases steeply over the first 250 — 350 us
to a maximum and decreases afterwards until the end of the discharge. After
swiching off the RF power the plasma density decays nearly exponentially back
to zero in less than 500 us. During the transient phase a Gaussian-like plasma
density profile is established, independent of the starting density profile with the
highest plasma densities. At low gas pressures (2 Pa and 5 Pa) a Gaussian-like
starting profile is visible, whereas a more flat-top starting profile is established

with increasing filling gas pressure.
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Figure 6.4: Time resolved plasma density profile measurements at B = 105mT,
Prrp = 24kW and different filling neutral gas pressures of 2 Pa (a), 5 Pa (b), 9
Pa (c) and 13 Pa (d). The axes and color bars are chosen equally.

At po = 2 Pa centrally peaked profiles stay over the whole discharge time interval
independent of different RF powers. It appears that the plasma density is limited
by the neutral gas particles, especially at high RF power. A filling pressure of
po = 2 Pa corresponds to a particle density of n = 4.8-10?° m~2 and consequently,
in the measurements at po = 2 Pa and Prrp = 24 kW an ionization degree of more
than 80% is reached. That indicates a plasma density limit by the available
number of argon atoms. In the case of high filling pressure and high RF power,
the peak plasma density is not limited by the particle density but by the heating
power coupled into the plasma, the increasing electron-neutral collision rate, and
the increasing recombination rate of argon ions (figure . A neutral gas filling
pressure of pg = 13 Pa corresponds to a neutral particle density of n = 3-10%' m~3,

which corresponds to an ionization degree of 23%.
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6.2. Plasma density dependencies

6.2 Plasma density dependencies

As discussed in the previous section the plasma density depends on various dis-
charge parameters. To investigate the in more detail, measurements with different
discharge and operation parameters (magnetic induction, filling neutral gas pres-
sure, RF power) were performed. All measurements were performed at RF powers
of Prr = 9kW and Prrp = 24kW, py = 9 Pa filling neutral gas pressure and a
magnetic induction of B = 105mT. In the measurements two parameters were

kept fixed and one parameter is varied. With increasing magnetic induction the
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Figure 6.5: Plasma density for increasing magnetic field induction B at Prp =
9kW (a) and Prr = 24kW (b) at pp = 9Pa filling gas pressure. The plasma
density (blue) rises almost linearly with B. The black line is a linear best fit.

plasma density rises almost linearly, as shown in figure for low and high RF
power. The blue dots with error bars are the measured plasma densities and
values and the black line is a linear best fit. The linear dependence of the plasma
density on the magnetic field induction B is consistent with the helicon disper-
sion relation , which is proportional to the magnetic induction if wyy < wrr
(with wpy as lower hybrid frequency and wgr as RF frequency). Inside the range
of the investigated magnetic field induction (limited by the maximum available
coil current) no saturation or turning point in the plasma density development
is found. The point where wry ~ wrr = 13.56 MHz at an magnetic induction of
B ~ 130mT is not reached in the present study (see figure . The plasma den-
sity dependence on the filling neutral gas pressure (figure exhibits a different
behavior. First there is a linear increase in plasma density with increasing filling
neutral gas pressure up to pg =~ 5Pa. This is a turning point and the plasma
density reaches a maximum at pg = 9 — 10Pa. At higher filling neutral gas

pressure the plasma density saturates at lower heating power (Prr = 9kW) and

92



6.2. Plasma density dependencies

d (@) ] g (b)
o o
e ar
Q Q
o o
= 4 = 4
C(D CQ)

2 2

5 10 15 % 5 10 15
p, [Pa] p, [Pa]

Figure 6.6: Plasma density for increasing filling neutral gas pressure py at Prp =
9kW (a) and Prr = 24kW (b) and a magnetic induction of B = 105mT. A
linear increase in the plasma density (blue) up to a filling neutral gas pressure of
po ~ 5Pa is found.

starts to decrease in the higher power case (Prr = 24kW). The plasma density
dependence on a varying filling neutral gas pressure reflects the prior findings.
At higher filling neutral gas pressure the plasma density is limited by the heating
power coupled into the plasma and the increasing recombination rate of argon
ions (figure [4.10). With increasing heating power from the RF source the plasma
density monotonically increases (figure but there is no linear dependency and
there is a certain saturation for increasing RF power. With more heating power
input higher ionization level are possible. But a saturation process is visible with
increasing heating power indicating a decreasing efficiency in heating power cou-
pling into the plasma with simultaneously increasing recombination and neutral

atom quenching rates .
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Figure 6.7: Plasma density for increasing RF heating power at pg = 9 Pa filling
neutral gas pressure and a magnetic induction of B = 105 mT. With increasing
RF heating power the plasma density (blue) rises, but not linearly. The slope of
the fit (black) decreases with increasing RF power, indicating a saturating process.
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6.2.1 Plasma density time evolution

In this section we discuss the time evolution of the plasma density profiles for
varying discharge and operation parameters: magnetic induction, filling neutral
gas pressure, input RF power. The time evolution of the plasma density profiles in
the center of the discharge is shown in figures and [6.10] The dependence
of the peak plasma density from these different parameters was discussed above
(section . It is evident that the temporal evolution of the central plasma

density shows for all cases the same characteristics as already described in section
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Figure 6.8: Time evolution of plasma density for increasing magnetic induction
at Prr = 9kW (a) or Prp = 24kW (b) and py = 9 Pa filling gas pressure. With
increasing magnetic induction the peak plasma density rises clearly and the width
of the peaks seem to get broader.
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Figure 6.9: Time evolution of plasma density for increasing filling neutral gas
pressure at Prr = 9kW (a) or Prr = 24kW (b) and a magnetic induction
of B = 105mT. There an obvious rise in peak plasma density with increasing
filling neutral gas pressure, reaching a maximum around pp = 10Pa . Also the
equilibrium state reached at the end of the discharge rises in plasma density.
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6.2. Plasma density dependencies

