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Abstract

Shielded gas arc welding is an indispensable technology for joining all kinds of met-
als. In order to guarantee, that those processes fulfill high requirements for modern in-
dustrial applications, they take advantage of e.g. specific gas compositions or transient
current phenomena for production of reliable welding joints. However, for a stable and
safe process operation a profound understanding of the physics taking place in the arc
plasma is needed. The level of knowledge for basic welding processes in stationary
operating conditions has advanced in the past years. Yet, there is still a high demand
for diagnostic techniques, which are able to resolve transient phenomena and measure
parameters of plasmas containing gas mixtures or metal vapor.

In this work two plasma spectroscopy techniques, Thomson scattering and Stark
broadening, have been applied for the investigation of plasma parameters in stationary
as well as transient welding processes operated with different shielding gas mixtures
and in the presence of metal vapor.

Thomson scattering uses scattering of the laser radiation by the free electrons in a
plasma to provide information about their electron temperature and density. At first,
it has been set up for the investigation of stationary gas tungsten arc welding (GTAW)
processes with inert and molecular shielding gas mixtures. Thereafter, this technique
has been extended for application to pulsed gas metal arc welding (GMAW) processes
operated with aluminum and iron wire electrodes. It has been demonstrated, that this
technique can be applied to transient GMAW processes in the presence of metal vapor. It
has yielded spatially and temporally resolved electron density and temperature profiles
without previous knowledge of plasma composition, the arc column shape and without
the assumption of local thermal equilibrium (LTE). The measurement data could be
additionally used for spatially and temporally resolved plasma composition estimation.

Stark broadening is a passive spectroscopic technique, which relates the width of
resonance lines emitted by the plasma to the free electron temperature and density.
The emission spectra of stationary GTAW processes operated with pure argon and with
argon-helium gas mixture as well as the pulsed GMAW processes operated with alu-
minum as the wire electrode have been investigated by means of this technique. It
has been successfully applied for the spatially and temporally resolved electron density
determination without assumption of LTE. Temperature values have been additionally
estimated, when LTE assumptions were taken into account.

The comparison of Thomson scattering and Stark broadening techniques has shown,
that both methods deliver comparable results for electron density within the experimen-
tal error of the respective methods. Good agreement with the experimental results avail-
able in the literature could be also found for both techniques at least for the stationary
processes, since not much data for transient processes exist.
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Zusammenfassung

Schutzgasschweißen ist eins der wichtigsten Fügeverfahren. Um den hohen An-
forderungen der modernen industriellen Anwendungen nachzukommen, werden hier
z.B. spezielle Gasgemische oder transiente Effekte eingesetzt um verlässliche Schweiß-
nähte zu erzielen. Für einen zuverlässigen Betrieb der Schweißlichtbögen, bedarf es
jedoch eines tiefen Verständnisses der physikalischen Prozesse im Bogenplasma. In den
letzten Jahren konnten bereits viele Erkenntnisse über die grundlegenden Vorgänge in
den stationären Schweißprozessen gewonnen werden. Jedoch gibt es nach wie vor einen
hohen Bedarf an Messverfahren, die Erkenntnisse über den Plasmazustand in transien-
ten Prozessen, die Gasgemische oder Metalldampf beinhalten, liefern.

In dieser Arbeit wurden zwei plasmaspektroskopische Messverwahren, Thomson-
Streuung und Stark Verbreiterung, zur Untersuchung von Plasmaparametern in sta-
tionären und transienten Schweißprozessen angewendet. Die Prozesse wurden sowohl
mit unterschiedlichen Schutzgasgemischen als auch in der Metall-Schutzgas Atmosphäre
betrieben.

Bei der Thomson-Streuung liefert die Streuung der Laserstrahlung an den freien
Plasmaelektronen Information über die Elektronentemperatur und -dichte. Zunächst
wurde dieses Verfahren auf stationäre Wolfram-Inertgas Schweißprozesse (WIG), die
mit unterschiedlichen Gasgemischen betreiben wurden, angewendet. Anschließend
wurde das Messverfahren auf die gepulste Metall-Schutzgas Schweißprozesse (MSG)
mit Aluminium und Eisen Drahtelektroden ausgeweitet. Es wurde gezeigt, dass die
Thomsons-Streuung für transienten MSG Prozesse, in denen Metalldampf entsteht, an-
gewendet werden kann. Mit Hilfe der Streuspektren konnten örtlich und zeitlich auf-
gelöste Elektronentemperatur und -dichte Profile unabhängig von der Plasmazusam-
mensetzung und ohne der Annahme des lokalen thermischen Gleichgewichts (LTG)
gemessen werden. Die Messdaten konnten außerdem zu orts- und zeit-aufgelösten
Rekonstruktion der Plasmazusammensetzung genutzt werden.

Stark Verbreiterung ist eine passive spektroskopische Methode, mit dessen Hilfe
aus der Breite der Spektrallinien des Plasma-Emissionsspektrums die Elektronentem-
peratur und ?dichte bestimmt werden kann. Emissionsspektren sowohl der stationären
WIG Prozesse unter Einsatz von Argon bzw. Argon-Helium als auch der gepulsten
MSG Prozesse mit Aluminium wurden mit Hilfe von dieser Methode untersucht. Auf
diese Weise konnte die Elektronendichte ohne die Annahme von LTG zeitlich und örtlich
aufgelöst bestimmt werden. Elektronentemperatur konnte zusätzlich unter der Berück-
sichtigung der LTG Annahmen abgeschätzt werden.

De Vergleich der beiden Verfahren hat gezeigt, dass die Ergebnisse für die Elektro-
nendichte im Rahmen der experimentellen Genauigkeit übereinstimmen. Diese Ergeb-
nisse entsprechen ebenfalls den in der Literatur verfügbaren Werten für stationäre und
transiente Schweißprozesse, soweit überhaupt Vergleichbare Messungen bereits veröf-
fentlicht wurden.
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Chapter 1

Introduction

"In general we look for a new law by the following process. First we guess
it. Then we compute the consequences of the guess to see what would be
implied, if this law that we guessed is right. Then we compare the result of
the computation to nature, with experiment or experience, compare it directly
with observation, to see if it works. If it disagrees with experiment, it is
wrong. In that simple statement is the key to science. It does not make any
difference how beautiful your guess is. It does not make any difference how
smart you are, who made the guess, or what his name is – if it disagrees with
experiment, it is wrong."

Richard Feynman

Observation of nature is the key to all the knowledge that has been achieved by man-
kind. Without being able to sense nature we would not be able to describe and understand
the world surrounding us. Our curiosity would never be aroused and all the inventions
that seem so natural today, would simply not exist. No fire, no wheels, no electricity – no
modern world that we live in.

It is the curiosity of Sir Humphry Davy, that we owe the first observation of an ar-
tificially generated electric arc. He first discovered it in 1800, while carrying out galvanic
experiments with charcoals and a voltaic pile [1]. 87 years later, the first welding apparatus
was patented by Benardos and Olszewski [2]. After its invention, electric arc welding has
quickly become an indispensable tool for joining all kinds of metals. Nowadays welding
processes are far more sophisticated. They take advantage of e.g. specific gas compo-
sitions or transient current phenomena in order to guarantee optimal conditions for the
production of reliable welding joints for all kinds of metals. But for present, the modern
welding processes have to fulfill higher requirements. Automation and operational safety
have become essential features in industrial applications.

These high requirements cannot be fulfilled without a profound understanding of the
physical principles behind the welding process. The plasma, being one of the key ele-
ments of this process, is its boon and bane. It provides the heat necessary for the melting
and joining of materials, yet it makes the process description complicated. Although the
understanding of basic welding processes in stationary operating conditions has advanced
in the past years, many transient phenomena and effects involving mixing and the reaction
of several chemical components still remain an open question.

Unlike today the observation, or in other words, experimental diagnostic methods,
which once helped discover the electric arc, still remains an indispensable tool for unrav-
eling the details of phenomena taking place in a welding plasma. Various techniques have
been developed for the investigation of different aspects of the processes, allowing the
characterization of temperature, density, velocity, composition and other properties of the
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2 CHAPTER 1. INTRODUCTION

plasma. Still, up to now the most experimental works were focused on the investigation
of stationary processes.

Consequently, there is still a high demand for diagnostic techniques, which are able
to resolve transient phenomena and deliver parameters of plasmas containing different
atomic species. When choosing a diagnostic method, it is mandatory to consider: the lesser
assumptions are required to interpret the observation, the more reliable is the resulting
information about the process.

Thomson scattering and Stark broadening are both techniques that can be adapted to
measure spatially and temporally resolved plasma parameters. In contrast to other com-
monly applied methods, they do not depend on the plasma composition and do not re-
quire local thermal equilibrium assumption. Hence, both diagnostic concepts can be used
to develop reliable and fast measurement systems, which are able to provide information
about transient multi-element plasmas.

Since the computational capacity has considerably advanced in recent years, simula-
tion has become a common approach for easier and faster prediction of the behavior of
welding processes. But it has to be kept in mind that numerical calculations cannot re-
place experimental investigations until the unavoidable simplifications contained in every
numerical model have been proved to be consistent with the experiment. This is especially
the case for transient welding phenomena.

Before the focus of this work can be formulated, the overview of the two welding pro-
cesses investigated in this work together with their conditions and requirements needs to
be given. The following presentation of the processes also includes the review of diagnos-
tic techniques, which are currently being applied for the investigation of welding plasmas.

1.1 Shielded gas arc welding processes

Generally speaking, welding describes the joining of materials by introducing an external
energy source which transforms the material into plastic or liquid condition. An additional
filler material with the same thermal properties as the workpiece might be used to fill the
gap between the two workpieces to be joined [3].

The shielded gas arc welding belongs to the category of fusion welding processes.
Here, an electric arc is ignited between a rode-like electrode and the workpiece by ion-
izing the shielding gas atmosphere which protects the workpiece from oxidation. The heat
produced by the arc is transferred to the workpiece. This results in local fusing of the
workpiece. Thus a weld pool is created which allows to join the two pieces of material.

The properties of the arc strongly influence the feasibility and the quality of the welding
joint. The electric properties of the arc are described by the current voltage (I-U) charac-
teristic. It mainly depends on the work function of the electrode materials, the arc column
composition and the arc length [4]. Yet the capability of the arc to transport the heat from
the electrode to the workpiece is only determined by the arc column composition. It con-
sists of a mixture of the shielding gas and the metal vapor originating from the weld pool
or the electrode. The gaseous components are at least partially ionized and hence are in
the state of plasma. The properties of this plasma will be discussed in section 2.1.

The choice of the shielding gas is one of the key factors which influence the welding
result. In general inert (e.g. Ar) or reactive (e.g. CO2) shielding gases can be used depend-
ing on the workpiece materials. The main requirement is that the gas is not soluble in the
weld pool in order to prevent pores or unwanted reactions inside the welding seam [5].

Besides the workpiece itself and the appropriate shielding gas a power supply, which
is able to produce suitable arc voltage characteristics, is required in order to operate a
welding process. For automation purposes it should be possible to regulate the output
of the power supply in a feedback control loop [3]. There exists a variety of different
designs, however nowadays the so called inverter power supply type is preferred. It uses
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semiconductor rectifiers, which convert the incoming low frequency three-phase current
to a high frequency AC signal. Therefore, small size transformers are sufficient in order to
transform this input from high voltage and low current to high current and low voltage
signal. Such power supplies are relatively small and hence transportable. Their output
characteristic can be adapted for many operation modes such as direct current (DC) and
alternating current (AC) while maintaining high efficiency [6].

For a specific welding process nominal values for arc current and voltage have to be
defined by the user. In order to maintain stable operation conditions the power supply
is provided with a feedback control, which regulates the output current according to the
variation of the arc resistance [5]. However, the choice of suitable input current and volt-
age for a stable welding process requires profound knowledge of the material properties
and arc characteristics. In order to facilitate the welding operation, typical characteristics
data for different metals, electrodes, shielding gases and operation modes are stored in the
control unit of the power supply [6].

1.1.1 Gas tungsten arc welding

The gas tungsten arc welding (GTAW) can be applied to join a wide range of metals. High
quality welding joins can be reached for thin and tick materials. The technical drawback
of the process is its relatively slow welding velocity in comparison to other techniques [3,
5].

The main feature of GTAW is the non-melting tungsten electrode, which is typically
used as a cathode. As schematically shown in fig. 1.1 the arc is ignited between the tung-
sten cathode and the anodic workpiece. The main purpose of the arc is to provide a heat
source which melts the workpiece. Since no material is transported through the arc itself,

contact tip

gas nozzle

tungsten cathode

plasma column

workpiece anode

shielding gas

filler rod

power supply

Figure 1.1: Schematic of a GTAW process.
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the arc column composition mainly depends on the choice of the shielding gas. Metal va-
por origin from the weld pool may entrain in the lower part of the arc column close to the
workpiece surface. If required, an additional filler rod is inserted close to the workpiece in
order to provide additional material for the welding joint.

The upper electrode is placed in a shroud - a gas nozzle providing the shielding gas
atmosphere. Here only inert gases like argon and helium or gas mixtures of inert gases
with low percentage of hydrogen or nitrogen are used to prevent the oxidation of the hot
electrode tip. In order to decrease the work function of tungsten electrode and hence to
increase the current density 1 to 2 % rare-earth oxides (typically ThO2, ZrO2 or LaO2) are
added to the tungsten cathode. The shape of the electrode plays an important role since it
determines the stability of the arc and so the quality of the resulting weld seam. Typically, a
cone shape electrode is used. The angle of the cone is adjusted according to the magnitude
of the current [5].

The GTAW processes are mostly operated with DC currents. In some cases pulsed
current is used to achieve higher arc energy density or better control of the weld pool. For
metals like aluminum or magnesium, which easily oxidize, AC currents are used in order
to clean the surface from the previously formed oxide layer [6].

The parameters determining the GTAW process are the arc current, the shielding gas
composition and flow rate, the distance of the electrodes and the welding speed. Typical
currents range between 100 and 400 A depending on the thermal properties and the thick-
ness of the workpiece. If the welding torch position is fixed, the electrode distance remains
constant during the process. Typical arc length values lie in the range of 1.5 to 4 mm [3].
The arc is ignited using a high frequency or high voltage pulse in order to ionize the gas.
After establishing the ionization channel the current is fixed and the arc voltage adapts to
the existing conditions. The typical arc voltages are in the order of magnitude of 10 V [4].

1.1.2 Gas metal arc welding

Gas metal arc welding (GMAW) is one of the most wide spread arc welding processes [6].
It can be applied to a wide range of materials and is more cost-efficient than the GTAW
process, without achieving the latter’s quality of welding joint [3, 7].

Figure 1.2 shows a schematic setup of a GMAW process. In contrast to GTAW the arc
burns between a melting wire electrode and the workpiece. The arc is ignited by producing
a short circuit between the wire and the workpiece. Due to the Joule heating the electrode
melts and evaporates, so that an arc can be formed [5]. As shown in fig. 1.2 the wire
electrode is typically used as an anode while the workpiece poled as a cathode. The wire
is contacted using a contact tip. It is as well shielded by a gas flow. As the wire electrode
melts, no additional filler material is needed. The wire however has to be constantly fed
into the arc by a wire feed driver.

GMAW processes can be operated in a DC, AC or in a pulsed mode depending on the
type of the welding material. For example, for aluminum pulsed currents are used.

The main difference between the GTAW and GMAW processes is, that in the GMAW
arc metal droplets are transferred from the electrode tip to the weld pool which has a sig-
nificant influence on the arc column properties and the overall performance of the process.
The distance between the wire electrode and the workpiece is not necessarily constant and
should be adjusted by a control mechanism. Consequently, the arc characteristic not only
depends on the current and the shielding gas. The wire diameter and the feed rate, which
influence the distance between the electrodes, the amount of metal vapor present in the
arc and the type of metal transfer also determine the characteristic of the arc. Depending
on the resulting I-U working points different arc modes are possible. Figure 1.3 shows an
example of GMAW of possible classification of different arc modes.

If the arc is operated in the DC mode, different arc types can be classified by the type
of metal transfer in the arc, such as dip, globular or spray transfer, and the arc length
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Figure 1.2: Schematic of a GMAW process.

(short or long) [3, 6]. Depending on the arc mode a short circuit may occur. Those modes
are assigned to a narrow current and voltage range and are preferably used for specific
welding conditions. For example, short arcs are typically applied for joining thin plates
and spray arcs are used for welding of thick materials.

1.1.2.1 Pulsed arc

When superposing low DC background current with high current pulses, the pulsed arc
mode is obtained. As shown in fig. 1.3 it can cover a wide range of welding parameters.
This arc mode is very stable and free of short circuits. It can be adjusted to produce one
droplet per pulse. This type of arc can be applied to many materials like steel and alu-
minum.

Figure 1.4 shows a typical droplet transfer to the workpiece. In the low current phase
(approx. 25 to 80 A) the wire electrode is heated and partially melted. However, no droplet
is detached during this phase. During the high current phase the wire tip is further molten.
On the downslope of the pulse the pinch effect forces the detachment of a droplet. The
magnitude of the current in this phase depends on the feed rate and wire diameter. De-
pending on the material used the shape and the duration of the pulse can be additionally
adjusted. The process can be operated with frequencies in the range of 25 to 300 Hz [3, 9].

1.2 State of the art of diagnostics in welding processes

In terms of diagnostic objects one can divide the components of the welding process in
two categories – the gaseous and liquid or solid targets. The latter implies electrodes and
workpiece eventually including metal droplets detaching from a consumable electrode.



6 CHAPTER 1. INTRODUCTION

short arc
long arc

spray arc
pulsed arc

0 100 200 300 40010

20

30

40

arc current [A]

ar
c

vo
lt

ag
e

[V
]

2 5 10 20
feed rate [m/min]

Figure 1.3: Example of a characteristic of the GMAW process operated with an iron alloy
wire in a Ar/CO2 atmosphere with a classification of different arc regimes depending on
the arc current, voltage and the wire feed rate [adapted from 7].
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Figure 1.4: Shadowgraphy images of droplet transfer (top) during a high current pulse
(bottom) in a pulsed arc operated with pure argon and Ge3Si1 iron wire [The shadwogra-
phy images are taken from 8]

The solid or liquid components of the welding process are typically analyzed using non-
invasive camera techniques. For example, electrode and droplet shape can be investigated
using shadowgraph techniques [10–13], the weld pool and droplet temperature and viscos-
ity by pyrometric methods [13–15]. In addition invasive methods such as thermocouples
or calorimetry are applied to determine the weld pool temperature [14, 16]. The properties
of the welding joint are typically investigated using metallography techniques [9].

The gaseous part of the welding process mainly consists of the arc plasma including
the shielding gas flow. The flow can be visualized using particle image velocimetry or
Schlieren technique[17]. The measurement of dynamic pressure provides the information
about the arc column force and flow velocity on the workpiece surface [18].

Besides the monitoring of arc current and voltage, the arc itself is mainly character-
ized by its composition, temperature and density of the plasma column. To measure these
parameters mainly three different types of diagnostics – electric probes, emission spec-
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troscopy and laser assisted methods – are applied.
As electric probes typically Langmuir probes are used to measure the electron tem-

perature, density and plasma potential in free burning arcs [19–21]. However, since this
measurement method is invasive, special care has to be taken in order to protect the probe
surface from melting. Moreover, in case the probe is inserted into the arc, it might mechan-
ically or electrically disturb the process conditions.

Laser assisted techniques and emission spectroscopy methods are much more common
as diagnostic tools for free burning arcs, which are discussed in the following.

1.2.1 Laser scattering diagnostics

Techniques based on interaction of laser radiation with plasma particles such as Thomson
scattering are considered as the most reliable methods for temperature and density diag-
nostics in hot plasmas [22]. Originally developed for fusion processes these methods have
been also utilized to measure plasma parameters in comparatively cooler thermal plasmas.
Here mostly Thomson scattering technique was applied to obtain spatially resolved elec-
tron and ion temperature as well as density without assumption of local thermal equilib-
rium (LTE, see section 2.1.2) and the precise knowledge of plasma composition. Rayleigh
scattering can also be applied for temperature diagnostic in the welding arc plasma [e.g. 23,
24]. However, since the Rayleigh scattering signal is dominant for the temperature range
below 8000 K [21], the application of this technique in hotter plasma regions becomes dif-
ficult.

Thomson scattering has been widely applied for the investigation of GTAW processes
[21, 24–32]. Moreover temperature and density measurements were also performed ther-
mal plasmas generated by other technical devices. These include free burning model arcs
[33–37], atmospheric plasma jets [38–42] and wall stabilized arcs [43–45].

Not only the plasma column region but also the boundary layers close to the electrodes
can be investigated using this technique, if the laser is strongly focused. In this case special
care has to be taken to suppress the stray light coming from the electrode surface [21, 44].
Yet high laser energy input may lead to an additional heating of the plasma and thus to
overestimation of the electron temperature. In order to obtain correct electron tempera-
tures it is necessary to correctly extrapolate the plasma parameters for conditions prevail-
ing for zero laser pulse energy [45, 46]. Thus results comparable to other measurement
methods are obtained [47].

Until now Thomson scattering measurements were mainly performed in pure argon
atmosphere. Also processes operated with helium [32] and nitrogen [26] were investigated.
The influence of metal vapor on the GTAW process was only studied by Terasaki et al.
[30]. Yet no investigation of either welding processes in gas mixtures or GMAW processes,
where high concentration of metal in the plasma is expected, were conducted so far.

However, investigations of other types of plasmas composed of different chemical spe-
cies by means of Thomson scattering already exist. Measurements in circuit breaker de-
vices, producing plasmas with similar parameters to the welding arcs, were performed by
Tomita et al. [48]. Here a Ar/SF6 gas mixture was used as a shielding gas. Moreover elec-
tron temperatures and densities in a free burning model arc, which were operated with a
dry air shielding atmosphere with and without presence of metal vapor, were obtained [49,
50]. Thomson scattering was also applied to laboratory plasmas composed of gas mixtures
yet with different electron temperature and density ranges than thermal plasmas. Here
e.g. inductively coupled plasmas in Ar-H2 or Ar-N2 gas mixtures [51], argon microwave
plasmas with H2, N2 O2 or CO2 admixtures [52, 53], laser induced plasmas in air [54] and
vacuum discharges in tin vapor [55] were investigated.

Due to the relatively weak scattered signal high energy pulsed lasers are used. Yet even
often light of several consecutive laser pulses has to be accumulated in order to obtain suit-
able signal to noise ratio. This makes the diagnostic of fluctuating processes a challenging
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task. Still single shot Thomson scattering measurements were successfully performed in
low density microwave plasmas in the temperature range of 10 000 to 20 000 K [56], in high
density, high temperature laser induced plasmas [57, 58] and in the circuit breaker plasma
[48]. For transient processes, such as pulsed vacuum discharges [59] or plasma streamer
decays [60], time resolved measurements have been also conducted.

1.2.2 Emission spectroscopy diagnostics

Emission spectroscopy is the most frequently applied diagnostic technique for character-
izing of temperature and density of the welding arc plasma. There exists a variety of dif-
ferent methods allowing the deduction of plasma parameters from the emission spectrum.
Most methods however rely on the assumption of LTE and especially on the Boltzmann
distribution of the excited states of bound electrons. Often the chemical composition of the
arc has to be known and the emitted spectrum has to be optically thin. An overview of the
applied methods can be found in [61].

Especially for GTAW arcs operated with pure argon as a shielding gas many spectro-
scopic studies have been carried out. For example, Haddad et al. or Thornton have applied
the Fowler-Milne method in a pure argon arc [62–65]. Here relative radial distribution of
one line is measured to deduce spatial temperature distribution by comparison with the-
oretical emission coefficient values. Originally developed for the application in pure Ar
plasma it was also applied to plasmas with small impurities, e.g. the arc regions, where
the presence of metal vapor is expected [66]. In addition Fowler-Milne method was fur-
ther extended for use with plasmas in a gas mixtures as was first demonstrated in [67]
for an Ar-N2 shielding gas mixtures. It was moreover applied to investigate welding arcs
operated with Ar-H2 [68] and Ar-He gas mixtures [69–71]. With advancement in camera
technology the Fowler-Milne method [72, 73] and the ratio methods [74] were adapted to
the use with high speed cameras and narrow spectral bandwidth filters.