After switching on the RF power the plasma density increases steeply to
a maximum value and decreases in a transient to an equilibrium value. The
equilibrium value increases with increasing magnetic induction (figure but
this behavior is most pronounced in the pressure variation (figure . After
switching off the RF power the plasma density decays fast back to zero in less
than 500 us. With the change of parameters it gets obvious that the peak plasma
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Figure 6.10: Time evolution of plasma density for increasing RF heating power
at po = 9Pa filling gas pressure and a magnetic induction of B = 105mT. With
increasing RF heating power the peak plasma density rises and the peaks of
plasma density seem to occur earlier.

density is different in width and time of the plasma density peak. With increasing
magnetic induction the peak gets broader and with increasing RF power the
peaking of plasma density occurs earlier. The behavior is investigated in the next
section to address the question how the time and width of the plasma density

peak depend on operation parameters.

6.2.2 Plasma density peaking time

The design of a plasma cell for a PWFA requires a good understanding of the
peak plasma density and the related control parameters. In this section, the same
parameter variation as in the previous sections are made. The plasma density
peaking time (PDPT) is investigated in the center of the discharge and shown
in figures [6.11], [6.12] and [6.13] for varying magnetic induction, filling neutral gas

pressure and RF power, respectively. In all three figures into account the density

peaks in the time interval of 200 — 500 us, but the exact point in time depends on
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Figure 6.11: Plasma density peaking time for increasing peak plasma density for
varying magnetic induction at Prr = 24kW and py = 9Pa. The light blue color
represents B = 14mT and the red color B = 105 mT with AB = 14mT. Each
dot indicates a single measurement. The black symbols show the mean values of

the plasma density peaking time with respective error bars and a spline curve is
shown to guide the eye.

the discharge parameter. For increasing magnetic induction a linear dependence
of the PDPT is found if the first data points are neglected. In figure the
light blue color represents a magnetic induction of B = 14 mT and the red color a
magnetic induction of B = 105mT with steps of AB = 14mT in between them.
Each dot indicates a single measurement. The black symbols show the mean
values in time and plasma density with the respective error bars. With increasing
magnetic induction a higher variation in plasma density peaking time is observed,
represented by the longer error bars. A step in the plasma density peaking time at
low magnetic inductions of B = 10 —20mT is observed, followed by a continuous
decrease with increasing magnetic induction. The jump is likely to correspond to
a mode-jump from the inductive into the helicon discharge mode. In addition, the
distance in plasma density values decreases with increasing magnetic induction,
which suggests a plasma density limit for increasing magnetic induction. With
increasing filling neutral gas pressure, the plasma density peaks continuously
later, as shown in figure The dark blue color represents a gas pressure of
po = 2 Pa, the red color py = 13 Pa with steps of Apy = 1 Pa in between. As above
each dot indicates a single measurement. If the measurements at highest filling
neutral gas pressure are excluded, a quadratic increase of the plasma density
peaking time with p is found. Again there is a plasma density limit at higher
filling neutral gas pressure p, where the plasma density peaking time still rises,
but the plasma density starts to decrease (see also ﬁgure. With increasing RF
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Figure 6.12: Plasma density peaking time for increasing peak plasma density
for varying filling neutral gas pressure at Prr = 24 kW and a magnetic induction
of B = 105mT. The dark blue color represents pg = 2Pa and the red color
po = 13 Pa with Apy = 1Pa. Each dot indicates a single measurement. The black
symbols show the mean values in plasma density peaking time with respective
error bar and a spline curve is shown to guide the eye.
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Figure 6.13: Plasma density peaking time for increasing peak plasma density
for varying RF power at pg = 9 Pa filling gas pressure and a magnetic induction
of B = 105mT. The magenta color represents Prr = 1.5kW and the red color
Prr = 27TkW with APrr = 1.5kW. FEach dot indicates a single measurement.
The black symbols show the mean values in plasma density peaking time with
respective error bar and a spline curve is shown to guide the eye.
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power the plasma density peaking time decreases and saturates at high RF power
values at around 220 ps, as shown in figure[6.13] The behavior can be fitted by an
exponential function. The magenta color represents a RF power of Prp = 1.5 kW
and the red color Prr = 27kW with steps of APgr = 1.5kW in between. The
PDPT strongly varies at low powers, indicating a fluctuating energy input and
little reproducability. The variation lowers at higher powers. At the highest
value of input heating power, the plasma density drops due to arcing inside the
setup. All parameter studies have shown that the plasma denstiy peaking time
varies within the time interval of 200 — 500 ps and is controllable by adjusting the
discharge parameters especially at the highest plasma densities. The optimum is
found at a magnetic induction of B = 105mT, a RF power of Prr = 24kW and
a filling gas pressure of pg = 9 Pa with a PDPT of around ¢ = 250 us.

6.2.3 Plasma density peaking width

The peak plasma density must have a certain time duration. This is to make sure
that in this time interval the proton bunch can move through the hundred meters
long plasma column with a high plasma density region of a spatial variation
of less than 1% (section [2.2.2). In the present section the width of the peak
plasma density is investigated for the same parameters as in the previous two
sections. Figures [6.14] [6.15 and [6.16] show the width at 98 % of peak plasma

density for a range of magnetic induction, filling neutral gas pressure, and RF

power, respectively. The width of the peak plasma density changes in a time
interval of 20 — 100 us, but is different for the respective discharge parameter.
With increasing magnetic induction the plasma density peaking width (PDPW)
increases and saturates at ~ 60 us (figure . The light blue color indicates
a magnetic induction B = 14mT and the red color a magnetic induction of
B =105mT with steps of AB = 14mT in between. At low magnetic induction a
jump in the plasma density peaking width is observed at the same plasma density
as for the plasma density peaking time plasma densty (figure . After the
jump the PDPW increases with increasing magnetic induction. Simultaneously
the variation in the plasma density peaking width decreases. The broadening of
the peak plasma density profile width with increasing magnetic induction is due
to reduced radial diffusive transport. The picture changes at higher magnetic
induction, resulting in a weak decrease in plasma density peaking width and an

increase in variation. The behavior is an indication for a discharge mode change
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Figure 6.14: Plasma density peaking width for increasing peak plasma density
for varying magnetic induction at Prp = 24kW and py = 9Pa. The light blue
color represents B = 14mT and the red color B = 105mT with AB = 14mT.

Each dot indicates a single measurement. The black data points show the mean
values of the plasma density peaking width with the respective error bars.

to the so-called Trivelpiece-Gould mode (section and that the current mode
coupling gets inefficient. With higher filling gas pressure the peak plasma density
peaking width shows no clear trend within the error bars, but is always in the
range of 60 us (figure . The dark blue color represents a filling gas pressure
of po = 2Pa and the red color py = 13 Pa with steps of Apy = 1Pa in between.
With increasing heating power the PDPW decreases and saturates at high power
values at a width of 60 us (figure . The magenta color represents a RF power
of Prr = 1.5kW and the color red Prr = 27kW with steps of APgr = 1.5kW
in between. At low RF power the plasma density peaking widths exhibit a wide
spread. The spread reduces to a low level at high powers. All investigated cases
have in common that the plasma density peaking width changes within a time
interval of 20 — 100 us. The shortest PDPW is accomplished in a region of low
variation and highest plasma density. This is found in the same parameter regime
as for the plasma density peaking time described in the previous section, i.e. at a
magnetic induction B = 105mT, a RF power Prr = 24kW, and a filling neutral
gas pressure py = 9 Pa. Here the plasma density peaking width is ~ 60 us with
a low variation. This particular PDPW is more than sufficient for a relativistic

particle passing a 1 km long cell, corresponding to a time-of-flight of 5 us.
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Figure 6.15: Plasma density peaking width for increasing peak plasma density
for varying filling neutral gas pressure at Prr = 24 kW and a magnetic induction
B = 105mT. The dark blue color represents pg = 2 Pa and the red color pg =
13Pa with Apg = 1Pa. Each dot indicates a single measurement. The black
data points show the mean values of the plasma density peaking width with the
respective error bars.
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Figure 6.16: Plasma density peaking width for increasing peak plasma density
for varying RF power at pg = 9 Pa filling gas pressure and a magnetic induction
B = 105mT. The magenta color represents Prr = 1.5kW and the red color
Prr = 27kW with APrr = 1.5kW. FEach dot indicates a single measurement.
The black data points show the mean values in plasma density peaking width
with the respective error bars.
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6.3 Reproducability of plasma density evolution

Important for the use of plasma discharges for PWFAs is discharge reproducabil-
ity. Especially the high plasma density peak has to be stable. The measurements
of the time evolution of the plasma density are done for different filling neutral
gas pressure, a magnetic induction B = 105mT and RF powers Prr = 9kW and
Prp = 24kW (figures and [6.18)). All measurements are done at the center
of the discharge and the axis limits are chosen equally. The mean value of all
measurements is shown as a black line with a grey shaded area representing the
standard deviation. The temporal behavior corresponds to the time evolution dis-
cussed in section The RF heating is switched on at t,, = 0 ms and switched
off at tog = bms. After switching on the RF power the plasma density increases
steeply over the first 250 — 350 us to a maximum plasma density and decreases
transiently until the end of the discharge. The peak value of plasma density in-

creases with increasing gas pressure as well as with increasing RF power.
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Figure 6.17: Time evolution of the plasma density at the center of the discharge
for different filling gas pressures at B = 105 mT and Prrp = 9kW. The mean value
of all discharges is shown as a black curve with a grey shaded area representing
the standard deviation. The RF power is switched on at t,, = Oms and turned
off at top = Hms.
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The temporal evolution of the plasma density is always similar within the error
bars. Even at high filling neutral gas pressure and high RF power, where the peak
plasma density starts to decline (see figure , and at low magnetic induction

or low heating power the time evolution is reliably reproducable.
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Figure 6.18: Time evolution of the plasma density at the center of the discharge

for different filling gas pressures at B = 105mT and Prr = 24kW. The mean

value of all discharges is shown as a black curve with a grey shaded area repre-

senting the standard deviation. The RF power is switched on at o, = O ms and

turned off at t,g = 5 ms.