If the relative intensity of two different lines is measured, the so called ratio method
[e.g. 75] or Boltzmann plot (for more than two lines) can be applied [e.g. 76]. The ratio of
atom to ion lines can be interpreted using the Olsen-Richter method [77]. These methods
directly yield the temperature of the excited species. In addition, they do not depend on the
plasma composition. Therefore this method was preferably applied to GTAW processes
with presence of metal vapor mainly evaporated from the molten anode [75, 76, 78–80].
Also GTAW arcs operated with Ar-He gas mixtures were investigated [71, 81, 82].

Absolute line intensities [79] can also be used to determine plasma temperature, while
continuum intensity measurements were used to derive electron density and thus the
species concentration [78, 80, 83]. Ratio of continuum to line intensities can also be used to
derive plasma temperature [84]. These methods were as well applied to GTAW arcs in the
presence of metal vapor origin from molten anode.

Measurement of the Stark width were also applied to deduce plasma density in GTAW
processes [74, 85, 86]. The advantage of this method is that LTE assumptions are not nec-
essarily need to be fulfilled. It is sufficient, if the assumption of Maxwellian velocity dis-
tribution of the electrons holds true. However as the dependence of the Stark width on
the temperature cannot be always neglected, the plasma temperature has to be previously
estimated or measured.

Spectroscopic techniques have also been applied to investigate GMAW plasma. Here
mainly Boltzmann plot was used to measure plasma temperature in processes using iron
based filler wires in DC [87, 88], pulsed processes [89]. It was also applied to pulsed
processes operated with copper [90] and aluminum [9] wires. The Bartels method [91],
which uses optically thick lines in order to deduce plasma temperature, and Olsen-Richter
method were also applied by Goecke. Furthermore methods measuring absolute emission
intensity [90] and high speed camera techniques with and without filters were applied for
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visualization purposes [89, 90], estimation of plasma temperature and metal vapor con-
centration [92].

For the application of Stark broadening to the GMAW plasmas two different approaches
can be distinguished. Analogously to investigations conducted with GTAW arcs, Rouffet
et al. determined electron density in pulsed GMAW arc operated with iron wire by esti-
mating the plasma temperature of 104 K. A different approach originally, applied on mi-
crowave plasmas [93–95], suggests evaluation of the broadening width of at least two lines.
It allows a simultaneous determination of the temperature and density of the plasma. This
method was applied for DC GMAW arcs operated with iron [88, 96, 97].

1.3 Focus and structure of the thesis

A review of current literature reveals that there is still a need of experimental data for weld-
ing processes with multi-element transient plasmas. It has been previously demonstrated,
that Thomson scattering and Stark broadening can be applied for the investigation of sta-
tionary welding processes. Both methods can provide electron temperature and density
values, which are shown to be consistent with other experimental data. Moreover, they re-
quire fewer assumptions than other spectroscopic methods. In particular, for the validity
of both methods neither local thermal equilibrium assumptions nor the knowledge of the
plasma composition is required.

Still, Thomson scattering and Stark broadening have been only rarely or not at all ap-
plied for the investigation of transient multi-element welding plasmas e.g. present in a
pulsed GMAW process. Therefore, the aim of this work is to develop two reliable systems
for the diagnostic of plasma parameters by Thomson scattering and Stark broadening. The
main goal is to apply those systems to transient welding processes operated with gas mix-
tures or in the presence of metal vapor.

The thesis is divided into five major sections. First of all, the basic properties and con-
cepts of the description of the plasma state relevant for welding processes are introduced
in chapter 2. Subsequently, the theory of the applied diagnostic techniques is presented in
chapter 3. In this chapter the formulas used for the calculation of the Thomson scattering
spectra is derived. The conditions which have to prevail for successful application of this
method in the welding plasmas are discussed as well. Thereafter the spectral line broad-
ening with the focus on Stark broadening is presented. Theoretical descriptions of linear
and quadratic Stark effects, as well as the conditions, which has to be valid in order to use
this technique for electron density and temperature diagnostics, are given.

The experimental setup for Thomson scattering and Stark broadening techniques is
presented in chapter 4. Here the choice of the experimental components, the techniques
used for the data evaluation and the investigated process parameters are discussed. In
chapter 5 the results of both diagnostic techniques are presented, compared to each other
and to the experimental and simulated data available in the literature. The focus remains
on the detection of changes caused by the metal vapor and on tracking transient effects
during pulsed GMAW. Moreover, the plasma composition is reconstructed for particular
cases using the data gained with the Thomson scattering method. Finally, the results of this
work are summarized in chapter 6. Additionally, comments on possible improvements
and applicability of the diagnostic techniques in industrial processes are given in that final
chapter.





Chapter 2

Plasma in welding processes

Since the focus of the investigations is on the arc column plasma, an overview of the gen-
eral plasma properties and the properties of thermal plasma generated in the welding arc
is given in this chapter.

2.1 General plasma properties

Plasma is often defined as fourth state of matter. In general, this state is characterized
by the presence of a considerable amount of free moving charges. For example it arises
from the gaseous state, when ionization processes take place. In contrast to a gas, in a
plasma in addition to molecules and atoms also ions and electrons are present. This makes
the plasma an electrically conducting medium [98]. Besides the direct collisions between
particles, charged species can take influence on each others trajectories by means of the
Coulomb force. A sufficient amount of charged particles in a volume will cause the col-
lective behavior of the plasma. This means, that a single particle is not only influenced by
direct collisions but also by the long range Coulomb force of other charged species [99].

Generally speaking, collisions play an important role for the description of the plasma
state. The distinction is essentially made between elastic and inelastic collisions. The latter
change the kinetic energy of a particle. Examples for inelastic collisions are ionization of
the plasma or excitation of heavy particles (atoms and ions), which finally leads to photon
emission. During elastic collisions the total kinetic energy of a particle remains unchanged,
while its direction and the velocity are influenced by the interaction. The particle collision
frequency can be defined as

fcol = nqσcolvq (2.1)

with nq the density of interacting species with a charge q and vq the particle velocity. The
effective cross section σcol depends on the type of interacting particle. In the simplest
case, when at least one of the particles is not charged, the interaction is comparable to
collisions between billiard balls with σcol = πr2, where r is the effective radius of the
particles. The situation however becomes more complicated, if both participants of the
collision are charged. At this point the long range Coulomb force of the particles comes
into play [98]. In contrast to billiard-like collisions the trajectory of colliding particles is
not straight, but it is steadily changing during the collision process. This enlarges σcol yet
makes its estimation more complicated. A plasma state is often described as collisionless
or collision dominated. However, this characterization has to be conducted with respect
to the timescale of the phenomenon on which the collisions may take impact.

Whenever speaking of particles collisions the particle motion is implied. In a plasma
it is determined by several components. One of those components is the kinetic energy

11
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Ekin = mqv
2
q/2 depending on the particle’s mass mq and velocity vq = |~vq|. Moreover, the

particle’s trajectory and velocity can be influenced by the electric or magnetic field.
Particles in an unbound state, a gas or a plasma, have all kind of velocities. If their

number is high enough, they can be described using the concept of probability distribution
functions. Since in a plasma different sources of particle motion have to be considered, it
is impossible to define a general velocity distribution function.

Yet in the case of absence of strong magnetic and electric fields, several simplifications
can be made. Here the plasma density and hence the collision frequency is assumed to
be sufficiently high and the interaction between the particles almost instantaneous. In this
case the probability to find a particle in an energy state Eu,q is proportional to the ratio of
Boltzmann distribution

f(Eu,q) ∝ exp
(
− Eu,q
kBTq

)
(2.2)

with kB being the Boltzmann constant. When substituting Eu,q = mqv
2
q/2 the velocity

distribution of the species with a charge q can be derived. Thus the Maxwell-Boltzmann
distribution is obtained

f(vq)d = 4πv2
q

(
mq

2πkBTq

)3/2
exp

(
− mqv

2
q

2kBTq

)
dvq. (2.3)

The temperature of each particle type in a gas or in a plasma is defined as their average
kinetic energy

3
2kBTq = 1

2mv
2
q , (2.4)

where v2
q is the mean square three-dimensional velocity vector [98]. This allows to derive

Dalton’s ideal gas law
p =

∑
q

nqkBTq (2.5)

with p the local pressure, nq the particular species density and Tq its corresponding tem-
perature.

Although the electrons and ions are separated, the overall charge within the plasma
volume equals zero. This is also called the principle of quasineutrality. The electrons
gather around the ions and so macroscopically shield their electric field with respect to the
observer. The characteristic length at which the microscopic deviations from the quasineu-
trality are still "visible" is described by the Debye length

λD =
(
ε0kBTe
nje2

)1/2
, (2.6)

where ε0 is the vacuum permittivity, e the electron charge and Te the electron temperature.
λD has to be much smaller than the volume expansion of the plasma in order to assure
collective behavior of the charge carriers. Another characteristic of the plasma describing
the electron oscillation around their equilibrium position, is the plasma frequency [99]

ωpe =

√
nee2

ε0me
. (2.7)

Here ne denotes the electron density and me the electron mass. This frequency also corre-
sponds to the upper frequency limit for electromagnetic waves to be compensated by the
charged particles within the plasma. At a still higher frequency than the plasma frequency
an electromagnetic wave can no longer be screened out by the plasma. This effect makes
it possible, that e.g. the laser radiation, which frequency lies above the thermal plasma
frequency can propagate in a plasma and interact with the free electrons.
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2.1.1 Thermal equilibrium

Plasmas generated under atmospheric pressure are often described using the concept of
the thermal equilibrium (TE) assumption. This implies, that the macroscopic state of the
plasma can be described, if the temperature, density and chemical composition within
the plasma volume are known. On the microscopic level it comprises, that mainly four
processes are in equilibrium with their reverse process – the kinetic energy exchange be-
tween the particles, the de-/excitation, the ionization/recombination and the absorption
and emission of radiation. This is called the principle of detailed balancing. Moreover, all
the particles in the volume are described by a single temperature T [100].

In TE distribution functions are used to describe e.g. the kinetic or excitation equilib-
rium. The velocities of the free particles can be described using the Maxwell-Boltzmann
distribution given in eq. (2.3). The fraction or probability of particle species j in an excited
state u within an ensemble in equilibrium is given by the Boltzmann distribution

nu,q
ng,q

= gu,q
Zq

exp
(
−Eu,q − Eg,q

kBT

)
(2.8)

with ng,q the density of the ground state, nu,q the density of the excited state, gu,q its sta-
tistical weight and Eu,q the energy of the excited state of the species with a charge q. The
partition function Zq describing the number of possible bound states up to the ionization
limit can be calculated by

Zq =
∑
u

gu,q exp
(
−Eu,q
kBT

)
. (2.9)

The ionization recombination balance (i.e. equal number of ionizations as well as of recom-
binations) is described by the Saha-Eggert equation, which specifies the rateKj+1 between
single ionization stages

Kj+1 = nenj+1
nj

= ZeZj+1
Zj

(
2πmekBT

h2

)3/2
exp

(
−Ej+1 −∆Ej+1

kBT

)
. (2.10)

Here the indices j and j + 1 denote ions in jth and j + 1th ionization stage. Index e de-
notes the electrons, me the electron mass and h Planck’s constant. The electrons can only
have two states due to different electron spins. Hence, for the electron partition function
Ze = 2 is valid. Ej+1 indicates the ionization energy, while ∆Ej+1 = je2

4πε0λD
delivers the

correction of this value due to Coulomb field of the surrounding ions [101].
The conservation of the radiation implies, that the absorption and spontaneous emis-

sion processes are balanced. The balance is described by the Planck’s law of radiation re-
lating the intensity Bλ of blackbody radiation in equilibrium to the radiation wavelength
λ and the temperature T

Bλ(T )dλ = 2hc2
λ5

1
exp

(
hc

λkBT

)
− 1

dλ. (2.11)

Here c denotes the speed of light [102].
However, in laboratory conditions the thermal equilibrium cannot be reached, since not

all energy within a plasma can be conserved. For example, the temperature of the radiation
produced by a plasma is lower than the temperature described in eq. (2.11). Moreover, the
surrounding of the plasma volume is not maintained at the plasma temperature. Hence a
part of the energy is lost to the surrounding through radiation or collision with particles
[98, 100, 102].
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2.1.2 Deviations from thermal equilibrium

If some requirements for the state of thermal equilibrium cannot be reached, this does not
necessarily mean that the other equilibrium conditions are affected. Typically, the conser-
vation of radiation cannot be fulfilled in real conditions. However, the energy loss through
radiation, which affects the Planck’s radiation law, is relatively small compared to the en-
ergy exchange through collisions between particles. Hence it can be assumed, that the
other processes in the plasma are still in microscopic equilibrium and the equilibrium con-
ditions are still valid, if some modification are introduced.

In a real plasma e.g. spatial temperature gradients are always present due to interac-
tion of the plasma with the surrounding. It is impossible to define one temperature for the
whole plasma volume. However, if the different particle species can reach equilibrium con-
ditions fast enough, the plasma is in the state of the local thermal equilibrium (LTE). In this
case the time between collisions is considerably smaller than the time the particles need to
diffuse between regions with different temperatures. Under these conditions the plasma is
also characterized as collision dominated. Again, it is still required, that locally electrons
and heavy particles have the same temperature. Furthermore, the Maxwell-Boltzmann
distribution, as well as the Saha-Eggert equation and the Boltzmann statistics are used as
descriptions of the local particle state. Yet in contrast to section 2.1.1 the radiation and the
particles cannot be characterized by the same temperature.

Further deviations from equilibrium are possible, if the electrons and the heavy par-
ticles are subject to different forces. This is often described as two temperature LTE. For
example, such states exist in a plasma induced by a relatively high current. In this case the
more mobile electrons quickly adopt the energy from the electric field. Since due to the
mass difference the energy transfer from electrons to heavy particles via collisions is not
very efficient, the heavy particle temperature is lower than the electron temperature. As
a result the electrons and heavy particles have different Maxwell-Boltzmann distribution
functions.

The ionization recombination and de-/excitation equilibria are however maintained.
The heavy particles are excited or ionized by collisions with electrons rather than with ions,
as the electron velocity is much higher. Therefore, for sufficiently high electron densities
eqs. (2.8) and (2.10) are still valid when the total plasma temperature T is replaced by
electron temperature Te [103, 104].

If charge drift out of the plasma region becomes significant, the ionization/recombina-
tion balance is disturbed. The de-/excitation balance is also disturbed since the lower
population levels tend to be underpopulated. The plasma can be then described by the so
called partial LTE model, when the Saha-Eggert equation and the Boltzmann distribution
are only valid for the upper excitation levels. This implies, that the electron temperature
Te corresponds to the excitation temperature of upper energy levels the emitting species
[98, 100, 102].

2.2 Properties of welding plasmas

The plasma in the welding process is created by the free burning electric arc, which par-
tially or completely ionizes the fast flowing shielding gas. The ionization has to be suffi-
cient to conduct the current from the cathode to the anode [4]. The arc is gas stabilized and
is typically operated with currents above 50 A at pressures higher than 104 Pa [98].

The arc can be divided in three regions: the cathode fall, the anode fall and the arc
column, as schematically shown in fig. 2.1. The cathode and anode fall regions are located
at the corresponding electrodes. Their thickness are typically very small compared to the
arc column region [4, 106]. They are characterized by the presence of a high electric field
above 104 V/m and hence a high voltage gradient, which leads to acceleration of the free
electrons [106, 107]. Therefore, no LTE can be established in this regions [105].
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Figure 2.1: Schematic voltage distribution along the arc hight [adapted from 4, 105].

The arc column forms the largest region of the arc. The plasma in the arc column is often
characterized as thermal, which implies a relatively low temperature high density plasma
close to the state of thermal equilibrium [98]. In this region weak almost homogeneous
electric fields below 103 V/m, electron densities above 1020 m−3 and temperatures in the
range of 1× 104 K are typical [104].

The Joule effect is mainly responsible for the transport of the external energy to the
free electrons. The latter transfer the energy to the heavy particles via elastic collisions.
The electrons are as well responsible for the inelastic collisions leading to ionization and
excitation of heavy particles [104]. For observation times in the range of µs or higher the
plasma can be assumed as collision dominated. For typical collision frequencies above
10 GHz, at least 104 collisions would have occurred during the observation time window.
This allows the use of statistical models for description of the particle behavior. In this
case the energy distribution of all particle types in the arc column plasma is described by
Maxwellian distributions. Ideally even equal electron and heavy particle temperatures can
be assumed, so that LTE assumption as described in section 2.1.2 is still valid. Yet when
reducing the observation timescale to e.g. ns the influence of the collision can be neglected.

Deviation from LTE in the arc column may occur, if the electric field rises. In this case
the electron velocity becomes too fast and the collisions with heavy particles not suffi-
ciently frequent. This may lead only to partial energy transfer from electrons to the heavy
particles, which results in a two temperature equilibrium. If the electric field is further
increased, the energy distribution function may even deviate from a Maxwellian type [98,
104].

The thermodynamic properties of the arc plasma such as enthalpy or specific heat are
mainly determined by the plasma composition. Assuming the validity of LTE and a ho-
mogeneous pressure distribution in the plasma column the temperature dependent con-
centration of single species in the plasma can be reconstructed using the Saha equation
eq. (2.10) and Dalton’s law eq. (2.5) [98, 104]. If the arc column is composed of differ-
ent chemical species, a correlation between the temperature, electron density and specific
plasma composition can be calculated.

The radiation produced by the arc column is also temperature dependent in LTE. In
the hot regions of the plasma it is the main source of energy loss. In the outer regions
the radiation escaping from the inner hot regions might become an additional local energy
source due to absorption phenomena [4, 98, 104]. In the hot regions different methods can
be applied in order to deduce plasma parameters such as temperature and electron density
from the measured radiation (see section 3.2).





Chapter 3

Optical diagnostics theory

In this chapter the respective theoretical models for the two optical diagnostic methods
used in this work are discussed. Both diagnostic methods are based on the interaction of
radiation with free electrons present in the plasma, which allows determining temperature
and density of free electrons. First the theory of scattering of electromagnetic radiation in
a plasma, on which Thomson scattering technique is based, is discussed. Afterwards the
mechanism responsible for the Stark broadening effect of spectral lines is introduced.

3.1 Scattering of electromagnetic radiation in a plasma

The scattering of electromagnetic radiation in a plasma is based on the interaction of free
or bound charges with the electric and magnetic field of the incident wave. Depending
on the energy of the incident radiation, the type of particle the wave interacts with and
the amount of energy transmitted to the particle multiple types of scattering can be distin-
guished. In general scattering processes can be divided in inelastic and elastic scattering.
During inelastic scattering process a part of the energy of the incident wave is transmitted
to the scattering particle. Examples for such processes are Compton and Raman scattering.

In contrast to the previous case elastic scattering implies energy conservation, whereas
the direction of propagation, frequency and amplitude of the incident wave can be changed.
The most prominent elastic scattering phenomenon is Rayleigh scattering. The incident ra-
diation is scattered by the bound electrons of particles, which are much smaller than the
wavelength of the incident waves. For example sunlight passing through the earth atmo-
sphere is Rayleigh scattered, which gives the sky its characteristic blue color during the
day and orange-red color when the sun goes down.

Another example for elastic scattering, on which this work mainly focuses, is Thomson
scattering. It is triggered by the free electrons present in the plasma. The electrons are
accelerated by the electric field of the incident wave, which leads to the characteristic scat-
tered spectrum. It mainly depends on the velocity and position of the charges within the
volume, where scattering occurs. This allows deriving mean average plasma parameters
such as temperature and density.

In the following sections the derivation of the scattered power spectrum produced by
the free electrons in the plasma is sketched. Therefore, firstly the electric field of a single
accelerated charge is described. Since in a plasma light is scattered by a charge collective,
the relation between the electron density and the scattered power spectrum is established.
Finally, by applying Salpeter approximation [108] for the case of Maxwellian velocity dis-
tribution of the particles in the plasma, the general expression for the scattered radiation
can be simplified. This delivers an equation, which can be used for the calculation of scat-
tered spectra in welding arcs.

17
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The derivations described here are mainly based on the work presented in [109], where
all the detailed calculations can be found.

3.1.1 Requirements and boundary conditions for Thomson scattering

Before performing the calculation of the scattered radiation, it is necessary to define the
conditions under which it is sensible to apply Thomson scattering diagnostics. Here the
incident radiation is denoted by the index I and the scattered radiation by the index S.
The following conditions have to be fulfilled:

1. For the frequency of incident radiation ωI > ωpe must be valid, where ωpe is the
plasma frequency of the free electrons within the plasma. This condition assures, that
the electrons in the plasma cannot shield the oscillating electric field of the incident
electromagnetic wave and cancel it out. Generally speaking, the timescale, at which
the incident electric field oscillations take place, must be the smallest timescale in the
system. Consequently, all processes inside the plasma can make an impact on the
scattered radiation.

2. The incident radiation must not change the state of the plasma. This may happen, if
the velocity achieved by the acceleration of the charges in the electric field is in the
range of thermal velocity of the charges. This effect can be estimated by the relation

ve =
(
kBTe
me

)1/2
� e| ~EI,0|

meωI
. (3.1)

with | ~EI,0| the amplitude of the incident electric field

3. The plasma has to be quasineutral in the observed volume V . Thus it must contain
N electrons and N/Z ions within V .

4. For the observing distance R� V 1/3 and R� λI (the wavelength of incident radia-
tion) has to apply. In this case the small-angle approximation is valid.

5. Scattering on positive ions is not considered. Due to the much greater mass the
scattered radiation power is negligible.

6. Plasmas investigated in this work are in general non relativistic, thus v
c → 0 for all

velocities v and the speed of light c.

7. The influence of an external magnetic field is not considered here.

8. In general, the plasma is assumed to be collisionless on the timescale of the incident
radiation frequency.

The justification, that the requirement 8 is valid in welding plasmas, can be easily ob-
tained when comparing the typical frequencies prevailing in the plasma. Inside a welding
plasma arc temperature in the range of 15 000 K is expected. In this case a fully ionized
plasma can be assumed. Hence assuming ne = ni the electron density can be estimated
from eq. (2.5) yielding 2.4× 1023 m−3. The corresponding plasma frequency is then equal
to ωpe ≈ 2.8× 1013 rad/s, which is several orders of magnitude lower than the incident
laser frequency ωI = 3.5× 1015 rad/s. Hence no shielding of the incident radiation can be
produced by the plasma. On the other hand, the collision frequency between the electrons
and other charged particles within the plasma can be estimated by eq. (2.1). In this case

the thermal electron velocity ve =
√

kBTe

me
and σcol = πλ2

Landau the scale for the cross sec-
tion of electrostatic interactions between the charged particles are used. Here the Landau
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length scale, which defines the scattering cross section, describes the separation, at which
electrostatic interactions have the same strength as the thermal energy:

λLandau = e2

4πε0

1
kBTe

(3.2)

From that fcol = 4.5× 1011 s−1 results, which is again several orders of magnitude lower,
than the laser frequency. Consequently, the free electrons in the plasma react many times
more frequently to the laser before having the opportunity to collide among themselves.
Hence, under these circumstances the assumption of a collisionless plasma is justified.

3.1.2 Radiation scattered by a single charge

It is commonly known, that a charge is a source of electric field. The motion and the po-
sition of the charge strongly influence that field, which can be detected by the observer.
While in the static case it can be simply described by Coulomb’s law, the situation be-
comes more difficult whenever a charge is in motion. In this case Maxwellian equations
are needed to derive the appropriate relation:

Gauss’ law (electric field): ~O · ~E = ρ

ε0
Gauss’ law (magnetic field): ~O · ~B = 0

Faraday’s law: ~O× ~E = −∂
~B

∂t
Ampère’s law: ~O× ~B = µ0~j + µ0ε0

∂ ~E

∂t
(3.3)

Here ~E and ~B denote the electric and magnetic fields, ρ the total charge density,~j the total
current density and ε0 and µ0 the vacuum permittivity and permeability. The combination
of Ampère’s and Faraday’s law delivers the dependence between ~E and ~j:

~O× (~O× ~E) + µoε0
∂2 ~E

∂t2
= −µ0

∂~j

∂t
. (3.4)

The expression for current density caused by a single charge, which is accelerated by the
electric field of an incident wave, can be simplified as ~j = e~v(t′). Here t′ denotes the time
of scattering event. The solution of eq. (3.4) is extensively discussed in [110]. In the non-
relativistic case the influence of the magnetic field can be neglected. For an electron the
general solution for time and spatially resolved scattered electric field is given by

~ES(R, t) = e

4πε0c2R
[~s× (~s× d~v

dt′
)]. (3.5)

Herein R indicates the observer’s distance, ~i and ~s the unit direction of the incident and
the scattered wave at the time t > t′.