6.4 Target plasma density

An indispensable specification for the use of the helicon plasma cell for PWFAs
is the requirement to reach plasma density values of n, > 7 - 102m=3. The re-
sults from the COs laser interferometer measurements are obtained at high RF
power of Prr = 24kW, py = 9 Pa filling gas pressure and a magnetic induction
of B = 105mT. At these parameters the highest plasma density with a low
variation and a sufficient width of the peak plasma density are reached. As seen
in figure the radial plasma density profile is rather flat-top than Gaussian.
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Figure 6.19: Radial profile measurement for the plasma density at the time
instant of highest plasma density at ¢t = 270 us. The density data points are
shown in blue with their corresponding error bars. A fitted spline curve is shown
in black to guide the eye. A flat top profile is found with a central plasma density
of ne=6+1-10"m=3.

The profile was measured at the time instant of highest plasma density around
270 us. The flat-top profile has a center width of ~ 10mm and with a peak
density of n, = 6 £1-102°m3. Looking at the time evolution of the plasma
density profile (figure the flat top profile evolves quickly over the first few
ms to a Gaussian-like profile, remaining the same shape over the residual time
of the discharge but decreasing in density. The RF heating power is switched
on at Oms and switched off at 5ms. One finds turning points in the density
evolution in figure [6.20, more apparent in figure [6.21| which shows the density

evolution in the center of the discharge. After the RF is switched on the plasma
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Figure 6.20: Time evolution of the radial plasma density profile.
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Figure 6.21: Time evolution of the plasma density in the center of the discharge.
The mean value of the measurements is shown as a black line with a grey area
representing the standard deviation.

density increases steeply over the first 250 — 350 pus to the maximum density and
decreases over 1ms faster than in the subsequent time interval until the end of
the discharge. After switching off the RF power the electron density decreases
nearly exponentially back to zero in less than 500 ps.

The plasma density peaking time depends on the radial position as shown in fig-
ure [6.22] i.e. in the center of the discharge the peak densities are reached earlier.
Each dot represents a single discharge and the mean value of all discharges at each

radius is shown in black grey error bar. The plasma density peaking time varies
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Figure 6.22: Plasma density peaking time at different radii. Each colored dot
represents a single discharge. Fach mean value at one radius value is shown in
black and is underlined with a grey error bar.
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from 340 us at the edge to 270 us in the center of the discharge. In the center of
the discharge a low plasma density peaking time is reached, corresponding to the
location of the highest plasma densities with a width of ~ 10 mm.

The radial variation of the width of the plasma density peaking is shown in fig-
ure It is determined as the time interval of £2% of the respective peak
plasma density. The color coding is the same as for figure [6.22] The width of the
peak plasma density is found to be constant at about 50 us over the whole radial

plasma profile.
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Figure 6.23: Plasma density peaking width for increasing radius. The measured
radii are coded in different colors and each colored dot is representing a single
discharge. Each calculated mean value of all discharges at a single radius is
shown in black and is underlined with a grey error bar. The peak width is nearly
constant around a width of about 50 pus over the whole profile.

The above measurements have shown that the required density of n, > 7-10** m=3

for the use in a wakefield accelerator can be accomplished. The peak plasma den-
sity is limited by the available RF power. It is also limited by the magnetic
induction. The helicon dispersion relation, as shown in section is propor-
tional to the magnetic induction if wy gy < wrp. At higher magnetic induction wyy
gets close to wrr and n, starts to saturate or even decrease, due to the change
of coupling modes. This density limit is not yet reached here, but at a magnetic
induction of 100mT wry ~ wrr. The high plasma densities at early plasma den-
sity peaking times indicate a more efficient heating in the center of the discharge

as expected.
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6.5 Temperature regime

Typical for a collision dominated helicon discharge is a low electron temperature
regime. As discussed in section [5.2.5] the electron temperature can be determined
by combining the collisional radiative model (section [)) with the line ratio of
two spontaneously emitted LIF lines. The results are shown in figure [6.24] The
maximum electron temperature is found at 1.4eV for high heating power, high

gas pressure and high magnetic induction. The electron temperature also varies
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Figure 6.24: Time evolution of the radial electron temperature profile for different
discharge parameters. The maximum electron temperature is ~ 1.4eV. The time
evolution corresponds to the plasma density profile evolution shown in figure
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over time similar ro the plasma density. After switching on the RF power the
electron temperature increases steeply over the first 200 — 250 ps to a maximum
value and decreases transiently until the end of the discharge. After switching off
the heating power, the electron temperature decreases fast. The time behavior
is analogous to the density evolution as described in the previous sections. The
electron temperature profile is also Gaussian-like, similar to the plasma density
profile and remains so over the whole discharge time. The electron temperature

profile is consistent with helicon wave heating via collisional power dissipation.

6.5.1 Link to density evolution

A direct comparison of plasma density and electron temperature is shown in figure
for low and high RF powers Prr = 9kW or Prr = 24kW at py = 9 Pa and
B =105mT. Comparing the plasma density and electron temperature it is seen
that the time evolution of the electron temperature profile closely follows that
of the plasma density profile for different parameters. Taking a closer look, the
plasma density peaking time and the increase of the electron temperature occurs
just before the plasma density peaks, respectively starts to rise. Additionally, the
electron temperature peaking width (ETPW) seems to be greater than the plasma
density peaking width. Electron temperature profiles taken at the time instant
of highest plasma density are shown in figure At low heating power the
temperature profile is centrally peaked but shows a higher temperature for r >
10 mm, similar to the plasma density profiles shown in figure|6.1] For high heating
power a nearly flat top electron temperature profile is found from —10...10 mm as
already found in the plasma density profiles shown in figure [6.2] This is expected
for a centrally heated helicon discharge. In figures and the evolution of
plasma density and electron temperature in the center of the discharge are shown
in a single plot for low and high RF power. For both cases it is found that the
electron temperature rises first and the plasma density follows. The peak of the
electron temperature is clearly broader than for the plasma density, resulting in an
earlier and faster decrease of the plasma density. This development is even more
pronounced for a high RF power discharge. A high plasma density and pressure
gradient in the center of the discharge results in an increased loss of particles at the
axial and radial boundaries of the discharge. The high plasma density also reduces
the ionization mean-free path of argon neutrals moving radial inwards from the

wall to just a few mm. The can lead to a depletion of argon neutrals in the center
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Figure 6.25: Comparison of plasma density (a,b) and electron temperature (c,d)
for RF powers of 9kW (a,c) and 24kW (b,d) at pg = 9Pa and B = 105mT.
The time evolution of the electron temperature follows the time evolution of the
plasma density.
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Figure 6.26: Electron temperature profile for measurements at B = 105mT,
po = 9Pa and Prrp = 9kW (a) and Prp = 24kW (b) taken at the time instant of
highest plasma density. The data points are shown in blue with their respective
error bars. A spline curve is shown in black to indicate the profile.
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Figure 6.27: Comparison of plasma density and electron temperature at pg =
9Pa, B =105mT and Prr = 9kW.

of the discharge, resulting in a decrease of plasma density after the neutrals
were partially ionized and the plasma density peak was reached. This behavior
is investigated in more detail in the next section, where LIF measurements of
neutrals and ions are discussed. In figures [6.29] and a comparison between
the Plasma density peaking time and width, and electron temperatures for low
and high RF power cases are shown. At low power the plasma density peaking
time is usually lower than the electron temperature peaking time, except for the
center of the discharge where they are similar. At high heating power the peaking
times are almost the same. The electron temperature peaking width is more than
a factor of 10-15 larger than the plasma density peaking width. In figure[6.29|it is
seen that the radial profile of both peaking time and peaking width of the electron
temperature are hollow. In the center of the discharge the lowest values are found,
as expected from the central heating of a helicon discharge. The fast increase of
the electron temperature prior to the plasma density is owing to the increasing
collisional ionization rates for higher electron temperatures. The earlier peaking
time and lower peaking width of the plasma density is due to increased particle

losses, decreasing ionization and increasing recombination rates (figure 4.10]).
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Figure 6.28: Comparison of plasma density and electron temperature at pg =
9Pa, B =105mT and Prr = 24kW.
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Figure 6.29: Comparison of the plasma density and electron temperature peaking
time and width at pg = 9Pa, B = 105mT and Prr = 9kW.
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Figure 6.30: Comparison of the plasma density and electron temperature peaking
time and width at pg = 9Pa, B = 105mT and Prr = 24kW.
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6.6 LIF measurements

LIF measurements for neutral and singly ionized argon were conducted ( see
also section . The time-resolved neutral gas and ion density profile mea-
surements complement the previously evaluated measurements. Figures and
show the argon neutral and ion metastable density profiles obtained with
LIF measurements at po = 9Pa and B = 105mT for two different RF powers
Prr = 9kW and Prr = 24kW. The argon neutral metastable density shows for
both RF powers a hollow profile with a low density in the center of the discharge.
At the edges the neutral argon metastable density is more than three times higher
than in the center for the first ms of the discharge. Later between 2 — 4 ms the
density at the edges drops and a flat profile is obtained. For high RF power of
24kW the maximum neutral metastable density is more than 30% lower than

for low RF power of 9kW. The argon ion metastable density shows a similar
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Figure 6.31: Argon neutral metastable density measured with LIF at py = 9 Pa,
B =105mT and different RF power.
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Figure 6.32: Argon ion metastable density measured with LIF at py = 9Pa,
B =105mT and different RF power.
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6.6. LIF measurements

behavior for high heating power, with the difference that the metastable ion den-
sity in the center is not as much as depleted as for neutral metastable density.
The ion metastable density rises for higher heating power Prp = 24 kW, which
results in an increasing ionization rate. For the lower power Prp = 9kW the
ion metastable density profile resembles a centrally peaked profile. The hollow
profile of ion metastables indicates higher ionization processes or higher damping
rates of metastable levels by electron quenching. These processes play an even
more important role in the profile evolution of neutral metastable states (section
4.2.2)). Neutral depletion can be the cause for hollow profiles. Figures and
show neutral or ion metastable density profiles, obtained with LIF measure-
ments at py = 2 Pa with similar magnetic induction and RF power as before. The
evolution of argon neutral or ion metastable densities is not changing significantly

in comparison to the measurements at po = 9Pa. The ion metastable density at
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Figure 6.33: Argon neutral metastable density measured with LIF at py = 2 Pa,
B =105mT and different RF power.
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Figure 6.34: Argon ion metastable density measured with LIF at py = 2Pa,
B =105mT and different RF power.
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6.6. LIF measurements

low RF power has a hollow profile, what is caused by the highly ionized plasma
at low filling gas pressures leading to a higher electron quenching rate also for ion
metastables.

To discuss the correlations of density time-evolutions and to investigate the im-
portance of quenching or neutral depletion processes the metastable profile for
argon metastable neutrals and ions are not fully sufficient without the knowledge

of all dependencies.