Figure 3.1 illustrates the relation between the scattering event and the observer. Ac-
cording to the principle of relativity the information about the scattering event has to travel
the distance R before it can be detected. Consequently, one observes the scattering event
not until the time interval t − t′ = R′

c has passed. Since the distance R′ between the ob-
server and scattering charge is much bigger than the typical range of the charge movement
~r, it can be assumed, that

t− t′ ' |R− ~s · ~r(t
′)|

c
(3.6)

with ~r(t′) = ~r(0) + ~v(t′)t′ implied.
Furthermore, it can be assumed, that for the moving charge e the second Newton’s law

is valid:
~F = m~a = me

d~v

dt′
= e ~E(r, t). (3.7)
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Figure 3.1: The scattering event initiated by a single charge e.

The electric field of a monochromatic electromagnetic wave can be described as

~EI(r, τ) = ~EI,0 cos(~kI · ~r − ωIt′). (3.8)

Here |~kI | = 2π/λI , λI and ωI denote respectively the incident wave number, wavelength
and frequency. Hence, when combining eqs. (3.5) to (3.8) the scattered electric field of a
single charge accelerated by the field of the incident monochromatic radiation is obtained
as follows:

~ES(R, t) = e2

4πε0mec2R

∥∥∥~s× (~s× ~EI,0)
∥∥∥ cos(kSR− ωSt− ~k · ~r(0))

with ωS = ωI
1−~i vc
1− ~svc

, ~kS = ωS~s and ω = ωS − ωI = ~v · (~kS − ~kI) = ~v · ~k. (3.9)

Here re = e2

4πε0mec2 is the classical electron radius. A typical observer however does not
"see" the electric field of the scattered wave but its power density scattered within a solid
angle. The power of the electromagnetic wave can be derived from the Poynting vector,
which quantifies power per unit area of an electromagnetic wave [111].

~S = 1
µ0

~E × ~B = |~S|~s =
√
ε0
µ0
| ~E2|~s (3.10)

In combination with eq. (3.9) it leads to an expression for scattered power

dPS(~R, t) = ~S · d ~A =
√
ε0
µ0
| ~ES(~R, t)|2 ·R2dΩ ⇔

dPS(~R, t)
dΩ =

√
ε0
µ0
| ~EI,0|2r2

e

[
~s×

(
~s×

~EI,0

| ~EI,0|

)]2

cos2(kSR− ωSt− ~k · ~r(0)). (3.11)

Using the relation 1
T
T∫
0

cos2 ( 2π
T t
)
dt = 1

2 and the expression for the power of the incident

radiation PI = A
√

ε0
µ0

E2
I,0
2 with A the radiated surface the time-averaged scattered power

per solid angle Ω is obtained

dPS(~R)
dΩ = PI

A
r2
e

[
~s×

(
~s×

~EI,0

| ~EI,0|

)]2

. (3.12)
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3.1.3 Radiation scattered by the charge ensemble within a plasma

In a plasma a charge ensemble consisting of electrons and ions is present. Thus scattered
radiation observed in a plasma at an angle θ in relation to the incident radiation origins
from a scattering volume V with a certain electron distribution as illustrated in figure 3.2.

Generally speaking, the microscopic distribution of an ensemble of a species with a
charge q can be described by a sum over all possible positions and velocities present in the
investigated volume:

Fq(~r,~v, t) =
∑
S

δ(~r − ~rS(t))δ(~v − ~vS(t)) (3.13)

This definition implies, that Fq follows the movement of every single particle in the vol-
ume V . When performing Thomson scattering measurements, the scattered radiation is
detected over a finite time interval and volume. This allows deriving time and space av-
eraged parameters such as electron density and temperature, which do not require the
knowledge about the position and velocity of every single interacting particle. To consider
this idea in the theoretical calculations the concept of ensemble average of a quantity Q(x)
is introduced as

〈Q(x)〉 =
∫
Q(x)fQ(x)dx∫
fQ(x)dx , (3.14)

where fQ(x) is the probability to find the quantityQ in the state x. Following this concept it
can be assumed, that all the particles in the ensemble have a similar stochastic behavior and
that their position and velocity can be predicted by a probability function. Consequently,
to predict the behavior of the ensemble it is enough to describe, what the single particles
on average will do. The ensemble average can be also considered as a time average on the
timescale of the measurement.

The definition in eq. (3.13) can be first applied to express the total electric field scattered
by the charge collective in the volume V using eqs. (3.5) and (3.13)

ETS (R, t) =
∫∫

Fq(~r,~v, t)ES(R, t)d3~vd3~r. (3.15)

Further, the electron density can be defined as

ne(~r, t) =
∫
Fe(~r,~v, t)d3~v. (3.16)

In an experiment a frequency resolved spectrum of the scattered power radiation is de-
tected. Hence, it is necessary to transform the quantities in to the spectral range by apply-
ing the Fourier transformation. The combination of the Fourier transformed eq. (3.12) with

e

observer

e
e

e

e

e

 V

incident 
radiation

scattered 
radiation

i⃗ k⃗ I

s⃗ k⃗ S d Ω

θ

Figure 3.2: The scattering geometry in a volume V on an electron charge collective.
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the definition of the total scattered electric field eq. (3.15) delivers the frequency dependent
scattered power per solid angle

d2PS(R,ωS)
dωSdΩ = PI

A
r2
e

[
~s×

(
~s×

~EI,0

| ~EI,0|

)]2

NS(~k, ω) (3.17)

with frequency shift ω and shift wavenumber ~k as defined in eq. (3.9), N the total number
of electrons and the spectral density function S(~k, ω) defined as the ensemble average of
the autocorrelation spectrum of the electron density

S(~k, ω) = lim
T ,V→∞

1
T V

〈∣∣∣ne(~k, ω)
∣∣∣2

ne0

〉
. (3.18)

Here T denotes a time interval with ne0 = V/N the initial electron density in a volume
V .Equation (3.17) points out, that the experimentally detected signal is the time-averaged
value of ne(~k, ω).

In order to further specify the scattered spectrum an expression for ne(~k, ω) needs to be
derived. This can be done by considering the rate of change for the number of particles in
a plasma volume. It can be described using the distribution function of the electrons.

In general the distribution function Fq of a species with a charge q has to satisfy

∂Fq
∂t

+ ~v · ∂Fq
∂~r

+ ~a · ∂Fq
∂~v

= 0. (3.19)

In this case, according to eq. (3.7), the particle acceleration is given by ~a = q ~E(r,t)
m . Here

the movement of the charges due to the total electric field created both through an external
action as well as through the redistribution of the plasma charges is taken into account. The
interaction of the particles among themselves is assumed to be small and is consequently
neglected here. Depending on how Fq is defined, this equation is known as Boltzmann,
Vlasov or Klimonovich equation. These equations are discussed in detail in the appendix
of [109].

For the description of the electric field Gauss law, as given in eq. (3.3), is used. It can be
combined with the definition from eq. (3.16). Here however, all charge species contributing
to ~E have to be considered as follows:

~O · ~E = ρ(~r, t)
ε0

= 1
ε0

∑
q

q

∫
Fq(~r,~v, t)d3~v. (3.20)

By integrating and differentiating eq. (3.20) in the Fourier domain the following expression
for ~E is obtained:

~E = î~k
ε0k2

∑
q

q

∫
Fq(~r,~v, t)d3~v. (3.21)

Here î denotes the imaginary unit. The way, in which the distribution function has been
defined in eq. (3.13), makes the solution satisfying eq. (3.19) complicated. In this case
it would be necessary to derive the trajectory of every single particle in the volume. A
solution can only be obtained, if the average behavior of all particles is considered.

In the simplest case, where the charges are homogeneously distributed in the scattering
volume and do not interact with each other, no scattered radiation would be detected by
the observer. Thus, it would be always possible to find pairs of scattered waves, which
cancel each other out. Yet if it is assumed, that the electron positions fluctuate at a micro-
scopic level, it would become possible to observe a net scattering signal. Therefore, Fq can
be expressed as
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Fq(~r,~v, t) = Fq,0(~r,~v, t) + Fq,1(~r,~v, t) (3.22)

with an average state distribution expressed by Fq,0 and its microscopic fluctuation distri-
bution Fq,1. In the stationary undisturbed state the species distribution only depends on
~v. Hence, Fq,0 can be related to the distribution fq(v) weighted by the initial homogeneous
density of the species with a charge q:

Fq,0(~v) = nq0fq(v), with nq0 = N/V. (3.23)

By firstly assuming the absence of external electric field and collisions eq. (3.19) can be
expressed as

∂Fq,1
∂t

+ ~v · ∂Fq,1
∂~r

+ q

m
~E1 ·

∂Fq,0
∂~v

= 0. (3.24)

Here the deviation from stationary state is responsible for a formation of the electric micro-
field ~E1

~E1 = î~k
ε0k2

∑
q

q

∫
Fq,1(~r,~v, t)d3~v.

Now an expression for the electron density ne can be derived. Therefore, the following is
valid. The plasma volume V is composed of electrons (denoted by the subscript e) with a
charge qe = −e and ions (denoted by the subscript i) with qi = Zewith Z the mean charge-
ionization state and corresponding densities ne and ni. In order to fulfill the condition of
quasineutrality ne = Zni is valid on the average. Yet on the microscopic scale the total
charge density ρ1 can deviate from zero at the length scale below the Debye length, which
is the reason for the existence of the micro-field ~E1 with

ρ1 = Zeni − ene. (3.25)

Application of Fourier-Laplace transform 1 to ∂Fq,1
∂t simplifies to

∞∫
−∞

∞∫
0

exp(î~k · ~r) exp(−(îω + γ))∂Fq,1
∂t

d3~rdt = −Fq,1(~k,~v, 0) + (îω + γ)F1,q(~k,~v, ω)

and for ∂Fq,1
∂~r to

∞∫
−∞

∞∫
0

exp(î~k · ~r) exp(−(îω + γ))∂Fq,1
∂~r

d3~rdt = −î~kF1,q(~k,~v, ω).

If additionally considering, that Fq,0(~v) is not a function of time and space, eq. (3.24) de-
livers a solution for the distribution function Fq,1:

Fq,1(~k,~v, ω) =
−îFq,1(~k,~v, 0)− q~k

mε0k2 ρ1(~k, ω) · ∂Fq,0
∂~v

ω − ~k · ~v − îγ
. (3.26)

By inserting eqs. (3.23) and (3.26) into eq. (3.16), an expression for ne and ni is obtained.

ne,1(~k, ω − îγ) = −î
N∑
j=i

eî~k·~rj(0)

ω − ~k · ~vj(0)− îγ
+ χe(~k, ω)ρ1(~k, ω)

e
(3.27)

ni,1(~k, ω − îγ) = −î
N/Z∑
l=i

eî~k·~rl(0)

ω − ~k · ~vl(0)− îγ
− χi(~k, ω)ρ1(~k, ω)

Ze
(3.28)

1Here γ = 1
T
> 0 is introduced in order to ensure, that the Laplace integral converges in the case it would

not converge for γ = 0. For the final calculation of S(~k, ω) γ → 0 will be considered.
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with electron and ion susceptibilities χe and χi described by

χe(~k, ω) =
∞∫
−∞

e2ne0
meε0k2

~k · ∂fe

∂~v

ω − ~k · ~v − îγ
d3~v, (3.29)

χi(~k, ω) =
∞∫
−∞

Z2e2ni0
miε0k2

~k · ∂fi

∂~v

ω − ~k · ~v − îγ
d3~v. (3.30)

The substitution of eq. (3.25) into eq. (3.27) delivers

ne,1(~k, ω − îγ) = −î

 N∑
j=i

eî~k·~rj(0)

ω − ~k · ~vj(0)− îγ
− χe

ε

N∑
j=i

eî~k·~rj(0)

ω − ~k · ~vj(0)− îγ
+

+Zχe
ε

N/Z∑
l=i

eî~k·~rl(0)

ω − ~k · ~vl(0)− îγ

 . (3.31)

Equation (3.31) has three terms contributing to the fluctuating electron density. They can
be interpreted as follows. The first term describes the contribution of free electrons, which
are not perturbed by the interaction with other particles in the plasma. This term deter-
mines the spectrum in the noncollective mode. The second term describes contribution of
electrons interacting with other free electrons due to the Coulomb force. This part mainly
contributes to the spectrum in the collective scattering mode. The last part of the expres-
sion is known as the ion feature, which origins from the interaction of electrons and ions.

By means of χe and χi the longitudinal dielectric function ε(~k, ω) is defined:

ε(~k, ω) = 1 + χe(~k, ω) + χi(~k, ω). (3.32)

Finally S(~k, ω) is obtained by inserting eq. (3.31) into eq. (3.18). It can be simplified to

S(~k, ω) = 1
k

∣∣∣1− χe
ε

∣∣∣2 fe (ω
k

)
+ Z

k

∣∣∣χe
ε

∣∣∣2 fi (ω
k

)
. (3.33)

fe
(
ω
k

)
and fi

(
ω
k

)
represent velocity distributions in the direction of ~k according to defini-

tion in eq. (3.9).
The absolute value of the shift wave number |~k| can be derived from the scattering

diagram illustrated in fig. 3.3:

|~k| =
(
|~kS |2 + |~kI |2 + 2|~kS ||~kI | cos(θ)

)2
. (3.34)

For the non relativistic case (v/c � 1), |~kS | ' |~kI | can be assumed from the definition in
eq. (3.9), which delivers

k = |~k| ' 2|~kI | sin(θ/2) = 2
∣∣∣ωI
c

∣∣∣ sin(θ/2) = 4π
λI

sin(θ/2). (3.35)

3.1.4 Salpeter approximation

So far an expression for S(~k, ω) with a general electron and ion distribution functions fe
and fi has been derived. Now the special case of the plasma close to LTE will be examined.
It can be assumed that the electron and ion velocity distributions are Maxwellian. For
simplicity only a one dimensional distribution for each species is used here:

fe(v)dv =
(

1
πv2

e

)1/2
exp

(
−v

2

v2
e

)
dv and fi(v)dv =

(
1
πv2

i

)1/2
exp

(
−v

2

v2
i

)
dv. (3.36)
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Figure 3.3: Wave vector diagram for the scattering of the radiation.

with ve as electron and vi as ion thermal velocities

ve =
(

2kBTe
me

)1/2
and vi =

(
2kBTi
mi

)1/2
.

When inserting eq. (3.36) into eq. (3.33), the susceptibility functions in eqs. (3.29) and (3.30)
can be explicitly calculated. For the susceptibility χq of the species with a charge q with
the thermal velocity vq one obtains

χq(~k, ω) =
∞∫
−∞

q2ne0
mqε0k2

1√
πvq

k
(
− 2v
v2

q
exp

(
−v2

v2
q

))
ω − kv − îγ dv

=
(

1
kλDq

)2 1
vq
√
π

∞∫
−∞

kv exp
(
−v2

v2
q

)
−ω + kv + îγ dv

∣∣∣∣∣ x= v
vq

xq= ω
kvq

α=kλDq

= α2
√
π

∞∫
−∞

x exp
(
−x2)

−xq + x+ î γ
kvq

dx

Using Cauchy theorem the last integral can be simplified to

Rw(xq) + îIw(xq) = 1− 2x exp(−x2
q)

xq∫
0

exp(p2)dp− îπ1/2x exp(−x2
q). (3.37)

The detailed derivation can be found in [38]. Now χe and χi can be expressed as

χe(~k, ω) = α2 [Rw(xe) + îIw(xe)]

χi(~k, ω) = α2ZTe
Ti

[Rw(xi) + îIw(xi)] (3.38)

xe = ω

kve
, xi = ω

kvi
and α = 1

kλDe
(3.39)

with k and ω as defined in eqs. (3.9) and (3.35) and xe and xi the normed frequency scales
and λDe the Debye length of the plasmas free electrons. The imaginary part of the sus-
ceptibility function is also known as Landau damping term, which describes the energy
exchange between the electromagnetic wave and the particles. Now eq. (3.33) can be writ-
ten as

S(~k, ω) = Se(~k, ω)+Si(~k, ω) = 1√
πvek

∣∣∣∣ 1 + χi
1 + χe + χi

∣∣∣∣2 e−x2
e +Z 1√

πvik

∣∣∣∣ χe
1 + χe + χi

∣∣∣∣1/2 e−x2
i .

(3.40)
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Here Se(~k, ω) and Si(~k, ω) denote the electron and the ion feature of the scattering spec-
trum. The electron feature contains the interaction of the incident radiation with the free
electrons in the plasma, as described by the first two terms of eq. (3.31). The ion feature
expresses the interaction of the ion as given in the third term of eq. (3.31).

In order to further simplify eq. (3.40) a closer look at the numerical behavior of the
eq. (3.37) can be taken. For x → ∞ both Rw(x) and Iw(x) converge towards zero as
illustrated in fig. 3.4. The relevant contribution to the electron feature arises from these
contributions close to xe ' 1. This contribution corresponds to the high frequency part of

the spectrum (ω � ωpi =
√

nie2

miε0
, while ω & ωpe due to very small me

mi
). For this part of the

spectrum xi � 1, so that the χi → 0 is valid. Thus, the electron feature Se(~k, ω) simplifies
to

Se(~k, ω) ' 1√
πvek

∣∣∣∣ 1
1 + χe

∣∣∣∣2 e−x2
e . (3.41)

It should be considered, that this approximation is only valid for high frequencies. At low
frequencies the ions may influence the spectrum depending on the order of Te/Ti.

For the ion feature of the scattering spectrum similar simplifications can be applied.
For the case xe/xi =

√
meTi/miTe � 1 the relevant contribution of the ion feature ranges

in the order of xi ' 1 so that xe is close to zero. Consequently, Rw(xe) ' 1 and Iw(xe) ' 0
can be assumed, so that the expression for Si(~k, ω) simplifies to

Si(~k, ω) ' Z√
πvik

∣∣∣∣ α2

1 + α2 + χi

∣∣∣∣2 e−x2
i . (3.42)

Equations (3.41) and (3.42) imply, that the ion and the electron features are spectrally
separated from the central wavelength and from each other. Figure 3.5 visualizes this sep-
aration for a scattering spectrum arising from a typical welding plasma. Here λI=532 nm
is chosen. It is the central wavelength of an Nd:YAG laser - a typical radiation source for
Thomson scattering measurements. In this example the ion feature can be found close to
λI , at a distance in the range of 10 pm. The electron feature however is located further
away, at a distance in the range of 1 nm.

The scattering spectrum S(~k, ω) can also be written as a function of wavelength. Using
the relation ωλ = 2πc0 and the approximation ωs ' ωi for a non relativistic plasma, one
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Figure 3.4: Real part Rw(x) and imaginary part Iw(x) of the plasma dispersion function
(eq. (3.37)).
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Figure 3.5: Example of an electron and ion feature of the Thomson scattering spectrum for
an argon plasma with Z = 1, Te = Ti = 1.5× 104 K and α = 3. Here λI = 532 nm and
θ = 90° are chosen. Note the logarithmic scale in the wavelength shift.

obtains

λ = λS − λI = xea
2λI sin(θ/2)

c
for the electron feature and

= xib
2λI sin(θ/2)

c
for the ion feature. (3.43)

As already stated in section 3.1.3, two modes of Thomson scattering – noncollective and
collective - can be distinguished. In the case of Salpeter approximation these modes can be
characterized by the parameter α. For α < 1 the shape of Se(~k, ω) becomes Gaussian. It
mainly reflects the thermal fluctuation of the electrons, whereas for α ≥ 1 the influence of
charges interaction becomes visible in the spectrum, as illustrated in fig. 3.6.

The Salpeter approximation does not hold for Si, if Te/Ti considerably larger than 1
or an electron motion is present. This typically occurs, when considerable currents flow
through the plasma. Here the electrons, which are much lighter than the ions, have a drift
velocity ~vd in the direction of wave vector ~k. This modifies the electron velocity distribu-
tion to
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Figure 3.6: Example of the electron feature Se calculated for Te = 1.5× 104 K in the collec-
tive mode (α = 3) and noncollective mode (α = 0.5). Here λI = 532 nm and θ = 90° are
chosen.



28 CHAPTER 3. OPTICAL DIAGNOSTICS THEORY

fe,vd
=
(

1
πa2

)1/2
exp

(
− (v − vd)2

a2

)
= fe(v − vd).

With the normalized frequency shift due to the drift xd = ~vd·~k
ka the electron feature of the

Thomson scattering spectrum given in eq. (3.40) can be rewritten as

Se(~k, ω) ' 1√
πak

∣∣∣∣ 1
1 + α2 (Re(xe − xd) + îIw(xe − xd))

∣∣∣∣2 e−(xe−xd)2
. (3.44)

Hence the electron feature is simply Doppler shifted around the central wavelength, while
the shape remains unchanged. The situation is however different for the ion feature. Here
the scattering spectrum is given by

Si(~k, ω) ' 1√
πbk

∣∣∣∣∣∣ α2 (Re(xe − xd) + îIw(xe − xd))
1 + α2

(
Re(xe − xd) + îIw(xe − xd) + ZTe

Ti
(Re(xi) + îIw(xi))

)
∣∣∣∣∣∣
2

e−(xi)2
.

(3.45)
This results in an asymmetric ion feature as illustrated in fig. 3.7.

In order to estimate a possible shift of the electron feature and the asymmetry of the ion
feature the drift velocity of the electrons in the welding arc column needs to be estimated.
For currents in the order of 100 A and an arc diameter of 5 mm current densities in the
order of 10 A

mm2 can be expected. The absolute value of the current density j is given by

j = enevd.

For a typical density of ne = 1023 m−3 one obtains a drift velocity of vd u 6× 102 m/s.
This corresponds to a maximum normalized shift of xd = 0.001 at T = 1.5× 104 K. At the
scattering angle of θ = 90◦ and λI = 532 nm this is equivalent to the wavelength shift of
Se by ∆λ u 2 pm, which cannot be resolved by an ordinary spectrometer with a typical
wavelength range. As can be seen in fig. 3.7 almost no asymmetry is visible for xd of this
order for the ion feature Si.

−20 −10 0 10 200

1

2

·1010

λ − λI [pm]

S i
[a

.u
.]

xd=0.001

xd=0.01

xd=0.05

xd=0.1

Figure 3.7: Ion feature for different normed frequency drifts xd for an argon plasma with
Z = 1, Te = Ti = 1.5× 104 K and α = 3.
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3.2 Spectral line broadening in plasmas

In contrast to gaseous states the plasma state can be easily recognized by the human eye.
The reason is simple - plasma glows. The radiation emitted by a plasma can deliver in-
formation about its current state without disturbing the measuring object by any kinds of
probes. Here various radiation characteristics, such as absolute intensity values of lines,
line ratios or shapes, can be evaluated in order to deduce e.g. plasma temperature and
density. Although the detection of the radiation is relatively straightforward, the evalu-
ation of the obtained data often involves a detailed model of the plasma with numerous
assumptions to be fulfilled.

The following section focuses on the analysis of the line shape as a diagnostic technique
for plasma temperature and density determination. First the general process of emission
of radiation by atoms and ions in a plasma will be briefly discussed. Thereafter, different
types of line broadening mechanisms will be presented. The theory of the Stark effect is
discussed in more detail. Here the mechanisms responsible for the linear and quadratic
Stark effect are derived using the quantum mechanical description of the line emission
phenomena and the interaction of the emitting species with the surrounding plasma par-
ticles. Finally, the particular cases describing the line profiles of argon and hydrogen lines
are discussed. The discussion of the quantum mechanical phenomena presented in this
section is based on the works of Schiff and Griem [101, 112].