6.6.1 Metastable dependencies

As apparent from the distinct dependencies of the metastable argon state Ar!
described in section the specific state is highly determined by electron tem-
perature and filling neutral gas pressure. In this section LIF measurements are
shown for the neutral metastable densities and temperatures for increasing RF
power and magnetic induction to get an inkling of the evolution of metastable
neutrals for further measurements and calculations.

A fast decline of neutral metastable density is visible in figure for mea-
surements at po = 5Pa, B = 55mT and varying RF power. The shown neutral
metastable densities and temperatures are evaluated in the center of the discharge
over the whole discharge as mean value and not taken at a certain time point.
Only for low RF powers of Prr < 3kW a high metastable density is promi-
nent. Higher RF powers exhibit a low neutral metastable density with increasing
temperature of Ar' as the RF power rises, see figure . Starting from room
temperature at low RF powers the metastable temperature starts to increase as

the metastable density reaches a low level for higher RF power. A similar behavior
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Figure 6.35: Neutral metastable density (a) and temperature (b) for increasing
RF power at pg = 5Pa and B = 55mT in the center of the discharge.
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Figure 6.36: Neutral metastable density (a) and temperature (b) for increasing
magnetic induction measured at pg = 5Pa and Prr = 3kW in the center of the
discharge.

is visible in figure for the dependency of the neutral metastable density from
the magnetic induction for measurements at py = 5Pa and Prr = 3kW in to-
tal. With increasing magnetic induction the neutral metastable density decreases.
Just as the neutral metastable density reaches a low level for high magnetic in-
duction the temperature of the neutral metastables rises.

For both cases a time-resolved measurement was done and is shown in figure |6.37}
The measurements show the same behavior as described before considering the
time instant of highest neutral metastable densities at the start of the discharge.
During the first 500 pus the highest plasma densities and electron temperatures
are found as shown in section and As already shown in figure [4.12]
the neutral metastable density dependents on the electron temperature. With in-
creasing electron temperature the loss channels (e.g. electron quenching) for the
metastable states determine the density evolution (see figure[d.14) and thereby the
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Figure 6.37: Time-resolved neutral metastable density for increasing RF power
measured at pg = 5 Paand B = 55mT (a), and magnetic field induction measured
at po = 5 Pa and Prr = 3kW (b) in the center of the discharge.
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Figure 6.38: Time-resolved ion metastable density for increasing RF power mea-
sured at pg = 5Pa and B = 105 mT (a), and magnetic field induction measured
at po = 5 Pa and Prp = 6kW (b) in the center of the discharge.

neutral metastable density, which drops with increasing RF power and magnetic
induction. The same measurements were performed for the argon metastable ions
but with higher RF power or magnetic induction to obtain higher fluorescence
signals. The measurements were performed at py = 5Pa and B = 105mT for
varying RF power and at py = 5 Pa and Pgrr = 6 kW for varying magnetic induc-
tion and are shown in figure [6.38} Due to an increase of the plasma ionization
degree with increasing RF power, magnetic induction and thereby electron tem-
perature (as discussed in section and shown in figure the metastable ion
density of argon rises with increasing RF power and magnetic induction. Further-
more the ion metastable density peaking width and time reduces with increasing
RF power and magnetic induction. This happens due to higher plasma densities
and temperatures and correspondly lower mean free paths and higher collision
frequencies for higher heating power. It is also seen that the peak density for the
argon ion metastable state reduces with increasing RF power after a maximum
is reached around a heating power of Pgr &~ 10kW. This is not found in the
diagram shown in figure [4.13] where an increase in metastable ion density is ob-
served. The decreasing peak density indicate higher ionization states than Arll
or a higher background noise due to higher RF power that results in a reducing
of the total signal.

The argon metastable states have various dependencies on plasma density and
electron temperature. Thus, the investigated metastable argon states do not
represent the argon ground state. In the next paragraph, the measured plasma
density, the calculated electron temperature and the reaction rate model are taken

into account to determine the argon neutral and ion ground state density.
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6.6.2 Ground state calculations

The argon neutral and ion ground state density are calculated using the reaction
rate model (see chapter , the measured plasma density, the calculated electron
temperature and the argon metastable fluorescence signals as input parameters.
For the singly ionized argon ground state all argon ion states (ArIl) were summed
up. Figure shows the time-resolved profile for the argon neutral (a) and
ion ground state (b), the evolution of density for the argon neutral (¢) and ion
ground state (d) in the center of the discharge and the density profile for the
argon neutral (e) and ion ground state (f) at the time instant of highest plasma
density around ¢ = 250 us (see figure . The measurements were done at
po = 2Pa, B = 105mT and Prp = 24kW. The neutral density (a) starts at
values off scale and decreases quickly to very low densities. The argon ion density
(b) starts at zero and increases after the RF-heating is switched on. Notice that
both ground state densities are hollow in the center of the discharge (c¢,d) and no
Gaussian-like profile is established in the first millisecond. The highest densities
are reached at the edges of the discharge for neutral and singly ionized argon,
representing recombination of argon ions and refilling of argon neutrals into the
center. The high density regions at the edges in (a) and (b) spread over a longer
time interval of 1 — 4ms. Comparing the penetration depths (the ionization
mean-free path of both densities) the negative gradient towards the center of the
discharge is higher for the argon neutral density than for the ion density. This
suggests increased ionization of neutral argon atoms while moving towards the
center of the discharge, especially over the first 15mm. The value corresponds
well to the theoretical mean-free path for given plasma densities at low filling gas