3.2.1 Emission of electromagnetic radiation in a plasma

There are several processes responsible for the radiation produced by a plasma. However,
the process delivering most of the radiation energy is the line radiation arising from the
electrons bound inside the atoms or ions. Here a photon is emitted, when a bound electron
makes a transition from an excited energy level Em to a lower level En. According to the
principle of conservation of energy the frequency of the photon is given by [102]

νmn = Em − En
h

. (3.46)

The spectral line arising from this transition is described by the emission coefficient of the
transition m→ n is defined as the energy emitted per unit solid angle and unit time

εm→n = hνmn
4π Am→nnmL(ν). (3.47)

Here nm denotes the density of the upper energy levelEm, whereas the Einstein coefficient
Am→n describes the transition probability rate of a specific transition. L(ν) is the spectral
profile of the emitted line. Typically, it is given as a normalized function of angular fre-
quency ω = 2πν with ∫ ∞

−∞
L(ω)dω = 1. (3.48)

In the majority of cases the line shapes are described by the Lorentz profile LLor or by
the Gauss profile LG:

LLor(ω) = 1
π

δ/2
(ω − ω0)2 + (δ/2)2 with ∆ωLor = δ, (3.49)

LG(ω) = 1
σ
√

2π
exp

[
−1

2

(
ω − ω0
σ

)2
]

with ∆ωG = σ
√

8 ln 2. (3.50)
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Here ∆ω represents the full width half maximum (FWHM) of the line profile. Experimen-
tally the line shape is measured as a function of wavelength. If ∆λ� λ0, then

L(λ) = 2π
λ2

0
L(ω) (3.51)

is valid. If several effects with different line profiles influence the transition process, then
the resulting line profile is give as the convolution of the single profiles

L(ω) = L1(ω) ∗ L2(ω) =
∫
L1(τ) · L2(ω − τ)dτ. (3.52)

The convolution of Lorentzian and Gaussian line profiles results in the Voigt profile.

LV(ω) = LLor ∗ LG (3.53)

The Voigt profile can be approximated by the pseudo-Voigt function defined as a linear
combination fo the Gaussian and Lorentzian profiles [113]:

LpV(ω) = ηLLor(ω) + (1− η)LG(ω) with 0 < η < 1 (3.54)

The advantage of the pseudo-Voigt profile is, that it is more convenient for fitting purposes
than the original definition of the Voigt profile. The deviation of the two functions lies
below 1 %, which delivers an acceptable accuracy.

3.2.2 Types of line broadening

The particular shape of a spectral line strongly depends on the circumstances under which
the photon is emitted. There are several types of broadening mechanisms, which can take
place in a plasma.

In the first place all the emitted lines are broadened due to the Heisenberg’s uncertainty
principle. It relates the uncertainty of the lifetime of an excited state to the uncertainty of
the difference between the upper and lower energy state. In accordance with this principle
the shape of the emitted line is not an ideal Dirac’s delta function, but is already naturally
broadened. However, the width achieved by the natural broadening usually does not ex-
ceed 10−5 nm [114]. Thus, in the experiment the natural broadening does not need to be
considered, since when convoluted with the apparatus function of the spectrometer, which
usually lies in the order of 10−2 nm, it has no measurable influence on the final line shape.

The Doppler broadening has a considerably higher impact on the shape of the emitted
line. It originates from the movement of the emitter relative to the observer, which leads
to a shift of the emitting frequency. If the emitter with a charge q moves with a velocity vq
towards the detector, then the frequency shift is obtained from

ω = ω0 + ω0
vq
c
. (3.55)

The profile of the line broadened by the Doppler effect can be derived from the following
relation [102, 115]:

L(ω)dω = f(vq)dvq. (3.56)

By assuming a one dimensional Maxwellian velocity distribution as given in eq. (3.36) a
Gaussian profile is obtained for a Doppler broadened line:

L(ω) = c

ω0

√
1
πvq

exp
[
−
(
c

vq

ω − ω0
ω0

)2
]

(3.57)

with ∆ω = vqω0
c

√
4 ln 2 = ω0

√
8 ln 2kBTq
mqc2

.
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Here vq and Tq represent the thermal velocity and temperature of the species with a charge
q.

For a plasma with the thermalized velocity distribution of different species one can eas-
ily estimate the expected broadening line width. Figure 3.8 shows the calculated Doppler
width ∆λDop in comparison to the width ∆λDop∗App resulting from the Doppler and ap-
paratus profiles in the relevant temperature range from 5000 to 24 000 K for an Ar I emitter
in a pure argon plasma. It can be clearly seen, that the resulting width ∆λDop∗App does
not significantly change with increasing temperature. Hence the Doppler broadening can
be neglected, when evaluating line profiles emitted in welding plasmas with the given
apparatus profile.

In the two previous cases the broadening of the spectral line is caused by the state of the
emitter itself. Pressure broadening occurs, if the surrounding particles influence the emit-
ter. Depending on the type of the perturbing particle different types of pressure broaden-
ing are distinguished. Resonance broadening is caused by the interaction of particles of the
same type during a resonant transition. If neutral unlike particles influence the ground
state level of the emitting species, van-der-Waals broadening is present. In welding plasmas
the broadening width resulting from both resonance and van-der-Waals mechanisms is
smaller than the Doppler broadening width. For example, for the Ar I 696.5 nm line the
impact of van-der-Waals broadening lies in the range of 1 pm [97]. Similar estimation is
obtained for the hydrogen lines. For Hα = 656.3 nm and Hβ = 486.1 nm the van-der-Waals
broadening width lies in the range of 1 to 9 pm [116, 117]. Hence the influence of these
broadening effects can be neglected as well.

Stark effect describes line broadening caused by charged particles, namely electrons or
ions, in the plasma. Under the conditions which prevail in welding plasmas, this type of
broadening mostly determines the shape of the emitted line. There is no general solution
estimating the spectral line shape caused by the Stark effect. This originates from the fact,
that the resulting line shape strongly depends on the atomic structure of the emitter and
the types, if interaction of the emitter with its surrounding. Mainly two approaches, the
impact and quasi-static approximation, form the basic concept for the description of the
resulting spectral line shape. This is discussed in the following.
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Figure 3.8: Doppler broadening width calculated for the Ar I resonance line (λ0 =
696.5 nm) emitted in a pure argon plasma in dependence of the temperature (solid line);
Doppler broadening width convoluted with the apparatus function with the instrumental
width ∆λApp = 0.043 nm (dashed line).
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3.2.3 Quantum mechanical description of spontaneous line emission

In order to predict the influence of the surrounding electrons, ions and atoms on the line
shape quantum theoretical description of the radiation process is used.

In general the current state of the physical system is described by the Schrödinger equa-
tion.

î~ ∂
∂t
ϕn(x, t) = H(p, q)ϕn(x, t). (3.58)

Here ϕn(x, t) is the state function, which is also denoted as |n〉. H(p, q) is the Hamiltonian
operator describing the energy of the system as a function of the momentum operator p
and position operator q. For H(p, q) the Hamiltonian equation of motion

∂q

∂t
= ∂H

∂p
and

∂p

∂t
= −∂H

∂q
(3.59)

are valid. The probability distribution of finding a particle in a state |n〉 is given by

fn(x, t) = ϕ∗n(x, t)ϕn(x, t) (3.60)

with

〈n|n〉 =
∞∫
−∞

ϕ∗n(x, t)ϕn(x, t)dx = 1. (3.61)

The expectation value for a macroscopic measurement of the state ϕ by means of the mea-
surable variable/operator A corresponds to

〈n|A|n〉 =
∞∫
−∞

ϕ∗n(x, t)A(p, q)ϕn(x, t)dx. (3.62)

Such variable might be space or momentum operators themselves. E.g. the action of the
position operator q on the state |n〉 just ”reads” the space coordinate for that space: q|n〉 =
x|n〉.

An unperturbed bound electron within an atom can be described using the following
approach. Its state function is assumed to be defined as a product of the temporal and
spatial components:

Φn(x, t) = exp(−îEnt/~)ϕn(x). (3.63)

Here En denotes the energy level of the electron. It is assumed, that for different energy
levels

〈n|m〉 =
{

1 n = m
0 n 6= m

(3.64)

is valid, corresponding to the case of no energy degeneracy (each state has different en-
ergy).

Whenever a perturbation is introduced the Hamiltonian H is described as

H = H0 +Hint. (3.65)

H0 is the Hamiltonian of the unperturbed andHint of the perturbed system. The following
expansion can be applied to solve the Schrödinger equation

Φn(x, t) =
∑
m

cnm(t)ϕm(x) =
∑
m

cnm(t) exp(−îEmt/~)|m〉. (3.66)

By inserting eq. (3.66) into eq. (3.58) a differential equation of the first order is obtained.
Under the assumption of initial condition cnm(t = 0) = 1 and if the magnitude of per-
turbation is small compared to the unperturbed state, it is possible to obtain the solution
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for cnm. Therefrom Fermi’s golden rule can be formulated. It gives the probability per unit
time for a transition of an electron from the state |m〉 to the state |n〉. For the first order
approximation it delivers

|cnm|2
t

= 2π
~
|〈n|Hint |m〉|2 D(En) (3.67)

with D(En) the density of final states with an energy En or, in other words, the number of
photons emitted within the frequency ωnm. If 〈n|Hint|m〉 = 0, the second order approxi-
mation must be used

|cnm|2
t

= 2π
~

∣∣∣∣∣∑
n′

〈n|Hint |n′〉 〈n′|Hint |m〉
Em − En′

∣∣∣∣∣
2

D(En). (3.68)

Now, in order to describe the probability of a transition of an electron from energy level
Em to En in the presence of an external field generated by surrounding electrons or ions
the Hamiltonian of this system has to be formulated as

Htot = Hpart,0 +Hrad +Hint. (3.69)

The Hamiltonian of the electromagnetic radiation Hrad is given by

Hrad =
∫
V

[
ε0
2
~E2 + 1

2µ0
~B2
]
d3~x (3.70)

and contributes to the unperturbed Hamiltonian H0. The Hamiltonian of an unperturbed
bound electron is composed of its kinetic and potential energy

Hpart,0 =
p2

0
2me

+ Epot(q). (3.71)

However it needs to be taken into account, that the momentum p can be influenced by
the external electromagnetic field, which introduces the perturbation. In the quantum-
mechanical description the compact formulation of the electromagnetic field with a vector
~A(q, t) and the scalar potential φ with

~E = −∂
~A

∂t
−∇φ,

~B = ~∇× ~A (3.72)

is used. This allows the formulation of a momentum of a bound electron under the influ-
ence of electromagnetic field as

p = me

∂q

∂t
− e ~A = p0 − e ~A (3.73)

and the potential energy as

Epot = Epot,0 − eφ. (3.74)

By combining eqs. (3.69), (3.71) and (3.73) and by setting φ = 0 (Gauge invariance) the
Hamiltonian of the perturbed electron is obtained:

Htot =

(
p+ e ~A

)2

2me
+ Epot(q) +Hrad =

p2

2me
+ Epot(q)︸ ︷︷ ︸
Hpart,0

+Hrad +
ep ~A

me
+

(
e ~A
)2

2me︸ ︷︷ ︸
Hint

. (3.75)
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Since H0 � Hint is required, the term with e2 can be omitted, so that

Hint =
ep ~A

me
(3.76)

can be assumed. Hint describes the interaction of the free charges with the atomic electric
dipole formed by the emitting bound electron.

It is possible to define ~A(q, t) in the simple electromagnetic configuration with a planar
electromagnetic wave propagating along the spatial direction z, while the charges interac-
tion can be assumed as weak (~j = 0 and ρ = 0):

~A(q, t) =

Ax(z, t)
0
0

 with Ax(z, t) = Aω(t) exp(îkz) +A∗ω(t) exp(−îkz)√
2

. (3.77)

Here A∗ω(t) is the conjugate-complex of Aω(t). The latter is chosen so, that Aω

dt = −îωAω .
Now the Hamiltonian of the electromagnetic radiation can be expressed using ~A(~x, t).
Hereby the integration is performed in a volume V = l3. For this case eq. (3.70) simplifies
to

Hrad =
∫
V

ε0
2

(
−d ~A( ~x, t)

dt

)2

+ 1
2µ0

(
~∇× ~A( ~x, t)

)2
 d3~x

=
eq. (3.3)
− l2ω2ε0

2

l/2∫
−l/2

[
A2
ω exp(î2kz) +A∗2ω exp(−î2kz)−A∗ωAω −AωA∗ω

]
dz

= l3ω2ε0
2 (A∗ωAω +AωA

∗
ω) = ~ω

2

(√
l3ε0ω

~
A∗ω

√
l3ε0ω

~
Aω +

√
l3ε0ω

~
Aω

√
l3ε0ω

~
A∗ω

)
.

The upper Hamiltonian is analogous to that of a harmonic oscillator [112]. Hence the
radiation can be treated as a harmonic oscillator with a corresponding operator Aω .

Since the Hamiltonian of the unperturbed particle and the radiation are treated as a
sum of uncoupled subsystems, the total state of the emitting particle with an electron tran-
sition from Em to En can be seen as a product of the particle and radiation states. The
combination of this idea with eqs. (3.46), (3.59) and (3.76) allows the following transforma-
tion:

|〈n |Hint|m〉| =
∣∣∣∣∣
〈
n

∣∣∣∣∣e∂q ~A∂t
∣∣∣∣∣m
〉∣∣∣∣∣ = sinϑ

√
~ωnm
2l3ε0

∣∣〈n ∣∣eq∣∣m〉∣∣ (3.78)

with ϑ the angle between q and the direction of the emitted photon. Here again the e2

terms were omitted.
The final result for the transition rate between the initial and final states according to

the Fermi’s Golden Rule requires the calculation of the density of statesD(En) for the final
energy En. It can be done by integrating over allowed p values within a volume l3. From
the uncertainty relation dq · dp & h follows

D(En)dEn = gn
l3p2

h3 p2dp2π sinϑdϑ.

Here gn is the number of polarizations of a photon. Using the relation between the mo-
mentum and the energy of a photon p = Ephoton

c = ~ωnm

c one obtains

D(En) = gn
l3ω2

nm

4π2~c3
sinϑdϑ. (3.79)



3.2. SPECTRAL LINE BROADENING IN PLASMAS 35

When inserting eqs. (3.78) and (3.79) in eq. (3.67) and integrating over all possible ϑ the
first order approximation of Fermi’s golden rule can be simplified to

|cnm|2
t

= gn
ω3
nm

3πε0~c3
∣∣〈n| eq |m〉∣∣2 . (3.80)

|cnm|2
t corresponds to the Einstein coefficient in eq. (3.47). Now the power radiated during

the transition m→ n can be expressed as

Prad = |cnm|
2

t
~ωnm. (3.81)

3.2.4 Impact approximation of the linear Stark effect

The first order approximation of Fermi’s golden rule (eq. (3.67)) delivers the following
expression for the spectral distribution of the radiated power of a single atom:

dPrad
dω

= gn
ω4
nm

3πε0c3
∣∣〈n| eq |m〉∣∣2 δ (ω − ωnm) . (3.82)

Hence, the line shape produced by a photon of a single atom would correspond to a
Dirac’s delta function. However, in a plasma an ensemble of spatially distributed emit-
ters is present. Since each position operator is acting at a different time, the line shape
produced by such an ensemble will no longer be a delta function. The emitted power of
the whole ensemble is described by

dPrad
dω

= gn
ω4
nm

3πε0c3
∣∣〈n| eq |m〉∣∣2 L(ω) (3.83)

with the line shape L(ω), for which the definition in eq. (3.48) applies. In order to define
L(ω) the state function Φ describing the state of the emitter collective is used. In this case
the expression 〈n| eq |m〉 can be replaced by 〈Φn|

∑
a
eq
a
|Φm〉 with a position operator q

a

acting on specific atom a in the collective. Now the line shape can be defined as

L(ω) = lim
T→∞

∣∣∣∣∣ T /2∫−T /2 exp (−îωt) 〈Φn| e
∑
a
q
a
|Φm〉 dt

∣∣∣∣∣
2

2πT
∣∣〈n| eq |m〉∣∣2 . (3.84)

3.2.4.1 Derivation of the Lorentzian line profile

In order to derive the line profile some assumptions are necessary. The perturbation of
the bound electron transition is supposed to be mainly caused by the free electrons in the
plasma. The electric field of the moving electron passing an emitting atom thus shifts
its energy levels. In the impact approximation this effect is treated as elastic collisions
between the free electrons and emitting atoms. The atoms are static compared to the free
electrons, which are supposed to be moving on a straight line. The collisions are assumed
to be instantaneous. This implies, that the duration time of the collision is much smaller
than the time between two sub-sequential collisions. More over the collisions are supposed
to be statistically independent [102, 115, 118]. Equivalently to eq. (3.63)

〈Φn|
∑
a

eq
a
|Φm〉 = ϕ(t) 〈n| eq |m〉 (3.85)
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is defined. Inserted into eq. (3.84) and using the Parseval’s relation the definition delivers

L(ω) = 1
2π

∞∫
−∞

exp (−îωτ)

 lim
T→∞

1
T

T /2∫
−T /2

ϕ∗(t′)ϕ(t+ τ)dt′

 dτ
= 1

2π

∞∫
−∞

exp (−îωτ) C(τ)dτ. (3.86)

C(t) can be interpreted as the correlation function of the emitted light amplitude. Since
however L(ω) is supposed to be real, the correlation function must fulfill C(−τ) = C∗(τ)
[101]. Here again ∗ denotes the conjugate-complex. This simplifies eq. (3.86) to

L(ω) = 1
π

Re


∞∫

0

exp (−îωτ) C(τ)dτ

 . (3.87)

ϕ(t) describes the oscillation of the atoms in time and can be assumed as

ϕ(t) = exp

îωnmt+ î
t∫

−∞

κ(t′)dt′
 = exp (îωnmt+ îη(t)) . (3.88)

The variation of the unperturbed oscillation frequency ωnm arises due to collisions with
perturbing particles, which leads to the phase shift κ(t′). The total phase shift η(t) is simply
defined by the integral over all phase shifts, which occurred until the time t. Under the
previously stated assumptions it is possible to derive the line shape of the emitted line by
calculating C(t) [115, 119]. By inserting eq. (3.88) into eq. (3.86) the following expression
for C(τ) is obtained

C(τ) = lim
T→∞

1
T

T /2∫
−T /2

exp (−îωnmt′ − îη(t′)) exp (îωnm(t′ + τ) + îη(t′ + τ)) dt′

= exp(îωnmτ) lim
T→∞

1
T

T /2∫
−T /2

exp (−îη(t′) + îη(t′ + τ)) dt′

= exp(îωnmτ)C′(τ). (3.89)

Assuming that the collisions are statistically independent −η(t′) + η(t′ + τ) = ηk is valid
with ηk a time independent random number. The time average is now replaced by the
statistical average over the collision probability resulting in all possible phase shifts ηk.
The collision probability Pcol can be derived from definition in eq. (2.1) as

Pcol = fe(ve)nedvedτdσ. (3.90)

Now C′(τ) simplifies to

C′(τ) = τne

∫∫
exp (−îηk(τ)) fe(ve)dvedσ = 〈exp (−îηk(τ))〉. (3.91)
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In order to solve eq. (3.91) ∆C′(τ) is calculated.

∆C′(τ) = (C′(τ + ∆τ)− C′(τ))
= −C′(τ) 〈1− exp (îηk(∆τ))〉

= −C′(τ)∆τne
∫∫

(1− exp (îηk(∆τ))) fe(ve)dvedσ

∆C′(τ)
∆τ

∆τ→dτ= dC′(τ)
dτ

= −C′(τ)ne〈veσ〉

Here it is implied, that

σ = σre − îσim =
∫

(1− exp (îηk(∆τ))) dσ. (3.92)

Thus the obtained differential equation can be now solved delivering

C′(τ) = exp (−ne〈veσ〉τ) . (3.93)

Finally inserting eqs. (3.89) and (3.93) into eq. (3.87) one obtains

L(ω) = 1
π

Re


∞∫

0

exp [(îωnm − îω − ne〈ve(σre − îσim)〉)τ ] dτ


= ne〈veσre〉

π

1
(ω − ωmn − ne〈veσim〉)2 + (ne〈veσre〉)2 . (3.94)

The resulting line shape corresponds to the Lorentz profile (eq. (3.49)) with a FWHM
∆ω = 2ne〈veσre〉. Hence, on the one hand the resulting line width mainly depends on
the velocity distribution prevailing for the perturbers in the investigated plasma and on
the other hand the effective collision cross section. It is worth noting that under the colli-
sion assumption taken here, ∆ω is directly proportional to ne.

3.2.5 Quasi-static approximation of the Stark effect

In the previous case it has been assumed that the collision time is short compared to the
timescale of the collision frequency, which is always valid for electrons as perturbers. Now
the ion contribution to the perturbation of the emitting species should be considered.

Since the ions are much heavier than electrons, they move with a much lower velocity
than the free electrons. Consequently, they can be assumed to be nearly static. The electric
field produced by the ions is therefore considered to be static. This field modifies the upper
and lower energy levels of the emitter. Thus the emitter frequency is no longer constant
but a function of the position operator q. The spatial dependency of ωnm is described by

ωnm(q) = ωnm(0) + Cnm

∣∣∣ ~Ek∣∣∣ (3.95)

with k = 1 for the linear, k = 2 for the quadratic Stark effect and Cnm the Stark coefficient
[102]. The linear Stark effect is valid, when the first order approximation of Fermi’s golden
rule is non zero. This means that the electron distribution in the atom is not symmetric. In
the case of symmetric electron distribution the quadratic Stark effect applies. In order to
obtain the line profile L(ω), eq. (3.84) has to be integrated over the probability to find the
emitter in the position q [120]

L(ω) = lim
T→∞

∣∣∣∣∣ T /2∫−T /2 exp (−îωt)
∫
q

〈Φn| e
∑
a
q
a
|Φm〉 P(q)dqdt

∣∣∣∣∣
2

2πT
∣∣〈n| eq |m〉∣∣2 . (3.96)
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Hence, the line shape depends on the shape of the field distribution. It can be expressed as

L(ω)dω = H(β)dβ. (3.97)

H(β) gives the probability to obtain a certain microfield at a specific location in the plasma

normalized to the maximum microfield with β = |~E|
|~E0| . This probability function was first

calculated by Holtsmark [121]. The calculation was made under the specific assumption,
that the ions are uncorrelated. H(β) is described by the following equation:

H(β) = 2
π
β

∞∫
0

sin(βx) exp(−x3/2dx). (3.98)

The maximum field strength is given by∣∣∣ ~E0

∣∣∣ = 2.603 Ze

4πε0
n2/3
e . (3.99)

According to Holtsmark distribution the spectral width of a line broadened due to the
linear Stark effect is proportional to n2/3

e . Moreover, it does not depend on temperature
of the perturbers, since they are considered static. This approximation does not take into
account, that in a plasma the ions interact with each other via the shielded Coulomb po-
tential. Field distributions taking into account this interaction were calculated by Hooper
[122, 123]. The resulting distributions depend on the dimensionless parameter R defined
as [102, 115]

R = R0
λD

=
3
√

3
4πne√
ε0kBT
e2ne

(3.100)

with R0 the ion sphere radius. Here a slight temperature dependence originating for the
Debye length λD is introduced. Yet Hooper’s approach is only suitable for weakly cou-
pled plasmas. Since neither in the case of Holtsmark distribution nor in the case of the
corrected distribution given by Hooper eq. (3.97) can be solved analytically, no direct rela-
tionship can be given for ∆ω. However approximate relations can be determined for the
case of particular lines. A general discussion of the correlation among ions requires a full
numerical simulation.

3.2.6 Particular cases

In the previous section general theories for calculation of the shape and the resulting width
of broadened spectral lines were discussed. In this section the application to particular
spectral lines, important for the investigations presented in this work, are discussed.

3.2.6.1 Neutral argon lines

For the derivation of the linear Stark effect it is assumed, that the component of the first
order approximation of Fermi’s golden rule is non zero. This implies, that an electric dipole
is induced during the transition of the emitting electron from the excited into the ground
state.

However, argon atoms have a symmetric electron distribution due to their inert gas
structure. This leads to 〈n|Hint |m〉 = 0, so that the second order approximation is needed
to calculate the electron transition probability. In other words, in order to induce an elec-
tric dipole on an argon electron structure two free electrons are needed. The interaction
with the first free electron leads to a slight deformation of electron structure resulting in a
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temporal dipole formation. The second free electron can then interact with the short lived
dipole [112]. The second order interaction is known as quadratic Stark effect. Its impact
on the broadening of a spectral line is much weaker than a linear effect. This can be easily
seen, when taking a closer look on the perturbation Hamiltonian in eq. (3.76). It can be also
written as

Hint =
e~p · ~A
me

= e~q · ~E = ~ddip · ~E (3.101)

with ddip the electric dipole momentum induced by the electric field ~E = e~q

4πε0|~q3| of a

free electron. For the linear case the perturbation strength is proportional to the distance
1
q2 . For the second order approximation the term |cnm|2

t is proportional to 1
q4 , which is the

reason for the weaker broadening. The spectral power can be expressed equivalently to
eq. (3.82) when replacing probability coefficients in eq. (3.80) by eq. (3.68).

The main contribution to the broadening of the atomic argon lines can be estimated
by the impact approximation yielding a relation for the broadening width as given in
eq. (3.94). Yet the ion microfields, which are considered in the quasistatic approximation
of the quadratic Stark effect, contribute as well to the broadening of the line profile. Their
contribution to the broadening width lies in the range of up to 20 % for neutral emitters
[124]. In this case the total line profile can be obtained from the convolution of impact
broadening and quasistatic profiles. Since the quasistatic profiles cannot be given as an
analytic function, the total profile has to be numerically estimated. Griem delivers an em-
pirical formula for the profile width along with tables for parameters contained there in
[125]:

∆λStark = 2 ∗ w (1 + 1.75a(1− 0.75R)) . (3.102)
Here w the profile half width in nm calculated for the electron density of ne,0 = 1022 m−3

as discussed in section 3.2.4.1. It has a slight temperature dependency and scales linearly
with the electron density ne. a is the ion impact parameter. It is calculated for ne,0, is
as well temperature dependent and scales with n

1/4
e . R is the quotient of the ion radius

and the Debye length (as given in eq. (3.100)), which simplifies to R = 0.009n
1/6
e√
T

. Hence,
eq. (3.102) can be written as

∆λStark = 2 ∗ w(Te) ∗
ne
ne,0

(
1 + 1.75a(Te)

(
ne
ne,0

)1/4
(

1− 0.0068n
1/6
e√
Te

))
. (3.103)

The values for w(Te) and a(Te) are tabulated in the appendix A.1 for the lines used in this
work.

There are other works dealing with the calculation of line shape of argon lines broad-
ened by the Stark effect. Here the broadening width for neutral argon lines based on the
combination of the two previously discussed approximations, the semi-classical pertur-
bation formalism [126, 127] are determined. The results can be accessed via the on-line
database STARK-B [128]. The fitting function for the calculation of the line width used in
this work is as well tabulated in appendix A.1.

The Ar I 696.5 nm resonance line has been studied by Pellerin et al. [86]. Here the exper-
imentally determined line width was correlated to temperature and density measurements
with other spectroscopic methods. The results were compared to other available experi-
mental data and to the theoretical spectral width estimation given by Griem [101]. Finally,
a corrected spectral width formula was given as

∆λStark = 0.0814 nm ne
1023 m3

(
Te

13 000 K

)0.3685
. (3.104)

Here the experimental data for the temperature range of 13 000 to 24 000 K and electron
densities ne < 2× 1023 m−3 was considered.
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3.2.6.2 Hydrogen atomic lines

The hydrogen Balmer series is probably the most studied one in terms of Stark broadening.
Therefore, it is widely used as a diagnostic tool for different types of plasma. Already a
trace of hydrogen produces a sufficiently strong resonance line signal, from which the
Stark effect can be evaluated. The linear Stark effect applies to the hydrogen lines, which
results in a rather strong broadening. Here both, the electrons and the ions, contribute
to the broadening mechanism. Since the quasistatic effect is stronger than in the case of
argon lines, the line profile often results in a shape, which cannot be described neither by
a Lorentzian nor a Gaussian profile. Figure 3.9 shows an example of line profiles of the
Hα = 656.3 nm and Hβ = 486.1 nm lines. While for the Hα the deviation from Lorentzian
fit is slightly present only in the wings of the profile, so that the fit overestimated the Stark
width only by 5 % the situation is clearly different for the Hβ line. Although the difference
between the fit and the simulated profile reaches up to 25 %, the width resulting from
the Lorentzian fit only underestimates the simulated Stark width by 7 %. Hence, for the
estimation of the line width the Lorentz fit is still appropriate.

For light emitters like hydrogen ion dynamics might play a role. In order to predict
the line profile it is necessary to consider the emitter environment, which requires a more
complicated non-analytical model. Many approaches describing broadening and shifts of
hydrogen and hydrogen like emitters have been developed in the last years. They can be
categorized into the standard theory, where the impact approximation is combined with
the quasistatic approximation [e.g. 130, 131] and simulation techniques [e.g. 129, 132]. The
difference between the latter results in the way the problem is treated mathematically and
which effects are taken into consideration. The resulting broadening width of some theo-
retical calculations for hydrogen lines are reviewed and compared with experimental data
by Konjevic et al. [133]. The best correspondence of the model and the experiment for
Hα is achieved for the model presented by Gigosos et al. [129],[134]. For the case of Hβ

no significant difference between the models is observed. Also a comparison of the work
Gigosos et al. [134] with a more complex model by Oks [135] considering indirect coupling
of electrons to the ion microfields and direct coupling via acceleration of electron by ion
fields delivers comparable results within the experimental error of these works.

The technique presented by Gigosos and coworkers is based on a Molecular Dynamics
simulation approach, which assumes a plasma with Maxwellian temperature distribution
of the particles. It considers the interaction of the particles via the Coulomb potential.
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Figure 3.9: Spectral line profile of the stark broadened Hα (left) and Hβ (right) (solid black
line) obtained from [129] for Te = 12 399 K, ne = 1023 m−3 and µ = Te/Ti = 1 in compari-
son to a fitted Lorentzian line profile (dotted red line)
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The influence of ions and electrons are calculated separately and numerically combined
to determine the resulting broadening width. Two temperature effects are considered by
introducing the parameter µ which represents the reduced mass of an emitter-perturber
pair measured in the units of proton mass. In the case of hydrogen emitting in a heavy
atom plasma (e.g. argon) with Te = Ti, µ ' 1, is valid. For higher values of µ two
temperature effects can be considered by using µ = Te/Ti.

In [129] full line profiles for wide number of ne, Te and µ are provided in electronic
version, so that the data can be applied for the fitting purposes. However by considering,
that the dependence of the broadening width on µ and Te is relatively weak, the electron
density in the plasma can be estimated by the following formulas:

Hα : ne[m−3] =1023 · (∆λStark,HA[nm]/1.098)1.47135
, (3.105)

Hβ : ne[m−3] =1023 · (∆λStark[nm]/4.8)1.46808
. (3.106)

For the Hα line ∆λStark,HA denotes the full width half area as defined in [129]. As has
been shown in [133], the shape of the Hα line can be fitted by the Lorentzian profile. For
this case ∆λStark is a good approximation for ∆λStark,HA so that eq. (3.105) can be used
for the evaluation of the measurement with ∆λStark,HA ' ∆λStark.

Moreover, there exist other formulas approximating the electron density line width of
Hα line. This relation was described by Büscher et al. [136], whereas the approximation
formula can be found in [102]:

ne[m−3] = (∆λStark/2.8× 10−17)1/0.72. (3.107)





Chapter 4

Experimental setup

In the following chapter the experimental setups used in this work are described. In the
case of Thomson scattering the focus is on the choice of particular experimental compo-
nents and their impact on the measurement object. Moreover, the system alignment and
synchronization as well as data processing are discussed.

Since the experimental setup for the Stark broadening is less complex, the discussion
focuses on the data evaluation. Here single data processing steps such as deconvolution,
Abel inversion and the interpretation of the resulting line width are explained.

4.1 Thomson scattering

In this work two setups for Thomson scattering measurement are implemented. The first
setup is applied to investigate the GTAW arc process, which is supposed to be stationary.
In the second step the pulsed GMAW arc is investigated. This requires modification of
the original setup, because a temporal resolution is necessary. In the following, a general
Thomson scattering setup for measurements in welding plasmas will be briefly presented.
Afterwards the single components of the setup and the difference between the two setups
will be discussed.

4.1.1 General Thomson scattering setup

Figure 4.1 shows the general setup of the Thomson scattering diagnostic. It can be di-
vided in two parts, the sender and the receiver module. The sender module contains a
pulsed Nd:YAG (neodymium-doped yttrium aluminum garnet) laser in the second har-
monic mode with a central wavelength of λI =532 nm (MINILIGHT II, CONTINUUM). The
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Figure 4.1: General Thomson scattering setup for electron temperature and density mea-
surement in a welding arc.
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laser beam is focused on the arc column using a biconvex lens with the focal length of
f = 150 mm and a diameter of d = 50 mm. It is aligned perpendicular to the vertical arc
axis and enters the arc column in the center. In order to minimize parasitic reflections
originating from the lens surface apertures are installed after the lens. The expanded laser
beam is trapped in a beam dump, which is installed behind the measurement object. The
sender module remains identical for both investigated processes.

The receiver module contains an imaging optics, which detects the scattering at an
angle of θ =90° with respect to the incident beam. Two mirrors are used for the 90° image
rotation. In this manner the horizontally oriented plasma cross line volume radiated by
the laser can be imaged on the vertically oriented spectrometer slit. An imaging system
projects the rotated plasma image on the slit of a spectrometer. The resulting spectrum is
recorded by an intensified charge-coupled device (ICCD) camera positioned at the image
plane of the spectrometer. The particular receiver module design for the different processes
however has some differences. The choice of components for the two setups is discussed
in detail in section 4.1.3.2.

A single Thomson scattering spectrum image delivers one-dimensional information
along the radial (horizontal) direction. In order to obtain two-dimensional information the
measurement has to be repeated at several vertical positions within the arc.

4.1.2 Laser

The laser is one of the key elements of the Thomson scattering diagnostic. It delivers the
radiation, which initiates the Thomson scattering effect. The choice of the radiation source
depends on the properties of the investigated plasma. Here mainly two parameters, the
radiation wavelength and energy, play a crucial role.

First of all, the plasma investigated by the Thomson scattering needs to be optically
thin in the region of the laser wavelength and the Thomson scattering signal. Ideally no
strong atom or ion lines should be present in the wavelength interval, where the scattering
signal is expected to be located. For the welding plasmas with electron temperatures in the
range of 104 K and densities in the range of 1023 m−3 the scattering signal is expected in the
interval of approximately 532±5 nm. In the case of pure Ar plasma as well as in presence of
N, H, He or Al only weak Ar, N, Al atom and ion resonance lines are predicted according
to the data provided in [137]. The continuum radiation is expected to be optically thin as
well [138].

As can be seen for example in fig. 4.2, a spectrum of an Ar-Al plasma generated in
the high current phase of the pulsed GMAW arc does not show any evidence of strong
lines. This is however not the case, if iron vapor is present, which will be discussed in
section 5.1.2.2.

Apart from the plasma itself, the laser light can be absorbed by fumes arising during
the GMAW process. The fumes contain metal oxides and other byproducts. They form, if
the metal is heated beyond its boiling point. The presence of fumes leads to a drastic sig-
nal reduction, which also reduces the intensity of the relatively strong Rayleigh scattering
signal. The fumes can be also detected by a supplementary camera additionally surveying
the GMAW process. Yet in experiments conducted in this work, no fumes were visible nei-
ther in the ICCD signal nor by the supplementary camera. Consequently, their influence
can be neglected.

The incident laser power determines the scattering radiation power. Consequently,
the laser has to provide sufficient power, for the scattered radiation power to exceed the
radiation power of the background plasma itself. If the laser’s energy exceeds a certain
level, the incident radiation may also change the plasma properties by heating and ionizing
the investigated plasma volume [42]. This makes it necessary to estimate to which extent
the given incident laser radiation heats up the plasma volume (see section 4.1.2.1).
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Figure 4.2: Spatially resolved spectrum of the Ar-Al plasma generated in a high current
phase of the GTAW arc (exposure time: 5 ns). The dashed white line indicates the position
of the laser line.

Typically, total radiation power needed to achieve detectable Thomson scattering sig-
nal exceeds 1 MW, so that acceptable W/m2 values can be yielded by focusing the laser.
This requires the use of pulsed devices. Here the energy af a single laser pulse, the pulse
duration and the final laser spot diameter determine the incident power per radiated area.

The repetition rate is of interest, if the signal of several Thomson scattering events is
integrated on the camera chip. In this case a faster repetition rate is advantageous, as it
allows to keep the chip background noise low, by using shorter accumulation times. This
issue will be discussed in more detail in section 4.1.3.3.

The laser chosen for this work has a maximum energy of 25 mJ per pulse with a pulse
duration of 3 to 5 ns. The pulse repetition rate can be regulated from 1 to 15 Hz. The initial
laser beam spot diameter is 3 mm with a divergence of < 3 mrad (full angle).

4.1.2.1 Heat-up of the plasma by the laser radiation

For a proper description of the heating process initiated by the laser in the plasma, the
cooling by the plasma itself has to be taken into account. This however requires a fluid
dynamic modeling [46]. Yet, for a rough estimation of the plasma volume heat-up a more
simple model, which does not consider cooling effects, is sufficient. It is assumed, that
the increase of energy ∆E in the plasma can be expressed as the energy absorbed in the
radiated plasma cross-section:

∆E = 3
2kB∆Te = EL

πr2
L

1
nelIB

with lIB = 1
κIB

with EL is the laser energy, rL the laser beam radius and lIB the absorption length of the
laser radiation in the plasma. This relation is used to obtain the relative electron tempera-
ture increase

∆Te
Te

= 2κIBEL
3kBTeneπr2

0
. (4.1)

The absorption coefficient κIB is given by

κIB =
(

32π
27

)1/2
neniZ

2λ3
I

hm2
ec

4

(
e2

4πε0

)3√
me

kBTe
[1− exp (−hc/kBTeλI)] ḡff (λI), (4.2)

where Z is the ion charge and ḡff the Gaunt factor for free-free transitions [45, 139, 140].
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Figure 4.3: Top: Rayleigh scattering image of the focused laser beam in air with an open
spectrometer slit; bottom: relative radial laser intensity (solid line) with the 1/e relative
intensity level (dotted line).

For the evaluation of this formula two laser energies EL = 15mJ and EL = 25mJ are
considered. The laser beam spot radius can be estimated by [141]

rL = 0.5fϑ (4.3)

with f the focal length of the focusing optics and ϑ the full divergence angle of the laser.
For the imaging optics used in this setup the estimation delivers a focused laser beam

radius of rL = 225µm. Additionally, the focused laser beam spot radius is experimen-
tally determined by recording Rayleigh scattering signal of the laser radiation in air with
a fully open spectrometer slit, see fig. 4.3. rL ≈ 280µm is obtained from the half width 1/e
maximum of the detected laser line. Therefrom it can be concluded, that the laser beam
diameter is constant in the measurement volume.

The average value of the estimated and measured radii (250µm) is used for the calcula-
tion. Moreover, a square laser pulse shape with duration of 4 ns and initial plasma condi-
tions in LTE within electron temperatures from 5000 to 25 000 K are assumed. Figure 4.4(a)
shows, that the relative maximum temperature increase with respect to the initial temper-
ature of the unperturbed plasma does not exceed 6 % for EL = 15 mJ. For EL = 25 mJ
it ranges below 10 %, which is still within the accuracy of the measurement. However, it
was shown, that this formula overestimates the plasma heating [45, 46]. Thus, the actual
increase of temperature within the plasma is smaller than the estimated values.

Furthermore, temperature profiles measured in a GTAW arc with I = 150 A in an argon
shielding gas atmosphere using laser pulses with a per pulse energy of 25 mJ and 15 mJ are
compared. Figure 4.4(b) shows almost no difference between the temperatures evaluated
from measurements with two different laser energies. This confirms that the plasma heat-
ing by the laser radiation can be neglected under the prevailing experimental conditions.
For further investigation the laser pulse energy of 25 mJ is used.

4.1.3 Detection module

The main requirement for the detection module for Thomson scattering is to provide a
sufficient signal to noise ratio (S/N) of the scattering signal. S/N depends on several
factors, such as detector sensitivity, imaging optics efficiency and the signal integration
time.

For stationary processes, such as the GTAW, the time needed for acquisition of the
scattering signal is not a critical factor. Therefore, the signal can be accumulated over
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Figure 4.4: (a) Evaluation of the plasma heating by a laser pulse with energies of 15 and
25 mJ and the radius of 250µm. For these plasma conditions ḡff (λL) = 1.2 is assumed
[142]; (b) Temperature profiles measured using Thomson scattering method within the
GTAW arc with I = 150 A, argon shielding gas atmosphere and laser pulse energies of 15
and 25 mJ.

several laser pulses, if it is necessary to compensate a non optimal configuration of the
imaging optics or the detector. This advantage however cannot be utilized for transient
and less stable processes such as the GMAW process. Here special care has to be taken to
optimize the choice of imaging optics and the detector in order to be able to accumulate an
evaluable signal in a minimum integration time.

In this work a setup for the investigation of the GTAW process was developed first. This
setup was later adapted for the measurements in the GMAW process. Figure 4.5 shows the
schematic of the two setups. Table 4.1 summarizes the main differences of the two setups,
which are explained in detail in the following.

The main requirement for the imaging optics with regard to the optimal S/N is to
deliver the best possible light transition and detection. The properties of the optics material

parameter GTAW GMAW

optics
distance to the object 1000 mm 250 mm
f/n 12 2

detector
image intensifier GEN II GEN III

quantum efficiency 12 % 50 %
exposure time 10 ns 5 ns
delay 15 ns 25 ns
gain 85 % 98 %

CCD sensor type analog digital
on chip integration no yes
number of integrations 250 5

Table 4.1: Parameter overview for the scattering detection modules used for GTAW and
GMAW processes.
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Figure 4.5: Schematic of the Thomson Scattering setup for the (a) GTAW and (b) GMAW
processes.

influence the light transition. Yet the main factors determining the light throughput are l,
the distance to the object from imaging optics, and d, the optics diameter. Those parameters
can be used to describe the solid angle, from which stray light can be collected. These two
quantities can be combined to an f-number (f/n) with n defined as

n = f

d
. (4.4)

Here the focal length of the optics f mainly restricts a closest possible distance to the object.
This definition allows comparing the light transmission of different components such as
lenses, objectives, mirrors and spectrometers. In order to optimize the light throughput
f/n has to be minimized. However, it should be considered, that the light throughput is
restricted by the largest f/n of all the used components. Therefore, a closer look on the
single components of the detection module is taken in the following.

4.1.3.1 Spectrometer

A spectrometer with a Fastie-Ebert design and a focal length of f = 250 mm is used in
both setups. It is equipped with a plain diffraction grating with 1500 grooves/mm and a
width of 58 mm. The grating can be operated in the first or second diffraction order. In
this experiment the first order is used. Figure 4.6 shows the schematic of the spectrometer
design. It has only one spherical mirror, which collimates and focuses the incoming light
from the adjustable entrance slit. A mask is introduced in order to prevent the reflection of
unwanted parts of the spectrum. A stepping motor is used to define the output wavelength
by changing the angle of the grating with respect to the entrance slit. Although this is a
simple design, its imaging properties are sufficient, as long as the image is aligned on axis
[102].

The f/n of the spectrometer is approximately f/4. Here the grating width is the re-
stricting parameter of the spectrometer optics. For the Thomson scattering measurement
a slit width of 280µm is used.

4.1.3.2 Imaging optics

For the GTAW process a Cassegrain microscope combined with two mirrors (179×122 mm)
for image rotation is used as an imaging optics. Figure 4.7 shows the schematic drawing of
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Figure 4.6: Schematic of a spectrometer with a Fastie-Ebert design.

the mirror as well as the lens configuration of the Cassegrain microscope QUESTAR QM1.
Its main advantage is the compact close imaging optics adjustable to various distances.
The close design also reduces the detection of parasitic light. QM1 is installed at a distance
of 1000 mm from the measurement volume. The image is projected on the entrance slit of
the spectrometer. f/n of the used configuration is approximately f/12.

The comparison of f/n of the spectrometer and the Cassegrain optics clearly indicates,
that the imaging of the amount of stray light on the spectrometer slit may still be optimized
in terms of increasing the solid angle of the optics and hence the light throughput.

For the GMAW setup the S/N ratio needs to be improved in order to minimize num-
ber of laser pulses necessary to achieve a detectable Thomson scattering signal. Therefore,
QM1 is replaced by a combination of two lenses with a focal length of 250 mm and a di-
ameter of 150 mm (see fig. 4.5(b)). The first lens is placed 250 mm away from investigated
plasma volume. Thus, it generates a parallel optical path. The image is rotated using two
plane mirrors. Finally, the arc is imaged on the spectrometer slit by placing the second
lens 250 mm away from the spectrometer entrance slit resulting in a 1:1 image ratio. This
configuration delivers an f-number in the range of f/2. Here the width of the mirrors
(d = 122 mm) is the restricting element.

4.1.3.3 Detector

Since the laser pulse duration is relatively short (5 ns) and the scattering signal is very
weak, ICCD detectors with high quantum efficiency and short gating times are required.
An image intensifier is typically composed of several functional parts. It includes a cathode
coated with a photosensitive layer and a micro channel plate (MCP). The latter is an array

mirror

mirror

mirror

lens

Figure 4.7: Schematic of the light path within a Cassegrain microscope.
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of microscopic channel electron multipliers operated with adjustable high voltages in the
range of kV. The electrons coming out of the MCP are visualized by a phosphor screen
[102]. Thus the amplified light is imaged on the CCD (charge-coupled device) sensor and
can be electronically processed. Such system allows short exposure times and precise delay
adjustment, both in the ns timescale.

The main criterion for the choice of the detector is its quantum efficiency in the de-
sired wavelength range (532±5 nm). Other important features are the integration of the
amplified signal on the CCD chip and the external trigger ability of the camera.

For the GTAW process the 4PICOS ICCD (STANFORD COMPUTER OPTICS) with an Gen
II (S20) image intensifier is used. The intensifier is coupled to a CCD chip with an ana-
log output (CCIR norm) using a distortion free relay lens. The quantum efficiency of the
detector is approximately 12 % for λ = 532 nm. The intensifier is operated with 85 % of
the maximum acceleration voltage. The exposure time is set to 10 ns with 15 ns delay with
respect to the input trigger applied to the image intensifier.

The CCD chip readout can be performed with only either 50 half or 25 full frames per
second, as the CCD readout frequency is internally fixed. The integration of the intensi-
fied signal on the CCD chip is only possible within maximum 20 ms. Since the maximum
laser repetition rate is only 15 Hz, no on-chip integration can be achieved with this cam-
era. Moreover, the CCD readout cannot be triggered and therefore the 4PICOS has to be
operated as a master for synchronization purposes.

For the GMAW process PI-MAX2 ICCD detector (PRINCETON INSTRUMENTS) with an
HBf GEN III image intensifier is used. It is coupled to a digital CCD chip by fused fiber
optic bundle. The quantum efficiency of the system is 50 %. The intensifier is operated
with 98 % of the maximum acceleration voltage. The exposure time is set to 5 ns in order to
minimize plasma background radiation. The delay is adjusted to 25 ns with respect to the
input trigger.

In the single chip exposure mode the CCD readout is limited to 10 frames per sec-
ond, if the full chip area is used. By reducing the readout area higher readout rates can
be achieved. The camera can be also operated in the multiple chip exposure mode. This
feature allows an on chip integration of the intensified image signal without a perma-
nent CCD chip readout. In this case the image intensifier is externally triggered with a
frequency of up to 5 kHz. In the meantime the CCD chip read out is attenuated by the
software. The different modes allow to operate the camera as a slave and as a master for
synchronization purposes.

Moreover, aa supplementary high speed camera (PCO.1200 S) equipped with a ZEISS
MAKRO PLANAR 2/100 lens is installed in order to monitor the GMAW process. This
allows the comparison of the arc shape of single shots during the integration period. The
exposure time of this camera is set to 5µs for the high current phase and to 50µs for the
low current phase. Neutral density filters in front of the lens prevent the over-saturation
of the CCD. The current and the voltage of the arc are additionally monitored during the
measurement.