pressures

1 1
B V2n.o B V2-2-10%em=3 -2 - 1016 ¢cm?2

A ~ 20 mm, (6.1)

with o as cross section for ionization by electron collisions. The evolution of both
densities in the center of the discharge (e,f) shows a small refilling effect of neutrals
over time with a corresponding increase of the ion density. Particularly at the
beginning of the discharge the density profile of the argon ions is not correlating
with the plasma density profile (figure[6.4). This indicates higher ionization level
than ArIl in the starting phase of the discharge. As described in section [6.1.1]
the discharge has a peak ionization of over 80% for the case of py = 2Pa at

the start of the discharge. At the ionization degree, higher ionization levels are
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Figure 6.39: Time-resolved profile for argon neutrals (a) and ions (b), the evolu-
tion of density in the center of the discharge (c,d) and the density profile at the
time instant of highest plasma density around ¢ = 250 ps (e,f). The measurements
were done at pg = 2Pa, B = 1065mT and Prr = 24kW. The data points are
shown in blue with their respective error bars. A spline curve is shown in black
to indicate the trend. Both ground state densities are hollow.
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indeed expected. A different explanation of the increase of argon ion density is the
recombination of higher level argon ions due to the low electron temperature over
the last 4 ms of the discharge, see figure Over the first ms of the discharge
high plasma densities and pressure gradients in the center of the discharge result
in an increasing loss of charged particles to the axial and radial ends of the
discharge. The high plasma density also reduces the ionization mean-free path of
argon neutrals that move radially inwards from the wall. This leads to a depletion
of argon neutrals in the center of the discharge, resulting in a fast decrease of the
plasma density after the neutrals were partially ionized and the density peak
was reached. The behavior of edge localized densities and hollow profiles is also
observed for measurements at pg = 5Pa, B = 105mT and Prp = 24kW (figure
6.40). Figure shows correlating measurements at high filling gas pressure
and higher peak plasma density. The ionization mean-free path consequently
decreases (see equation and the neutral argon density reduces due to the
higher plasma density and lower ionization mean-free path of neutrals moving
inwards. The argon neutral density is lower in the case of py = 2 Pa, even at the
edge of the discharge, and exhibits a hollow profile. Due to the small ionization
mean-free path, the neutral and consequently the ion density at the edge increases
slowly over time. The ion ground state displays a hollow profile, even during
the first milliseconds with highest plasma densities, suggesting higher ionization
levels. The relatively low electron temperatures are however inconsistent with
higher ionization levels. In figure [6.41] the argon neutral (a) and ion ground
state (b) are shown for the discharges of highest plasma density as investigated
in section [6.4f These measurements are done at py = 9Pa, B = 105mT and

(a) neutral ground state : (b) ion ground state
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Figure 6.40: Time-resolved profile for argon neutrals (a) and ions (b). The
measurements were done at pg = 5Pa, B = 105mT and Prp = 24kW.
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Prrp = 24kW. These measurements at higher filling gas pressure result in higher
peak and mean plasma densities and temperatures (as discussed in the previous
sections). It directly leads to lower neutral argon density levels in comparison
to the previous cases (lower filling gas pressure and plasma densities). Hollow
profiles over the full discharge time interval are observed for argon neutrals and
ions (e,f) with no significant refilling of neutrals or ions (c,d) into the center of
the discharge. This is due to the high plasma densities in the center of up to
ne < 7-10*m™3, resulting in a ionization mean free path of A ~ 4mm. The
highest densities occur at the start of the discharge at the edge but only for a
time interval of 100 — 200 us and a width of a few millimeter. The time evolution
of the neutral density in the center (¢) shows a fast decrease at the beginning of
the discharge, followed by a stagnation on a relatively low density level. At the
end of the discharge a fast increase occurs due to recombination of ions. For argon
ions (d) a first peak is visible at the start of the discharge, followed by a decrease
to a low level density. At the end of the discharge the ion density increases.
The first peak and the increase in ion density at the end of the discharge are an
indication of higher level ionization. At first ArIl is ionized, which results in a
peaking and a low ion density level. At the end of the discharge the higher level
ions recombinate back to Arll, resulting in an increase of the ion density. This
behavior is not seen in figure This is due to the low electron temperatures

resulting in recombination before the discharge ends.
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Figure 6.41: Time-resolved profile for argon neutrals (a) and ions (b), the evo-
lution of density in the center of the discharge (c,d) and the density profile at
the time instant of highest plasma density around ¢ = 250 us (e,f). The measure-
ments were done at pg = 9Pa, B = 105mT and Prr = 24kW. The data points
are shown in blue with their respective error bars. A spline curve is shown in
black to indicate the trend. Both ground state densities are hollow over the whole
discharge.
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6.7 Correlation of ion and plasma density