4.1.4 System alignment

In order to ensure optimal light throughput of all the installed components they have to be
properly aligned. Therefore, first the backward alignment using a solid state continuous
laser (λI = 532 nm, P = 1 mW) is used. The laser is installed in the position of the ICCD
camera. It is adjusted to pass the spectrometer and the imaging optics on their central
axis. The heights of the Nd:YAG laser has to be adjusted so that the pulsed laser beam
perpendicularly crosses the alignment laser beam. Finally the welding torch position is
adjusted, so that the alignment laser beam hits the upper electrode. The desired vertical
measurement position is adjusted by vertically shifting the welding apparatus. Figure 4.8
visualizes the backward alignment procedure.
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Figure 4.8: Visualization of the laser pass during a backward alignment procedure of the
Thomson scattering setup for the GMAW process.

After the backward alignment, the laser is replaced by the ICCD camera. Now an image
of the Rayleigh scattering signal of the pulsed laser in air can be recorded by the camera.
It is used to verify the correct position of the laser beam with respect to the entrance slit
of the spectrometer. Therefore, special care has to be taken not to damage the ICCD by
reflections of the laser on the cathode or wire tip. The laser power has to be considerably
reduced by using additional neutral density filters.

4.1.5 Process synchronization and data acquisition

As two different camera types are used in the investigated processes, two different syn-
chronization setups are implemented.

For the GTAW process the CCD detector of the 4PICOS is operated in the field mode
with the vertical synchronization output. This means, that even and odd rows of the CCD
detector are alternately exposed. An image composed of either even or odd rows is called
a half frame. Hence, a full frame is composed of two consecutively exposed even and odd
half frames.

Figure 4.9 gives and overview for the process synchronization. 50 Hz CCD half frame
readout signal (f-sync OUT) of the 4PICOS is used as the master signal. In order to match
the frequency range of the laser the f-sync signal is reduced to 12.5 Hz by an external fre-
quency divider. This signal is transmitted to the flash lamp trigger input of the Nd:YAG
laser. The Q-switch trigger signal generated by the laser electronics is used to trigger the
image intensifier of the ICCD camera (TRIG IN). The adjustment of the delay of the im-
age intensifier via the control software of the camera allows synchronizing the gating time
with the laser pulse.
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Figure 4.9: Synchronization schematic for the Thomson scattering measurement of the
GTAW process.

Video signal of the CCD camera is acquired by a frame grabber (MVGAMMA-G, MA-
TRIX VISION), which delivers full frame images to the camera software (4SPEC, STAND-
FORD COMPUTER OPTICS). A single laser pulse is not useful to deliver an image with a
sufficient S/N ratio for the detection of the Thomson scattering signal. An evaluable im-
age is generated from 250 exposed single images. Moreover, plasma background without
laser radiation has to be recorded for 250 full frames while the laser output has to be me-
chanically blocked. This implies a total integration time of 40 s per particular measurement
position. The consecutive acquisition of the images is possible with the camera software
function "Aquire real-time series". The further processing of the image is discussed in
section 4.1.6.

The GMAW process is a transient process, which requires temporal resolution of the
measurement. This is realized by using an additional trigger logic as already indicated in
fig. 4.5(b). Figure 4.10 visualizes the synchronization process in detail.

Here the current of the welding process is used as master signal. A Hall sensor (SS94A1F)
is used to track the electric current pulse of the welding arc. The analog digital converter of
the micro-controller board (ARDUINO DUE board with ATMEL SAM3X8E ARM CORTEX-M3
MCU processor) is used to detect a predefined level of the current pulse. The conditions
of the threshold are programmed to detect the beginning of the high current phase. The
analogue-digital converter of the micro-controller provides a 1 MHz sampling rate and a
12 bit resolution. It is fast and precise enough to deliver reproducible trigger points for
the GMAW process with a maximum pulse rate of 100 Hz. A temporal delay with a preci-
sion of 25 ns is generated using the counter functionality of the micro-controller. The delay
function is needed in order to measure the Thomson scattering signal at different phases
of the current pulse. Thus, temporally resolved measurements can be implemented.

The measurement trigger signal (DO, TTL standard) is transmitted to the flash lamp
input trigger signal of the Nd:YAG laser. The Q-Switch trigger output is connected to the
image intensifier gate trigger input (TRIG IN). The camera software is used to activate the
on chip integration mode for the desired number of laser pulses and to adjust the delay of
the laser pulse with respect to the gating time of the image intensifier. The readout of the
CCD chip is automatically triggered by the camera software, when the preset number of
pulses is reached. Due to higher the sensitivity of the camera and an improved imaging
optics integration over only 5 laser pulses for the high current phase and 20 pulses for the
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Figure 4.10: Synchronization schematic for the Thomson scattering measurement of the
GMAW process.
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low current phase are sufficient to deliver a scattering signal with an acceptable S/N. Here
as well the plasma background is integrated for 5 or 20 laser pulses respectively, while
the laser beam is mechanically blocked. The signal integration time is 0.33 s for the high
current phase and 1.33 s for the low current phase.

Additionally, the high speed camera is triggered by the synchronization output of the
ICCD camera (T0 OUT). An image is recorded, every time the image intensifier is trig-
gered and the on chip integration is in process. Thus, a control image sequence for every
measurement point is obtained.

4.1.6 Data processing and evaluation

Determination of the electron density and the temperature from the detected scattering
signal requires several steps:

• wavelength calibration

• determination of instrumental function

• correction of the spectral line curvature

• generation of the convoluted theoretical Thomson scattering spectra

• plasma parameter determination from the fitted theoretical spectra

The data processing is performed using the MATLAB software. In the following each
processing steps is discussed in detail.

4.1.6.1 Wavelength calibration and instrumental function

The spectrometer used for Thomson scattering has to be calibrated for the use with differ-
ent detectors. Since only a relative signal is needed to evaluate temperature and density
from Thomson scattering, no absolute calibration is needed. Yet a spectral resolution cali-
bration is still required for each detector. For this purpose a low pressure neon discharge
lamp (PEN-RAY, LOT) is used. It provides a high accuracy discrete line spectrum with
FWHM below pm. Therefore, according to the specification of the lamp neon resonance
lines with λ0 = 533.08, 534.11 and 540.06 nm are used. The calibration yields a 0.04 nm/pix
resolution for the 4PICOS and a 0.027 nm/pix for the PI-MAX2. In this case no pixel binning
(combining a cluster of several pixels to one pixel) is used.

For each measurement series the wavelength calibration and the instrumental function
determination are performed using the Rayleigh scattering signal of the Nd:YAG laser
in air with the slit width set to 280µm. The intensity distribution can be approximated
by a Gaussian distribution fitted to the measured intensities (see fig. 4.11). This function is
used to further consider the instrumental broadening of the theoretical Thomson scattering
spectra. FWHM values of 0.49 nm for the 4PICOS and 0.30 nm for the PI-MAX2 detectors
are obtained.

In the detected Thomson scattering spectra the Rayleigh scattering part of the signal is
used to determine the absolute wavelength position.

4.1.6.2 Spectral line curvature correction

The path length difference for the light rays coming through the center and the end of the
spectrometer slit results in a curved spectral line. This curvature needs to be corrected
before further processing.

The correction can be calculated using the calibration image using the Rayleigh scatter-
ing signal of the Nd:YAG laser in air. A second order polynomial is fitted into the curved
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Figure 4.11: Example of the measured and fitted instrumental function of the Fastie-Ebert
spectrometer when using the PI-MAX2 ICCD.

line shape using a least square fit algorithm as illustrated in fig. 4.12(a). Hence, the im-
age can be "straightened" (fig. 4.12(b)) by shifting the pixel rows of the original image by
the corresponding value of the resulting polynomial fit. This correction is applied to all
measured spectra.

4.1.6.3 Data preparation

Since two detector types are used in this work, slightly different data preparation proce-
dures are necessary before plasma parameter can be finally evaluated from the Thomson
scattering spectra

The data format provided by the 4PICOS frame grabber requires separation into sin-
gle frames. One full frame contains two sub-sequentially recorded half frames. Since ac-
cording to the synchronization type only every 4th half frame contains a signal, the full
frame has to be split in two images in the post-processing. The frames can be sorted by
evaluating the signal level in to exposed and unexposed frames. For each measurement
positions 250 half frames containing laser radiation are recorded delivering 250 exposed
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Figure 4.12: (a) Uncorrected calibration image with respective polynomial fit marked with
a red dashed line; (b) straightened calibration image.
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frames, which are integrated into one image in order to enhance the signal. The unexposed
half frames are used to determine the dark current signal of the CCD, which is subtracted
from each exposed frame. Additionally, to the laser scattering signal 250 full frames with
plasma background radiation are recorded and prepared in the same manner. The plasma
background is then subtracted from the laser scattering signal.

PI-MAX2 delivers full frame TIF images which can be directly evaluated. For each
measurement position laser scattering signal and plasma background signal are recorded.
The CCD dark current signal is recorded separately, while no laser or plasma are operated.
It is as well subtracted from each signal frame. No signal integration in the post-processing
is necessary as the on-chip integration mode is used in this case.

Once the raw scattering signal is extracted, additional steps for noise reduction might
be performed. The noise in the signal is on the one hand caused by the statistical CCD
noise. On the other hand the fluctuation of the plasma radiation brings in an additional
noise source. Singular value decomposition (SVD) with principal component analysis as
described in [143] is used for noise reduction purposes. SVD is performed using an algo-
rithm provided by MATLAB. Additionally, the noise level can be reduced by pixel binning
in the direction of spatial resolution. Figure 4.13 shows an example of scattering spec-
trum image, which is prepared as described above. It can be used for plasma parameter
determination in the next step.

4.1.6.4 Plasma parameter determination

In order to determine electron temperature and density from the scattering spectrum
eq. (3.41) needs to be fitted to the data. Moreover, convolution of the scattered signal
with the instrumental functions needs to be considered.

When applying eqs. (3.35), (3.36) and (3.44) the electron feature Se can be expressed as a
function of temperature Te and dimensionless parameter α, which are suitable parameters
for the fit procedure. In order to numerically evaluate Rw(x), also known as Dawson inte-
gral (eq. (3.37)), a built in MATLAB routine mfun(’dawson’,x) is used. The instrumental
broadening of the theoretical spectrum Se is considered by convolution of the latter with
the instrumental function. Hence, the convoluted theoretical electron feature Se,conv is
further used for the fit procedure.

Since the central wavelength is not filtered out in the experimental setup, it needs to
be approximated by a fit function in order to obtain reliable fit results. Since this part of
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Figure 4.13: Example of the scattering spectrum data recorded in a GTAW process oper-
ated with argon with plasma and dark current background signal subtracted and 5 pixels
binned together in vertical direction.
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the spectrum is influenced by many phenomena, no analytical model can be formed. Best
fit results are obtained, when the central region is fitted with a modified Pseudo-Voigt
function

Scenter = S1

(
c

π

δ/2
(ω − ω0)2 + (δ/2)2 + (1− c) exp

[
−1

2

(
ω − ω0
σ

)4
])

. (4.5)

The parameters of Scenter are independent from temperature or density and hence do not
influence Se,conv . The final fit function is defined as the sum of central wavelength and the
convoluted electron feature:

Sfit = Se,conv(T, α) + Scenter. (4.6)

The fit is performed using a least square fit algorithm provided by the MATLAB function
lsqcurvefit. This function allows simultaneous fitting of multiple parameters with pre-
defined boundary conditions. Thus, for a successful fit physically and technically sensible
boundary parameters need to be determined. Moreover, in order to assure an equal sensi-
tivity of the fit algorithm to all parameters, it is useful to parametrize them to comparable
orders of magnitude. Figure 4.14 shows an example of a result of a fitting procedure for an
electron scattering spectrum. The signal is recorded in a GTAW process operated in argon
shielding gas atmosphere. From the final fit parameters Te and α plasma parameters Te
and ne can be calculated using eq. (2.6).

The result of the fit is sensitive to the choice of boundary conditions, initial value of the
fitting parameter and the noise in the signal. Unfavorable combination of initial parameter
and noise influence might lead to a false local minimum and hence to wrongly determined
temperature and density values. Thus, an interactive evaluation tool (fig. A.3) is developed
to correct the fitting results in such cases. Herewith it is possible to load a dataset together
with the automatically evaluated temperatures and densities. Separate spatial points with
a false automatically generated local minimum can be corrected by manually adjusting the
geometric fitting parameters.

The measurement uncertainty mainly arises from the fluctuation of the measurement
conditions and the precision of the fit algorithm. It is determined by calculated the stan-
dard deviation of at least three consecutive measurement results.
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Figure 4.14: Example of the fitted spectrum Sfit for a dataset recorder in a GTAW process
operated in argon atmosphere.
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4.2 Stark broadening

In contrast to Thomson scattering the same diagnostic setup can be used to record emission
spectra for Stark broadening evaluation in GTAW and GMAW processes. In both processes
mostly argon resonance lines are investigated. In the case of the GMAW process hydrogen
Balmer lines are analyzed by adding a trace of molecular hydrogen to the shielding gas.
The additional setup required for this investigation is described in section 4.2.2.

Since emission spectroscopy is a passive diagnostic technique, only a detection module,
which is composed of an imaging optics, a spectrometer and a CCD camera, is necessary
to obtain the desired signal. In particular the high wavelength resolution is crucial for the
successful evaluation of the Stark broadening of spectral lines.

Figure 4.15 shows the schematic of the main setup for the Stark broadening measure-
ment. As an imaging optics a collimator (NA=0.25, 633 nm alignment) in combination with
an aperture are used to couple the emitted light into an optical fiber. Thus the light col-
lected from the plasma volume with a cross section of 1 mm and the thickness of the whole
plasma column is imaged on the slit of the spectrometer. The use of optical fiber implicates
a greater flexibility concerning the positioning of the optics. The fiber guides the collected
light to the entrance slit of the high resolution Echelle spectrometer (ARYELLE BUTTERFLY
400, LTB LASERTECHNIK BERLIN). The wavelength dispersed signal is recorded by a CCD
detector.

Due to the use of the optical fiber only 0-dimensional information is recorded. In or-
der to obtain a two dimensional signal different points of the plasma column have to be
scanned. For the GMAW process monitoring the same high speed camera setup as for
Thomson scattering is used.

4.2.1 Echelle spectrometer

In contrast to the spectrometer design described in section 4.1.3.1 an echelle spectrometer
uses a grating with large groove spacing (typically 20 to 100 grooves/mm). This grating
type is called the echelle grating. When using the high diffraction orders of this grating (10
to 100), high spectral resolution can be achieved. Typically, the orders overlap and have
to be separated by a cross dispersing prism as shown in fig. 4.16. Additional mirrors are
used to fold and image the spectrum on the grating and the CCD chip. The resulting spec-
tral image consists of rows of spectra of different orders. In this manner a simultaneous
recording of a large wavelength range with high spectral resolution is possible.

The ARYELLE 400 echelle spectrometer has a focal length f = 400 mm with an aper-
ture f/10. The visible spectral range of the device is 300 to 900 nm with a spectral resolv-
ing power of 15 000λ/min FWHM. This implies, that resolutions of 20 to 60 pm can be
achieved. The entrance slit of the spectrometer is fixed to 50× 50µm.

As a detector ANDOR NEWTON CCD DU940P with the BU2 sensor is used. This is a
full frame type CCD, which can be characterized by a high sensitivity and a suitable wide
spectral range. It is possible to directly trigger the camera by a 50 Ω terminated TTL signal,
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Figure 4.15: Schematic of the Stark broadening setup.
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Figure 4.16: Schematic of the Echelle spectrometer as used for the ARYELLE 400 with a
typical raw image of the echelle spectrum (upper right corner) [144]

which allows operating the spectrometer in the slave and master mode. A drawback of this
CCD type is its minimum exposure time of 1 ms. As a result a dark environment is needed
for artifact-free images. To ensure, that no light is falling on the CCD sensor during the
readout, a mechanical shutter is built in the ARYELLE 400 spectrometer. It has a response
time in the range of 10 ms which can be taken into account via the software.

4.2.2 Detection of hydrogen Balmer lines

Due to the very low concentration of hydrogen in the plasma the intensity of the hydrogen
Balmer lines is relatively weak compared to the argon resonance lines. The dynamic range
of the CCD detector does not allow to detect weak and strong lines simultaneously. Besides
the sensitivity of the detector at the exposure time of 1 ms is not sufficient to detect the
hydrogen lines. Hence a detector with a higher sensitivity is needed.

The detection module originally used for the Thomson scattering diagnostic of the
GMAW process (section 4.1.3) could be applied for detection of the hydrogen Balmer lines
as shown in fig. 4.17. In this case the 4PICOS ICCD camera is used, because the PI-MAX2
was not available. Besides the higher detector sensitivity, the advantage of this setup are
the shorter gating times in the range of ns and 1-dimensional spatial resolution, which al-
lows a more precise temporal and spatial investigation of the process. Yet only hydrogen
Balmer lines can be investigated here. Their broadening width is significant enough com-
pared to the instrumental width of the spectrometer. This is not the case for neutral argon
lines.

4.2.3 Process synchronization and data acquisition

As the GTAW process is operated in a stationary mode, no particular care has to be taken
to synchronize the process with the spectrometer. The echelle spectrometer is operated
with the shutter opening and closing at each exposure with exposure times of 6 ms and
40 ms respectively. The spectrometer automatically generates wavelength intensity data
sets from recorded spectral images. In this case one dataset is an average of 5 consecutive
measurements.

The spectrometer software can be additionally synchronized with the linear stages. An
integrated script language allows to automate the measurement for several spatial mea-
surement points.
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Figure 4.17: Schematic of an additional setup for the hydrogen Balmer lines detection in
the GMAW process.

In contrast to the GTAW process the GMAW processes need to be synchronized with
the measurement system in order to obtain temporally resolved results. Again the process
itself is used as a master. As already described in section 4.1.5, the current signal is fed
into a micro-controller, which generates a trigger signal for the spectrometer camera and
an additional high speed camera. The schematic of the synchronization is illustrated in
fig. 4.18.

Typically, the duration of the high current phase of a GMAW process is set to around
2 ms. The CCD detector of the echelle spectrometer is however the limiting factor in terms
of temporal resolution of this process. The minimum exposure time of 1 ms only allows
time averaged measurements during the high current phase of the pulse. Moreover, the
operation in the original configuration of the ARYELLE spectrometer turns out to be prob-
lematic due to the relatively high reaction times of the mechanical shutter (>10 ms). If the
spectrometer is operated as a slave with the shutter opening and closing time at each expo-
sure set to minimum, no light is detected at the CCD chip at an exposure time of 1 ms. This
can be explained by the fact, that the system does not consider the actual shutter delay.
Hence, the shutter starts to close before it is completely open.

As already indicated in fig. 4.18, a workaround for this problem can be provided.
Therefore, the spectrometer has to be operated as a slave, while the CCD shutter is per-
manently open. Simultaneously, a custom made piezo motor (X15G, ELLIPTEC) driven
shutter is positioned in front of the aperture of the collimator. Thus a more flexible syn-
chronization between the trigger signal and the shutter can be implemented. This shutter
has a closing time of 3 ms and can be triggered simultaneously to the CCD camera of the
spectrometer. Thus it can be achieved that a signal is detected for exposure times of 1 ms
with a minimum distortion of the CCD chip during the readout.

The 4PICOS ICCD used in the additional setup is operated in the field mode with the
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Figure 4.18: Synchronization schematic of the Stark broadening setup for the GMAW pro-
cess.
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Figure 4.19: Synchronization schematic of the additional setup for the Stark broadening
measurement of hydrogen Balmer lines in the GMAW process.

vertical synchronization output. The exposure time is set to 140 ns and the gain to 45 %.
The ICCD has to be synchronized with the GMAW process as well. The problem here is,
that the CCD readout cannot be synchronized with other processes. Therefore, only the
image intensifier is triggered by the micro controller (fig. 4.19) signal. The CCD is oper-
ated with the internal frequency of 50 Hz. The image sequence delivered by the software
contains a series with exposed and unexposed half frames. Since the emission signal is suf-
ficiently strong the unexposed half frames can be easily filtered out in the post-processing.

4.2.4 Data processing and evaluation

In order to derive the electron density and the temperature from the raw measurement
data several steps are necessary:

• wavelength calibration of the data

• determination of instrumental function

• deconvolution of other broadening effects

• local emissivity determination (Abel transform)

• line width determination

• plasma parameter assignment from the line width data

The data processing is performed using a MATLAB script. In the following each pro-
cessing step is discussed in detail.

4.2.4.1 Wavelength calibration and instrumental function

Wavelength calibration is necessary in order to assign wavelength scale to the images
recorded by the detector of the spectrometer. For this purpose the integrated mercury
lamp of the ARYELLE spectrometer is used. The spectrometer software can automatically
execute the calibration procedure before the measurement. In the additional setup the 4PI-
COS ICCD is calibrated using a neon Pen-Ray lamp. The spectrum of the lamp provided
by the manufacturer can be used to identify the detected lines and thus to calculate the
resolution and the wavelength scale in the desired wavelength range.

For the measurement of the instrumental function an argon PEN-RAY lamp for argon
resonance lines and a low pressure hydrogen gas lamp for hydrogen Balmer lines are used.
The instrumental function is fitted by a Gaussian distribution (fig. 4.20), which is used for
the deconvolution of the data. Table 4.2 contains the measured FWHM values for the
corresponding resonance lines. The results correspond approximately to the values given
in the data sheet. The argon lines are detected using the ARYELLE spectrometer, whereas
the hydrogen lines are analyzed using the additional setup.
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Figure 4.20: Example of measured and fitted instrumental function of the ARYELLE 400
spectrometer.

line H-α H-β Ar I Ar I Ar I Ar I
λ0 486.13 656.28 696.54 738.40 763.51 794.82

FWHM [nm] 0.275 0.275 0.043 0.045 0.058 0.059

Table 4.2: Instrumental width of the investigated resonance lines.

4.2.4.2 Data preparation

Before the line width can be evaluated from the measured spectra, it needs to be prepro-
cessed. This may include signal integration and binning, noise filtering and background
subtraction.

The ARYELLE spectrometer software directly delivers a spectrum, which is already pre-
processed by the internal software. The preprocessing includes dark current subtraction
and transformation of the image into the wavelength spectral intensity dataset.

The image data provided by the 4PICOS ICCD first needs to be sorted into the exposed
and unexposed half frames by evaluation of maximum signal level of each frame. The
unexposed half frames are used to determine the dark current signal of the CCD chip,
which is subtracted from each exposed half frame. After sorting curvature correction is
performed for each half frame as described in section 4.1.6.2.

If required, noise reduction using the SVD technique (see section 4.1.6.3) can be ap-
plied. The noise sources for the Stark broadening are of the same origin as for Thomson
Scattering. Additionally, noise level can be reduced by pixel binning in the direction of
spatial resolution.

4.2.4.3 Deconvolution of instrumental broadening

As previously discussed in section 3.2.2, apart from Stark effect instrumental broaden-
ing takes the main influence on the line shape. Before proceeding with the evaluation,
impact of this broadening effect on the line shape needs to be removed by deconvolu-
tion. If a Lorentzian shape is assumed for the Stark broadened line profile with a FWHM
wL, the convoluted line profile can be described by the Voigt function with a FWHM wV .
The width of the Lorentzian profile can be reconstructed by the following empirical for-
mula[133]

wV = 0.5346× wL +
(
0.2169× w2

L + w2
G

)1/2
(4.7)
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with wG the FWHM of the instrumental function approximated by a Gaussian profile. The
advantage of this approach compared to numerical deconvolution methods is the much
shorter computation time with relative error of the approximation below 1 %. The de-
tected noise is more over smoothened and does not influence further evaluation steps. An
example of the development of the relative deviation of the approximated Lorentz profile
width is shown in fig. 4.21. Here an instrumental function with wG = 0.043 nm is used.

In order to perform the deconvolution first the pseudo-Voigt profile (eq. (3.54)) is fit-
ted to the measured data using a nonlinear least squares fit procedure (MATLAB function
lsqcurvefit). The fit function includes the assumed line profile together with the con-
tribution of the continuum radiation. In most cases a first order polynomial is used to
approximate the continuum radiation. An example of a fitted and deconvoluted profile
can be seen in fig. 4.22.

From the fitted Voigt profile wV is determined by interpolating the obtained profile at
half maximum. Subsequently,wL is calculated from eq. (4.7) and is further used to generate
a deconvoluted Lorentzian line profile.

In the case of theHβ several Ar I, Ar II and Mn II lines are present in the spectral region,
as can be seen in fig. 4.23. In this case the fit function can be formulated as a sum of several
lines and the continuum radiation. Here Ar I line with λ0 = 479.40 nm Ar II lines with
λ0 =480.6, 484.78, 486.59, 486.75 and 487.98 nm and Mn I and Mn II lines with λ0 =482.35,
480.69 and 481.16 nm can be identified by means of the NIST database [137]. The lines are
assumed not to be considerably broadened. Therefore, they can be fitted by a Gaussian
line profile with a line width close to the instrumental profile width. The continuum is
fitted by a second order polynomial function. Since not all weak lines can be identified the
fit region is restricted as illustrated in fig. 4.23.

4.2.4.4 Abel inversion

For the evaluation of the local plasma density and temperature local emissivity values ε
are necessary. However, the quantity detected by the CCD chip is integrated over the line
of sight, which is also known as radiance. It is defined as

L =
∫
ε(s)ds (4.8)

with s denoting the location inside the arc. If the plasma radiation is assumed to be op-
tically thin and the plasma column axially symmetric, the local emissivity ε(r) can be
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Figure 4.21: Relative deviation of the approximated deconvoluted width wL,app of a
Lorentz profile convoluted by the instrumental function with wG = 0.043 nm compared
to the original Lorentz profile width wL.
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Figure 4.22: Example of a fitted pseudo-Voigt profile under consideration of continuum
radiation (1st order polynomial approximation) and a resulting deconvoluted line profile
assuming a Gaussian instrumental function with wG = 0.043 nm.
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Figure 4.23: Example of a measured and fitted spectrum in the region of Hβ line.

expressed as a function of the radius of the plasma column. In a two dimensional case
the radiance can be interpreted as a projection of the two dimensional radially symmetric
emissivity field on one axis. Using the polar coordinates with r =

√
x2 + y2 one obtains

L(y) =
∞∫
−∞

ε(r)dx = 2
∞∫
y

ε(r) r√
r2 − y2

dr. (4.9)

The last equation can be solved to obtain local emissivity distribution using the Abel in-
version [102]

ε(r) = − 1
π

∞∫
r

dL(y)
dy

dy√
y2 − r2

. (4.10)

If the light intensity is approximated by an analytical function, the local emissivities
can be calculated directly. Here the following emissivity radial profile is assumed

ε(r) = A(1 + cr2) exp
(
− r2

2σ2

)
. (4.11)
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Inserted into eq. (4.9) the integration delivers

L(y) =
∞∫
−∞

A(1 + cx2 + cy2) exp
(
−x

2 + y2

2σ2

)
dx = A′(1 + c′y2) exp

(
− y2

2σ2

)
with A′ = A

√
2πσ2(1 + cσ2) and c′ = c

1 + cσ2 .

Equation (4.11) is fitted to the deconvoluted radiance distributions using a least square
fit procedure provided by lsqcurvefit. Figure 4.24 shows an example of the fitted ra-
diance function. From the function parameters obtained from the fit the local emissivity
function can be calculated. Finally, this data can be used to determine the broadened line
width by interpolating the profile value at half maximum.

4.2.4.5 Plasma parameter determination

Argon resonance lines
As previously discussed in section 3.2.6 the line width simultaneously depends on the
electron temperature and density. However, a particular line width cannot be explicitly
assigned to a single electron density and temperature pair. Evaluation of the line width
of a single line yields an expression dependent on both parameters or, in other words, a
set with possible electron density and temperature pairs. They are further referred to as
temperature-density curves. Hence, a combination of multiple lines is required to deter-
mine both parameters. As was first demonstrated by Torres et al. [93] and later applied
to welding arcs by Zielinska et al.[96], both temperature and density can be determined
by evaluating the width of at least two Stark broadened spectral lines using the "intersec-
tion" method. Here the crossing point of two temperature-density curves determines the
electron temperature and density valid for the investigated conditions.

In order to obtain temperature-density curves first the available theoretical Stark broad-
ening data is interpolated in the temperature and density region typical for thermal plas-
mas. In this case a temperature range from 3000 to 20 000 K and an electron density range
from 1× 1021 to 2× 1023 m−3 are chosen. In the second step, all the temperature-density
pairs matching the particular Stark width are extracted from the interpolated data. An
exemplary evaluation of four Ar I resonance lines is demonstrated in fig. 4.25. Here argon
lines with the wavelength of λ0 = 696.54, 738.40, 763.51 and 794.82 nm are investigated.
All the chosen lines are well detectable along the whole diameter of the arc. Moreover,
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Figure 4.24: Example of a measured and fitted data for Abel inversion at λ = 696.58 nm in
a GMAW process during high current phase.
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Figure 4.25: Evaluation of the electron temperature-density curves for line width of λ0 =
696.5 nm (w = 0.109 nm), λ0 = 738.4 nm (w = 0.116 nm), λ0 = 763.5 nm (w = 0.158 nm) and
λ0 = 794.8 nm (w = 0.136 nm) argon resonance line measured in GMAW process operated
with aluminum as a wire electrode at r=1 mm.

theoretical Stark broadening estimations are available for those lines. As λ0 = 696.5 nm is
known to be optically thin and the broadening width density evaluation of all the lines in
this investigation lies in the same range, all the lines are assumed to be optically thin.

For a successful determination of the electron temperature and density using the in-
tersection method the gradients of particular temperature-density curves should consid-
erably differ from each other. Yet as can be seen in fig. 4.25, temperature-density curves of
different lines run almost parallel in this case. The evaluation of the curves intersections
becomes very sensitive to measurement deviations and thus is not suitable for reliable
temperature and density determination.

Still, fig. 4.25 illustrates, that singe temperature-density curves are more sensitive to
electron density than to temperature. Therefore, the measured line width of separate spec-
tral lines can be used to estimate at least the electron density without any further assump-
tions. In this case the mean electron density value is calculated from the data range given
by the evaluated temperature-density curve. Additionally, the methodical uncertainty is
calculated. It results from the ration between the maximum/minimum electron density
contained in the dataset and the previously determined mean electron density.

Furthermore, LTE assumptions may be taken into account, when evaluating the plasma
parameters from Ar I lines. In this case the Saha equation (eq. (2.10)) for the correspond-
ing Ar-X gas mixture, with X an additional gas or metal vapor present in the plasma, is
solved under consideration of the ideal gas law (eq. (2.5)) for different Ar-X concentration
pairs. This dataset is used to restrict the temperature-density curves to the values possible
under LTE. Thus the mean electron density and temperature values with the respective
uncertainties can be calculated from the resulting restricted dataset.

An evaluation of the plasma parameters using the intersection method can still be per-
formed, if the experimental error of the measured line width is taken into account directly
in the evaluation. The deviation of the measured width results on the one hand from fluc-
tuation in the process itself. On the other hand the noise in the signal influences the result
of the fitting algorithm. The experimental error is determined by calculating the stan-
dard deviation of at least 3 consecutive measurements. In this case not a particular line
width, but a line width range calculated from the mean measured line width value and its
standard deviation are used to obtain temperature-density curves. Thus, the temperature-
density curves extend to areas. The intersection of the areas resulting form different lines
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is calculated. From this intersection area mean electron density and temperature values
are determined. The methodical uncertainty is calculated in the same manner as described
above for the evaluation of separate resonance lines. Figure 4.26 illustrates an example
of this evaluation method. Not every temperature-density curve combination delivers an
intersection area. In this specific case the 763.51 nm Ar I line is not considered, as the
temperature-density curve resulting from the width of lines did not intersect with the ar-
eas resulting from other lines. The evaluable combination of lines however can change for
different plasma compositions. For this reason different line combinations are considered
for evaluation of different welding processes.

Hydrogen resonance lines
In contrast to argon resonance lines it is not possible to simultaneously record Hα and Hβ

lines due to the use of the Fastie-Ebert spectrometer design. Since the GMAW arc is not
very stable, the combination of the consecutively measured line width of the two hydrogen
lines introduces a large error. Hence, these lines can only be evaluated separately.

Although a temperature dependence of the Hα and Hβ line widths exists, it is much
weaker compared to the temperature dependence of the argon lines, as illustrated in
fig. 4.27. Hence, the separate evaluation of these lines can at least provide the information
about the electron density. Additionally, it is possible to use density dependent approx-
imation formulas for the evaluation. Yet, as can be seen in fig. 4.27, the electron density
value for the considered temperature range is underestimated, if eqs. (3.105) to (3.107) are
used. Therefore, these equations are not further considered in this work.

A similar procedure, as described for the evaluation of separate argon lines, is applied
for hydrogen lines as well. For this purpose the available theoretical data provided in [129]
is interpolated within a temperature range from 3000 to 20 000 K and an electron density
range from 1× 1021 to 2× 1023 m−3. Additionally, the LTE assumptions in form of Saha
equation and ideal gas law are included in order to estimate the possible temperature
values.
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Figure 4.26: Evaluation of the electron temperature and density from mean measured
width of λ0 = 696.5 nm (w = 0.089± 0.007 nm), λ0 = 738.4 nm (w = 0.104± 0.006 nm)
and λ0 = 794.8 nm (w = 0.136± 0.007 nm) argon resonance lines under consideration of
the standard deviation (SD) of the data. The region marked with the black dashed line
indicates the intersection area. The data is obtained from the measurement in the GMAW
process operated with aluminum as wire electrode at r=1 mm.
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Figure 4.27: Example of the evaluation of Hα line width (w = 1.38 nm) (a) and Hβ line
width (w = 3.69 nm) (b) using temperature and density dependent line profile data (µ =
Te/Ti = 1) and different approximation formulas.

4.3 Setup and parameters of the welding processes

For the generation of the welding arc a stationary setup is used for both processes, so that
the workpiece does not have to be moved. In both cases a cooled electrode is used as
a workpiece. The distance of the welding gun and the workpiece is kept constant. The
arc generating system is positioned on an automatic controlled linear axis with a step-
ping motor. This allows vertical movement of the arc relative to the detector unit. Thus,
measurements along the whole arc length can be performed. Here ISEL LES5 type linear
stage unit operated with the controller unit C142-4 is used. The accuracy of the system
is 12.5µm/step. For the Stark broadening measurements a second linear axis of the same
type horizontally moving the collimator is added.

All the experiments are carried out on the atmospheric pressure (P = 105 Pa) and under
local exhaustion ventilation.

4.3.1 GTAW

Figure 4.28 shows a schematic setup of the GTAW process. In this case the arc is gener-
ated between a tungsten cathode SI1.5% La2O3, 3.2 mm diameter and 60° tip angle) and
a planar water-cooled copper anode ()100 mm diameter). The cooling of the anode addi-
tionally assures temporally stable arc operation. The cathode-to-anode gap is adjusted to
7 mm. Melting of the anode is not observed in these experimental conditions. Hence, the
production and entrainment of the metal vapor into the bulk plasma can be neglected.

A BINZEL ABITIG MT 500W liquid cooled robotic welding torch is used here. This
torch is suitable for a stable long-lasting operation, which is necessary for the Thomson
scattering measurements. An inverter type power supply EWM TETRIX 230 is operated in
the DC mode at 150 A.

Measurements with different shielding gas mixtures are performed as listed in table 4.3.
The mixing ratios are given by volume percentage. Since gas bottles with predefined gas
mixtures are provided, the gases are fully mixed before entering the gas nozzle of the
welding gun. For all investigations a gas flow rate of 14 slpm and a gas nozzle with an
inner diameter of 19.5 mm are used. The distance of the nozzle to the workpiece is 10 mm.
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Figure 4.28: Schematic setup of the GTAW process.

parameter value

current (DC) 150 A
cathode W + 1.5 % La2O3, ∅ 3.2 mm, tip angle 60°
anode Cu (cooled), ∅ 100 mm
cathode-anode gap 7 mm
gas flow rate 14 slpm

diagnostics applied for shielding gas compositions
Thomson scattering Ar, Ar (50 %) + He (50 %),

Ar (98 %) + N2 (2 %), Ar (94 %) + N2 (6 %),
Ar (98 %) + H2 (2 %), Ar (94 %) + H2 (6 %)

Stark broadening Ar, Ar (50 %) + He (50 %)

Table 4.3: Overview of the GTAW process parameters.

In order to obtain a two-dimensional temperature and density distribution within the
arc using Thomson scattering technique, measurements along different vertical positions
are performed. The starting position for measurements is set at z = 5.5 mm (distance
between the beam center and the anode surface). A closer position towards the cathode
tip is not possible due to reflection of the laser light on the metallic surface of the cathode,
which disturbed the scattering measurements. The arc is scanned in 1 mm steps along the
z axis. Here the closest position to the anode is z = 1.5 mm.

Two dimensional parameter distributions from the Stark broadening measurements
are obtained from a point by point scan in the region between z = 1.5 to 5.5 mm (vertical
direction) and r =−6 to 6 mm (horizontal direction). The horizontal and vertical distances
between the measurement points are 1 mm.

4.3.2 GMAW

The schematic setup of the GMAW process is shown in fig. 4.29. The arc is ignited between
a welding wire serving as an anode and a water cooled cylindrical copper cathode with
a diameter of 100 mm. The measurements are mainly conducted with an aluminum wire
(AlMg 4.5 Mn). Few investigations with iron wire (G3SI1) are also performed. The wires
with a diameter of 1.2 mm and 1 mm respectively are fed at a velocity of 50 mm/s. On the
central axis the copper cathode is provided with a hole of 7 mm in diameter. The metal
droplets can fall through the hole into a collecting vessel and so prevent metal accumula-
tion on the cathode surface.



4.3. SETUP AND PARAMETERS OF THE WELDING PROCESSES 69

collecting 
vessel

power 
supply

-

+

A

nozzle

wire

cooled
cathode

gas

Figure 4.29: Schematic setup of the GMAW process.

A liquid cooled robotic welding torch TBI 9W AUT is used here. An inverter type
power supply OTC DW 300 is operated in the pulsed DC mode. The power supply al-
lows to program the pulse shape. Its settings for the used processes are documented in
table 4.4. The current and voltage of the process are additionally monitored by a Hall
sensor SS94A1F and a voltage probe.

Argon 4.6 (99.9 % purity) is used as a shielding gas at a flow rate of 25 slpm. The gas
nozzle diameter is 16 mm. For Stark broadening measurements less than 0.5 % of H2 is
added to the process. The gas nozzle standoff is set to 15 mm and is kept constant during
the whole process.

Here investigations at z = 5.5 mm above the workpiece (cathode surface) are per-
formed. For the Stark broadening a radial range of r =−5.5 to 5.5 mm at z = 5.5 mm is
scanned. The horizontal distance between the single measurement locations is 1 mm.

parameter aluminum iron

pulse rate 90 to 100 Hz 70 to 120 Hz
peak current 400 A 320 A
wire AlMg 4.5 Mn, ∅ 1.2 mm G3Si1, ∅ 1 mm
feed velocity 50 mm/s 50 mm/s
stand off 15 mm 15 mm
gas flow 25 slpm 25 slpm
cathode Cu (cooled), ∅ 100 mm Cu (cooled), ∅ 100 mm
∅ of cathode hole 7 mm 7 mm

OTC settings
peak current (F13) 340 A 300 A
peak time (F14) 0.4 ms 1 ms
up-slope time (F26) 1 ms 2 ms
down-slope time (F27) 0.6 ms 1.6 ms
base time (F30) 10 ms 10 ms

Diagnostics applied for shielding gas compositions
Thomson scattering Ar Ar
Stark broadening Ar, Ar + H2 (trace) none

Table 4.4: Overview of the GMAW process parameters.





Chapter 5

Results and discussion

In the following chapter the results of all measurement methods applied in this work are
presented. Table 5.1 gives an overview over the applied measurement methods and their
evaluation under different assumptions. Here the keyword LTE implies the use of Saha
equation and the ideal gas law. The presentation of the results is divided in to four sections.
First the measurement results originating from Thomson scattering method are presented.
In the second part the results from the Stark broadening of different resonance lines are dis-
cussed. The third section compares the results of different measurement methods applied
to particular processes. Moreover, the results are compared to other experimental data or
modeling results available in the literature. Finally, the plasma composition reconstruction
for selected processes is presented in the last section.

5.1 Thomson scattering results

Thomson scattering technique is applied to measure electron temperature and density in-
dependent from the assumption of LTE in GTAW and GMAW processes. Here first the
results for GTAW processes with different shielding gas mixtures are shown. Afterwards
measurements performed in GMAW processes with aluminum and iron electrodes are dis-
cussed.

method assumptions resulting
quantities

Measurements

Thomson scattering Maxwell-Boltzmann distribution Te, ne

Stark broadening of a single
resonance line

Maxwell-Boltzmann distribution ne
Maxwell-Boltzmann distribution,
LTE

Te = Ti, ne

Stark broadening of multiple
resonance lines (intersection
method)

Maxwell-Boltzmann distribution Te, ne
Maxwell-Boltzmann distribution,
LTE

Te = Ti, ne

Reconstruction

Gas composition Te and ne from Thomson scatter-
ing data, LTE

plasma com-
position

Table 5.1: Overview of the applied measurement techniques and evaluation methods.

71
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5.1.1 GTAW processes

In the following Thomson scattering results for the GTAW processes are presented. Fig-
ure 5.1 visualizes the region of the arc column covered by the measurement with re-
spect to the electrodes. All the measurements represent the mean average of 3 datasets
recorded under equal conditions. For all the measurements presented here the minimum
measurable temperature is 5000 K and the minimum measurable electron density value
1× 1022 m−3. The deviation of temperature and density values mainly arise from statis-
tical noise of the detector and the plasma noise as described in [109]. In this setup the
standard deviation of temperature and density reaches values below 5 % in the central arc
region. In the edge region a lower signal intensity is detected, since the electron density
decreases. Therefore, the standard deviation rises up to 30 % in this region.

5.1.1.1 Pure argon GTAW process

Measurements in the GTAW process operated with pure argon are performed in order to
verify the functionality of the Thomson scattering setup. Figure 5.2 shows the electron
temperature and density profiles obtained from the Thomson scattering signal. Here the
maximum electron density reaches 1.45× 1023 m−3 on the central arc axis in the region
below to the cathode. It decreases down to 1.2× 1023 m−3 close to the anode region. The
maximum temperature of 18 600 K is also reached at the central arc axis close to the cath-
ode. It reduces to 15 000 K in the region close to the anode. The temperature and density
values radially decrease towards the arc edges.

5.1.1.2 GTAW processes with gas mixtures

Thomson scattering is further successfully applied to the investigation of
GTAW processes with Ar-He, Ar-H2 and Ar-N2 gas mixtures.

Figure 5.3 shows the resulting electron temperature and density distributions in a
GTAW process operated with Ar(50 %)-He(50 %) shielding gas mixture. The maximum
electron density in the range of 8× 1022 m−3 is reached in the near cathode region. The
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Figure 5.1: Position of the arc column region investigated by Thomson scattering with
respect to the electrodes.
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Figure 5.2: Electron density (left) and temperature (right) measured by means of Thomson
scattering in the GTAW process operated with pure argon as a shielding gas. Two consec-
utive contour lines correspond to an increase of 2× 1022 m−3 for the density values and
2000 K for the temperature values.

electron density drops down to 6× 1022 m−3 when approaching the anode in the center
of the arc. It lies considerably below the maximum electron density for processes with
pure argon. The radial gradient of the obtained electron density distribution is reduced as
well compared to the pure argon arc. This effect occurs due to the much higher ionization
energy of He compared to Ar. The maximum temperature of 18 000 K is also reached in
the near cathode region. However, a higher temperature drop towards the anode can be
observed compared to the temperature distribution of pure argon arc. The temperature
decreases down to 13 000 K when approaching the anode. The radial shape of the temper-
ature distribution appears to be more constricted in the near anode region than it is the
case for pure argon arc.

Reduction of measured electron density and temperature can be also observed for gas
mixtures of argon with molecular hydrogen. This results directly from the higher enthalpy
density of Ar + H2, which allows to "store" a higher amount of energy in the shielding gas.
If 2 % H2 is added to argon, the electron temperature distribution slightly changes as can
be seen in fig. 5.5(a). Its maximum value reaches up to 18 900 K. However the hottest zone
is smaller compared to the case of pure argon, as illustrated by the temperature contours.
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Figure 5.3: Electron density (left) and temperature (right) measured by means of Thomson
scattering in the GTAW process operated with Ar(50 %)-He(50 %) shielding gas mixture.
Two consecutive contour lines correspond to an increase of 2× 1022 m−3 for the density
values and 2000 K for the temperature values.
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This can be explained by the higher thermal conductivity of this gas mixture for temper-
atures close to the dissociation temperature of H2. Such higher thermal conductivity pro-
duces a higher energy flow outwards. In order to keep its high temperature the plasma
column tends to constrict itself to reduce such energy loss. The maximum electron density
drops to 1.25× 1023 m−3. When H2 fraction is increased to 6 % the maximum tempera-
ture drops to 17 800 K, while the maximum electron density decreases to 1.15× 1023 m−3

(fig. 5.5(b)). Here the temperature and density drop towards the anode increases as well,
while the arc appears to be slightly more constricted in the anode region.

The considerably lower temperature obtained in the Ar-He arc might be explained, if
demixing of argon in helium is taken into account. In general demixing might be caused
by mole gradients, frictional forces and thermal diffusion [145]. Figure 5.4 illustrates the
temperature dependent mole fraction of an Ar-He plasma with initial concentration of 50 %
Ar and 50 % He. Therefrom it can be clearly seen, that due to ionization of argon significant
mole fraction gradients of Ar, Ar+ and He occur, if a corresponding temperature gradient
exists. Since such a gradient is present in the arc, initially the corresponding mole fraction
gradients are formed. In order to compensate those gradients the argon ions in the arc
center diffuse to the outer cooler regions, while the argon and helium atoms diffuse from
the cooler arc regions into the arc center. Thus spatial mole fractions gradients of all species
vanish. Both diffusion processes contribute to the cooling of the arc.

Moreover collisions of helium with argon atoms and ions support the diffusion of he-
lium to the hot regions of the arc. Hence both demixing processes lead to a higher helium
concentration in the arc center, which will be further discussed in section 5.4.

If mixing argon with molecular nitrogen, a similar effect can be observed. For 2 %
of N2 in the shielding gas mixture the electron temperature reaches up to 18 900 K and the
1.31× 1023 m−3 as depicted in fig. 5.5(c). However, compared to pure argon arc the temper-
ature and density values decrease more rapidly towards the region close to the anode. This
effect is more distinct for the temperature distribution, if the nitrogen fraction is increased
to 8 %. Here the maximum temperature also reaches 17 800 K. The electron density dis-
tribution however does not noticeably change. Its maximum value lies at 1.40× 1023 m−3

(fig. 5.5(d)), which is comparable to the case of lower nitrogen concentration within the
experimental accuracy.
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Figure 5.4: Temperature dependence of the mole fractions of argon (left) and helium (right)
under LTE assumptions, if no demixing of the initial shielding gas composition occurs.
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Figure 5.5: Electron density (left) and temperature (right) measured by means of Thomson
scattering in the GTAW process operated with different shielding gas mixtures. Two con-
secutive contour lines correspond to an increase of 2× 1022 m−3 for the density values and
2000 K for the temperature values.
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5.1.2 GMAW pocesses

In the next step Thomson scattering results for the GMAW arcs are presented. Since the
conditions in the arc column of the GMAW process can change from pulse to pulse, it is
generally not possible to exactly repeat a measurement. However, when comparing differ-
ent measurements in the high current phase of the pulse, the overall deviation of the de-
termined values is similar to those for GTAW arcs. In the evaluation again the temperature
values below 5000 K and the density value below 1× 1022 m−3 could not be measured.

5.1.2.1 GMAW process with aluminum

Electron temperature and density have successfully been evaluated from Thomson scat-
tering spectra in the case of GMAW arc operated with an aluminum wire electrode. Fig-
ure 5.6 shows an example of radially resolved measurements of the electron temperature
and density in the GMAW process during the high current phase (ttrig=0.7 ms in fig. 5.7
(center)). Although the current during the measurement reaches up to 400 A, the maxi-
mum measured electron temperature does not exceed 14 800 K, whereas the electron den-
sity maximum lies at about 1.6× 1023 m−3. Here a radial decrease of electron temperature
and density from the hot dense region in the center of the arc column towards the edges is
observed.