In this section a direct comparison of the calculated argon ion ground state and
the plasma densities is made for various filling neutral gas pressures. For mea-
surements at B = 105mT and Prr = 9kW or Prr = 24 kW ion ground state and
plasma densities are shown together in figure [6.42] or [6.43] respectively. Assuming
a low temperature plasma consisting of electrons and singly ionized argon and
a small fraction of ArlIl, the time-resolved profile calculations of the argon ion
density provide the profile evolution of the plasma density. Comparing the argon
ion and the plasma density a contradiction between measurement and calculation
occurs. A hollow profile is found for various parameters. The evolution of the
ion density is clearly different from the plasma density for various parameters like
filling gas pressure or RF power. The first peak in the plasma density over the
first millisecond does not occur in the evolution of the ion density, as already dis-
cussed in the previous section At high filling neutral gas pressures (c,d) the
highest ion densities are found at the start of the discharge together with high
plasma densities. The ion densities increase with increasing gas pressure. For
high filling neutral gas pressure, the number of particles is more than sufficient to
sustain a constant ionization rate, even for higher ionization levels. A significant
density of Arll is measured at the starting phase of the discharge for high plasma
densities and electron temperatures. In regions of lower plasma densities towards
the end of the discharge (therefore lower electron temperatures), the ion density
rises again (a,b,c). It represents recombination effects of ions or an ionization
of refilled neutrals moving towards the center. With higher filling gas pressure,
the ionization of refilling neutrals is higher due to the decreasing ionization mean
free path. The difference in argon ion and plasma density is explainable by a
higher ionization level than just Arll in the starting phase of the discharge or as
a result of an incomplete model that does not represent a plasma discharge under
the given experimental conditions. With increasing filling gas pressure higher
peak plasma densities and higher electron temperatures are reached. At these in-
creasing parameter values, the ion density decreases, suggesting higher ionization
levels. A higher axial loss of particles with increasing gas pressure also has an
impact, but is not investigated here. The limited resolution of the time-resolved
LIF measurements can also be a reason why the first peak of high ion density
is not visible. As discussed in section a higher resolution results in a fast

increase of measurement time since the integration time is kept nearly constant.
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Figure 6.42: Time-resolved profiles for argon ion ground state densities (left) and
plasma densities (right) for filling neutral gas pressures of 2 Pa (a), 5Pa (b), 9Pa
(c) and 13 Pa (d). The measurements were done at B = 105mT and Prp = 9kW.
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Figure 6.43: Time-resolved profiles for argon ion ground state density (left) and
plasma density (right) for filling neutral gas pressures of 2 Pa (a), 5 Pa (b), 9 Pa (c)
and 13 Pa (d). The measurements were done at B = 105 mT and Prp = 24kW.
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Chapter 7

Summary

In the present work high density helicon plasma discharges are created and char-
acterized as a promising concept towards the realization of plasma wakefield ac-
celerators to build up electric fields in the order of GV/m to accelerate electrons
to energies in the TeV range with proton driving bunches. For such a concept
plasma sources are needed that are able to maintain discharges with plasma densi-
ties of n, > 7-10%° m~3 over long distances with a low variation in plasma density.
Measurements at the PROMETHEUS-A device are performed for variable param-
eters, like magnetic induction, RF heating power and filling gas pressure. A COq
laser interferometer, a laser induced fluorescence diagnostic and a reaction rate
model are combined to give a consistent picture. It is shown that in most cases
the plasma density is centrally peaked with a high density region +5 mm from the
center. The peak plasma density increases with increasing filling gas pressure, RF
heating power and magnetic induction, limited by the number of neutral particles
in low pressure discharges, by the transferred heating power and the increasing
recombination and electron quenching rates of argon ions in high filling pressure
cases. The increase in plasma density with increasing magnetic induction cor-
relates to the direct proportionality in the helicon dispersion relation. For all
investigated operational parameters the time evolution of the helicon discharge
shows the same characteristics and is reliably reproducable inside the error bars.
The electron temperature is determined by combining the collisional radiative
model with line ratio measurements of two spontaneously emitted LIF lines. The
low electron temperature regime of 1.2eV < T, < 1.4eV and the electron tem-

perature profiles are consistent with helicon wave heating via collisional power
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3 is measured

dissipation. The maximum plasma density of n, = 6 £ 1-102m™
at high RF power of Prp = 24kW, py = 9 Pa filling gas pressure and a magnetic
induction of B = 105mT with a maximum electron temperature at 1.4eV. At
these operational parameters the plasma density peaking time and width are de-
termined to be 270 us and 50 ps, respectively. This shows that the specific plasma
density requirements for the use of a wakefield accelerator are reachable and the
duration of the peak plasma density is sufficient for a relativistic particle to pass
a 1km long plasma cell. Time-resolved LIF profile measurements for neutral
and singly ionized argon were conducted to complement the previously evaluated
measurements. The time resolution of the LIF diagnostic was chosen in a way to
adequately represent the evolution of densities and to allow full profile measure-
ments over one day. A resolution of At = 200 us was chosen. The time-resolved
neutral and ion metastable densities show hollow profiles with high densities at
the edges over the first ms indicating higher ionization levels and increasing elec-
tron quenching rates. The metastable densities are highly determined by electron
temperature, RF heating power and filling neutral gas pressure and do not reflect
the neutral argon evolution. To investigate the influence of neutral depletion on
the density evolution and maximum plasma density, the argon neutral and ion
ground state densities are determined. Both time-resolved density profiles show
a hollow profile with highest densities at the edges over a longer time interval of
3 —4ms. The penetration depths (ionization mean-free paths) indicate increased
ionization of neutral argon while dissipating inwards, corresponding well to the
theoretical value of A = 20 mm. This results in a depletion of neutrals in the cen-
ter of the discharge, leading to a limitation and a fast decrease of plasma density
after the neutrals are partially ionized. The shown refilling effect of neutral argon
is too slow to have an important impact. At operation parameters for highest
plasma density, the calculated ground states also show a fast increase in density
at the end of the discharge after the RF-heating is switched off. This indicates
recombination effects to these atomic states and higher ionization levels than Arll

in the helicon discharge.
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Appendix

Included reactions and corresponding reaction rates
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