The temporal investigation of the GMAW process is performed with a resolution of at
least 100µs. In order to clearly present temporal evolution of electron temperatures and
densities in the GMAW arc only the maximum electron temperature and density values
reached in the center of the arc are plotted in fig. 5.7 (bottom). Additionally, current and
voltage characteristics are shown relatively to the trigger event time ttrig of single mea-
surements (center). In order to visualize the shape of the arc during measurements the
images for each measurement are depicted (top). The relative intensities in the images are
scaled in order to visualize the shape of the arc without saturation effects. Hence the im-
age intensities at different ttrig are not comparable. The white dashed line in the images
indicates the position of the incident laser beam.

In a first approximation it can be concluded, that the electron temperature and density
are related to the arc current. The highest values are reached at the end of the high current
phase. Afterwards the temperature as well as density fall with decreasing current. The
last two measurements at ttrig=2.21 and 4.29 ms are made in the low current phase, where
arc current is in the range of 10 to 20 A. As visualized in the images of the arc, only weak
plasma radiation is visible in this phase. The lighter spots positioned above the laser beam
at ttrig=2.21 ms and under the beam at ttrig=4.49 ms are aluminum metal droplets detached
from the wire anode. The scattering signal level in these two measurements is lower than
in the preceding ones. Thus, only signals close to the center of the arc cam be evaluated.
Nevertheless, it can be concluded that the electron temperature in this phase does not ex-
ceed 5000 K. The maximum electron density ranges between 2× 1022 and 2.5× 1022 m−3.

5.1.2.2 GMAW process with iron

A distinct detection of the Thomson scattering spectrum is not possible for the GMAW
process operated with iron as a wire electrode. Figure 5.8 shows the spectra recorded
without and with presence of the laser radiation at two different ttrig with respect to the
current pulse (bottom). Current and voltage signals (top, left) as well as the images of the
plasma (top, right) for the corresponding trigger event time are represented.

For both ttrig strong lines are present in the region around the laser wavelength. At
ttrig = 0 ms the plasma and laser radiation are approximately of the same order of magni-
tude (fig. 5.8(c)). The plasma radiation is weaker for ttrig = 1.93 ms (fig. 5.8(d)), however
in both cases no typical Thomson scattering spectra are visible, as is the case for GTAW
or GMAW operated with aluminum. A possible explanation is, that iron resonance lines
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Figure 5.6: Example of the radial profile of electron temperature and density measured
in the GMAW process with aluminum at ttrig = 0.7 ms and z=5.5 mm above the cathode
surface.
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Figure 5.7: Top: images of the GMAW arc with aluminum recorded at the time point ttrig
simultaneously to the Thomson scattering measurements. The white dashed line indicates
the laser beam position. Center: process current pulse and voltage, the trigger event time
ttrig is marked by the vertical bars. Bottom: time resolved maximum electron temperature
and density in the center of the GMAW arc.
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Figure 5.8: Process current pulse and voltage with the trigger event time ttrig marked
by the vertical bars (a). Images of the GMAW arc with iron wire recorded at ttrig si-
multaneously to the Thomson scattering measurements (b). The white dashed line in-
dicates the laser beam position. Spectra of GMAW arc operated with iron wire recorded
at λI = 532 nm without (top) and with (bottom) presence of the laser radiation for two
different ttrig (c,d). The intensities are adjusted to the typical level for Thomson scattering
signal as observed for the GMAW process with aluminum.

overlap the Thomson scattering signal. The intensity of the latter is expected to be weaker
than the intensity of the resonance lines. The Thomson scattering signal is not visible, even
if the plasma radiation is weaker, as e.g. for ttrig = 1.93 ms. This might be an evidence for
absorption of the scattered radiation.

5.2 Stark broadening results

Stark broadening technique is used to measure electron density and temperature without
the assumption of LTE (evaluation of the electron density, while neglecting the weak tem-
perature dependence of Stark broadening) and with assumption of LTE (Stark broadening
combined with Saha equation and ideal gas law for electron temperature and density eval-
uation). This diagnostic method is applied to GTAW processes with pure argon and argon-
helium gas mixtures. Moreover, a GMAW process with aluminum is investigated. Since
no measurements with Thomson scattering could be evaluated for GMAW process with
iron (see section 5.1.2.2) and several experimental works [89, 96] are already available for
this process, it was not further investigated by means of Stark broadening. In the following
first the results obtained for GTAW and afterwards for GMAW processes are presented.

Since the width of single resonance lines is not sufficient to obtain electron density and
temperature values additional assumptions are needed to perform the evaluation. Thus,
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two evaluation methods are applied for comparison. First, investigated lines are sepa-
rately evaluated. If no additional assumptions are used, only electron density values could
be obtained from the width data. In order to deduce both temperature and dentistry LTE
assumptions are assumed, when evaluating the line width of the four separate Ar I lines.
Additionally, the intersection method combining the information provided by several res-
onance lines is applied in order to determine electron temperature and density without
and with assumption of LTE. The methodical uncertainty refers to the deviation of the
determined values resulting from the evaluation method. Yet for the case of pure argon
plasma in LTE it is zero. For the intersection method the total uncertainty also includes the
deviation of data due to noise.

5.2.1 GTAW processes

Following the assumption, that the GTAW processes are stationary, two dimensional elec-
tron density and temperature profiles (radial and vertical directions) can be measured.
Arcs operated with two different shielding gas mixtures, pure argon and Ar-He, and a DC
current with I = 150 A are investigated.

5.2.1.1 Pure argon GTAW process

Figure 5.9 shows the results of the evaluation of four single Ar I lines for the GTAW process
operated with pure argon as a shielding gas. For each line plasma parameter determina-
tion without and with assumption of LTE is performed.

Depending on the evaluated line the maximum electron density reaches between
9× 1022 and 15× 1022 m−3 in the near cathode region (figs. 5.9(a), 5.9(c), 5.9(e) and 5.9(g)).
Close to the anode the electron density drops to 8× 1022 – 12× 1022 m−3. The uncertainty
varies depending on the evaluated line between 16 and 35 %.

If taking into account LTE assumptions, lower electron densities are obtained
(figs. 5.9(b), 5.9(d), 5.9(f) and 5.9(h)). In this case the maximum values only reach 9× 1022

to 12× 1022 m−3. Additionally, plasma temperature can be determined here. The max-
imum values in the range of 13 000 K are located close to the cathode. In the outer arc
regions temperatures between 9000 and 10 000 K are estimated.

For 696.5, 738.4 and 794.8 nm lines the temperature and density values radially and
vertically decrease towards the arc edges and the anode resulting in comparable spatial
distributions. However, as can be seen in figs. 5.9(e) and 5.9(f) the resulting spatial profiles
for 763.5 nm line shows inhomogeneities, which might be an indication for self-absorption
of this line or measurement artifacts.

Figure 5.10 illustrates the results of the intersection method, which could only be ap-
plied when combining 696.5 and 738.4 nm lines for z=2.5 to 5.5 mm without assumption of
LTE. Here a density range of 1× 1022 to 8.9× 1022 m−3 and a temperature range of 8100 to
18 000 K result from the evaluation of the intersections. Depending on the spatial position
the uncertainty strongly varies between 5 and 85 % for the electron density and between 4
and 74 % for the temperature.

5.2.1.2 GTAW process with Ar-He

For the GTAW process with Ar-He (50 %-50 %) shielding gas mixture electron density and
temperature are determined in similar manner as for pure argon process. Figure 5.11
shows the results of the separate evaluation of the for Ar I lines.

Separate evaluation of Ar I lines delivers maximum electron densities between
5.6× 1022 and 8.4× 1022 m−3 (figs. 5.11(a), 5.11(c), 5.11(e) and 5.11(g)). Here again a den-
sity decrease towards the anode is measured. The resulting values in the near anode region
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Stark effect Stark effect, Saha equation and ideal gas law
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(c) λ0 = 738.4 nm, uncertainty <16 %
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(d) λ0 = 738.4 nm (LTE)
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(e) λ0 = 763.5 nm, uncertainty <18 %
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(g) λ0 = 794.8 nm, uncertainty <35 %
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Figure 5.9: Evaluation of electron density and temperature from single Ar I resonance
lines without (a,c,e,f) and with (b,d,g,h) the consideration of LTE assumptions for GTAW
process operated with pure Ar as a shielding gas. The region colored in gray is not inves-
tigated. Two consecutive contour lines correspond to an increase of 2× 1022 m−3 for the
density values and 1000 K for the temperature values.
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Figure 5.10: Evaluation of the Stark broadening measurement using the intersection
method without the assumption of LTE for λ0 =696.5 and 738.4 nm applied to a GTAW
arc operated with pure Ar shielding gas. The region colored in gray is not investigated.
Two consecutive contour lines correspond to an increase of 2× 1022 m−3 for the density
values and 2000 K for the temperature values.

are in the range of 4.3× 1022 to 8× 1022 m−3. Equivalently to the case of pure argon, the
methodical uncertainty varied between 16 and 35 %.

Under assumption of LTE the maximum electron density dropos to 5.3× 1022 –
8× 1022 m−3. The hottest temperatures in the range of 15 000 to 16 000 K are detected in the
arc center, while the values drop to 11 000 – 12 000 K in the outer arc regions (figs. 5.11(b),
5.11(d), 5.11(f) and 5.11(h)).

For all the investigated lines the temperature and density values radially and vertically
decrease towards the arc edges and the anode resulting in comparable spatial distributions.
Under assumption of LTE the methodical uncertainty for the electron density lies at most
between 8 and 10 % and maximum 25 % for the temperature for all investigated lines.

Figure 5.12 shows the result of the intersection method, which could only be applied
to the 763.5 and 794.8 nm lines pair without the assumption of LTE. Here a density range
of 2× 1022 to 9× 1022 m−3 and a temperature range of 3600 to 19 100 K result from the
evaluation of the intersections. Depending on the spatial position the total uncertainty
strongly varies between 5 and 75 % for temperature and density values.

5.2.2 GMAW processes

GMAW process operated with aluminum as the wire electrode is also investigated using
the Stark broadening technique. In this case only one-dimensional spatial measurements at
a fixed distance from the cathode are performed. Since the process is transient, temporally
resolved investigations are additionally made.
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(a) λ0 = 696.5 nm, uncertainty <33 %
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(c) λ0 = 738.4 nm, uncertainty <16 %
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(d) λ0 = 738.4 nm (LTE), ne uncertainty <8 %, T uncertainty <25 %
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(e) λ0 = 763.5 nm, uncertainty <18 %
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(g) λ0 = 794.8 nm, uncertainty <35 %
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Figure 5.11: Evaluation of electron density and temperature from single Ar I resonance
lines without (a,c,e,f) and with (b,d,g,h) consideration of LTE assumptions for GTAW pro-
cess operated with Ar-He shielding gas mixture (50 %-50 %). The region colored in gray is
not investigated. Two consecutive contour lines correspond to an increase of 2× 1022 m−3

for the density values and 1000 K for the temperature values.
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Figure 5.12: Evaluation of the Stark broadening measurement using the area intersection
method for λ0 =763.5 and 794.8 nm applied to a GTAW arc operated with pure Ar-He
shielding gas mixture (50 %-50 %) and I = 150 A. The region colored in gray is not inves-
tigated. Two consecutive contour lines correspond to an increase of 2× 1022 m−3 for the
density values and 2000 K for the temperature values.

5.2.2.1 Plasma parameters from argon resonance lines

Three different time windows are investigated using Stark width evaluation of 4 Ar I lines
recorded with the ARYELLE spectrometer. Here processes with pure argon and argon with
traces of hydrogen as a shielding gas are investigated. No considerable differences be-
tween the two processes are observed, if measuring the line width of Ar I lines, while less
than 0.5 % of hydrogen is added. Although Hα line could be observed in this setup, an
evaluation is not possible. For this particular ARYELLE system λ0 = 656.28 nm is located
at the edge region of the detector. This introduced additional artifacts falsifying the shape
of the line. In combination with a relatively weak signal the evaluation of the line shape in
this region is not possible.

Figure 5.13 shows typical arc current and voltage signals as well as the location of the
exposure windows (gray area) relative to the current pulse. The images of the GMAW
process show a typical arc shape during the measurement. The spatial location of the
single measurement points is indicated by green circles. The relative intensities in the
images are scaled in order to visualize the shape of the arc without saturation.

The evaluation of single measurements along different pulse current phases is pre-
sented in fig. 5.14. Here 4 Ar I lines are separately evaluated for the GMAW process op-
erated with an Al electrode. For each investigated line plasma parameter determination
without and with assumption of LTE is performed.

Depending on the evaluated line during the high current phase this evaluation de-
livers maximum densities between 1.26× 1023 and 1.75× 1023 m−3 in the central region
of the arc (fig. 5.14(a)). At the arc edges the evaluation of different lines delivers more
alike values. Here the density reduces to 2× 1022 – 3× 1022 m−3. The uncertainty for the
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Figure 5.13: Top: Current and voltage of the GMAW process operated with Al as a wire
electrode and Ar as a shielding gas for three different temporal trigger positions. The
gray area indicates the location and duration of the exposure interval for the spectroscopic
measurement and imaging relative to the current pulse. Bottom: images of the investigated
GMAW process for the corresponding temporal trigger positions (tepx = 1 ms). Green
circles indicate the spatial position of individual measurement points.

whole region does not exceed 18 % for the 738.4 and 763.5 nm lines and 33 % for the 696.5
and 794.8 nm lines. Figure 5.14(b) shows the evaluated temperatures and densities, if the
LTE assumptions are valid. Here the peak electron densities lower to 1.6× 1023 m−3. The
plasma temperature is estimated to 10 000 K in the arc center and 8000 K at the arc edges.
For all the evaluated lines comparable temperature and density profiles are obtained. Here
the values steadily reduce from the center to the edges. The methodical uncertainty for all
electron density estimations however drops to 5 – 15 % depending on the evaluated line.
The temperature uncertainty is in the range of 30 to 35 % depending on the radial location.

For the measurement starting at the falling edge of the current pulse (fig. 5.14(c)) peak
electron densities in the range of 5.4× 1022 to 3× 1022 m−3 are determined. At the edges
the electron densities reduce to 0.5× 1022 – 1× 1022 m−3. When introducing LTE assump-
tions the resulting densities only change slightly. In this case peak temperatures of 8000 to
8500 K are obtained. They lower to 6500 – 7000 K at the arc edges (fig. 5.14(d)). The relative
uncertainties for these measurements are comparable to the high current phase.

The measurement in the low current phase delivers peak densities of
3× 1022 to 1× 1022 m−3 in the arc center (fig. 5.14(e)). Here the temperature and den-
sity profiles differ from the preceding measurements. The oscillation in the profiles can be
explained by the relatively weak signal at this current phase. The resulting density distri-
bution does not change with additional LTE assumption. The obtained temperatures lie in
the range of 6000 to 8000 K (fig. 5.14(f)). The relative uncertainties for these measurements
are comparable to the high current phase.

Moreover, the measurements are evaluated using the intersection method with and
without assumption of LTE. Here only the λ0 =696.54, 738.40 and 794.82 nm lines can be



5.2. STARK BROADENING RESULTS 85

Stark effect Stark effect, Saha equation and ideal gas law

−5 0 510
30

r [mm]

de
v.

[%
]

5

10

15

·1022

n e
[m

−
3 ]

(a)

−5 0 50
10

r [mm]

de
v.

[%
]

8

9

10

11 ·103

T
[K

]

λ0=696.5 nm [86]

λ0=738.4 nm [128]

λ0=763.5 nm [128]

λ0=794.8 nm [125]

5

10

15

·1022

n e
[m

-3
]

−5 0 530

35

r [mm]

de
v.

[%
]

(b) LTE

hi
gh

cu
rr

en
tp

ha
se

(s
ee

fig
.5

.1
3(

a)
)

−5 0 5
10
30

r [mm]

de
v.

[%
] 0

2

4

6 ·1022

n e
[m

−
3 ]

(c)

−5 0 50
10

r [mm]

de
v.

[%
] 0

2

4

6 ·1022

n e
[m

-3
]

−5 0 530
35

r [mm]

de
v.

[%
]

7

8

9 ·103

T
[K

]

(d) LTE
fa

lli
ng

cu
rr

en
ts

lo
pe

(s
ee

fig
.5

.1
3(

b)
)

−5 0 5
10
30

r [mm]

de
v.

[%
] 0

2

4
·1022

n e
[m

−
3 ]

(e)

−5 0 530
35

r [mm]

de
v.

[%
] 6

7

8

·103

T
[K

]

−5 0 50
10

r [mm]

de
v.

[%
] 0

2

4
·1022

n e
[m

−
3 ]

(f) LTE

lo
w

cu
rr

en
tp

ha
se

(s
ee

fig
.5

.1
3(

c)
)

Figure 5.14: Resulting electron density and temperature (top of each subfigure) separately
evaluated from Ar I lines without (a,c,e) and with (b,d,f) consideration of LTE conditions
for three different temporal trigger positions. For each measured parameter the methodical
uncertainty (dev. [%]) is indicated (bottom of each subfigure).
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used, because λ0 =763.5 nm resonance line delivers a significantly higher estimation for
plasma temperature and density. This might be an evidence of absorption in this wave-
length region.

The results for high current phase of the process are shown in fig. 5.15. Here three
different line combinations can be evaluated without consideration of LTE. Depending on
the combination of the lines peak electron temperatures reach 1.4× 1023 m−3 (fig. 5.15(a))
and 1× 1023 m−3 (figs. 5.15(b) and 5.15(c)). The uncertainty in the center varies between
2 and 26 %. At the arc edges the electron density drops down to 2× 1022 – 3× 1022 m−3.
The total uncertainty varies between 26 and 47 %. Higher uncertainties compared to the
evaluation of separate lines arise, because the standard deviation of the measurements is
directly taken into account in the evaluation method.

In all the three cases the line combinations are not sensitive to the temperature, as can
be seen from the error bars in the graphs. For 696.5, 738.4 and 794.8 nm lines the total
uncertainty appears to be relatively small in the arc center. Here however the results are
limited by the assumed temperature range for the evaluation.

If considering LTE assumptions, the intersection method can only be evaluated for a
combination of two lines in the high current phase as shown in figs. 5.15(d) and 5.15(e).
Here the maximum electron densities lower to 1.1× 1023 – 1.3× 1023 m−3 with a total un-
certainty of 5 to 13 %. Here the evaluation method is more sensitive to temperature. Peak
values in the range of 10 000 to 11 000 K with an accuracy between 13 and 30 % arise from
the evaluation. The temperatures at the edges reach up to 8000 K. Here the accuracy lies
below 36 %.

The results of the evaluation of the intersection method at the falling current slope
without the consideration of LTE are shown in figs. 5.16(a) to 5.16(c). Here again three
different line combinations are evaluated. Maximum electron densities around 4.1× 1022

to 6.2× 1022 m−3 are reached. The total uncertainty lies between 10 and 38 %. The electron
densities drop down to up to 1× 1022 m−3 at the arc edges. Here again the uncertainty
decrease to 65 – 80 %. The consideration of LTE assumptions does not drastically changes
the resulting electron densities as can be seen in figs. 5.16(d) to 5.16(f). The peak electron
density values lie at 4.5× 1022 to 5.6× 1022 m−3, while the accuracy improves to 5 – 20 %.

Without the assumption of LTE the intersection method did not deliver any tempera-
ture values with an acceptable accuracy. Yet when considering LTE, plasma temperatures
with an accuracy comparable to evaluation of single lines can be obtained. In the arc center
temperatures in the range of 8700 to 11 000 K with a total uncertainty of 10 to 33 % are ob-
tained. At the edges the temperature drops down to 6600 – 7100 K with a total uncertainty
of 40 to 47 %.

The evaluation of the third dataset in the low current phase (figs. 5.13(c) and 5.14(e))
using the intersection method could not be performed, since none of the line combinations
delivered an intersection area for all spatial points.

5.2.2.2 Plasma parameters from hydrogen lines

Since the minimum temporal resolution of the ARYELLE spectrometer is not sufficient for
the time domain of the pulsed GMAW process, additional measurements as described in
section 4.2.2 are performed. The resolution of the Fastie-Ebert spectrometer is only precise
enough for the investigation of the Hα and Hβ lines.

As has been previously mentioned, Hβ line is superposed by lines of other elements
and continuum radiation. If only a small amount of hydrogen is added, the magnitude of
the Hβ radiation and the background are still quite similar in strength. Yet the continuum
shape is too similar to the broadened line shape. Hence, even if the complete spectrum
including the contribution of the continuum and the resonance lines of other element is
fitted to the measured data, it is not possible to reliably extract the contribution of Hβ line.
The fitting algorithm often converges into a local minimum, which however does not fit
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Figure 5.15: Evaluation of electron density and temperature using the intersection method
for 3 different line combinations without (a-c) and with (d-e) assumption of LTE for
a dataset recorded during the high current phase under conditions as indicated in
fig. 5.13(a).
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Figure 5.16: Evaluation of electron density and temperature using the intersection method
for 3 different line combinations without (a-c) and with (d-f) assumption of LTE for a
dataset recorded at the falling current slope under conditions as indicated in fig. 5.13(b).
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the real line shape well enough. Hence, the data containing this line could not be used for
further evaluation.

Figure 5.17 shows the evaluation of 5 consecutive measurements at the same trigger
event time at the beginning of the high current phase. In figs. 5.17(a) and 5.17(b) the Hα

line is used to evaluate the electron density without the assumption of LTE. For the evalu-
ation the simulated line profiles provided in [129] for µ =1 and 1.5, which is equivalent to
Te = Ti (a) and Te = 1.5Ti (b), are used. The maximum electron density values for µ = 1
lie in the range of 8.7× 1022 to 10.1× 1022 m−3 in the arc center. The electron densities
steadily drop down towards the edges up to around 3× 1022 m−3. For the slight devia-
tion from temperature equilibrium (µ = 1.5) the evaluated maximum electron densities
rise to 9.4× 1022 – 11.5× 1022 m−3. The electron densities at the edge lie at 4× 1022 m−3.
The methodical uncertainty varies between 7 and 10 %. The variation of the reconstructed
electron densities for the single measurements might be explained with the instability of
the process.

The theoretical dataset for the calculation of the Hα line allows to consider LTE as well
as pLTE assumptions with different electron and heavy particles temperatures. Here two
evaluations for Te = Ti (fig. 5.17(c)) and Te = 1.5Ti (fig. 5.17(d)) are conducted. In order to
obtain electron density-temperature pairs Saha equation for Ar-Al plasma for Te = Ti (c)
and Te = 1.5Ti (d) is solved for various Ar-Al concentrations. The presence of hydrogen is
neglected here.

The resulting electron densities do not considerably differ from the non LTE case, while
the accuracy improves to 2 – 4 %. Resulting peak temperatures rage between 9400 and
9700 K in the arc center for µ =1 and 1.5. The temperature falls off to 8000 K at the arc edge
region. The methodical uncertainty is 32 to 34 %.

The temporal investigation of the Hα line width is performed with a resolution of at
least 250µs. In order to clearly present temporal evolution of the electron temperature and
densities along the pulse only the maximum values of each measurement are presented in
fig. 5.18 (bottom). Besides the evaluated plasma parameters, the process current and volt-
age together with the trigger event time represented by the vertical bars are shown (center).
Additionally images of the arc are depicted for each trigger point. The relative intensities
in the images are scaled in order to visualize the shape of the arc without saturation.

In the high current phase the resulting electron densities and temperatures approxi-
mately follow the shape of the pulse. The values obtained on the descending slope unex-
pectedly rise, while in the low current phase they considerably reduce again. A plausible
explanation for this results can be found, when taking a closer look on the arc images. In
the first 5 measurements (ttrig=0 to 1 ms) no droplets are present below the measurement
volume. For ttrig=1.25 and 1.5 ms the situation is different. In both cases a metal droplet
is visible below the measurement volume, which probably leads to increased metal vapor
concentration in the plasma. The Hα line is very sensitive to ion dynamics or in other
words collisions between the emitters and heavy perturbers [93]. This means, that if the
plasma composition changes, this may lead to a considerable modification of the line shape
and hence to apparently higher electron densities. In order to verify these assumptions
precise simulations of the line shape for the particular plasma composition would be nec-
essary.

In the low current phase and in the absence of metal droplets (ttrig=6.9 ms) the results
for electron densities and temperatures correlate well with the results obtained in other
measurements.

5.3 Discussion and comparison of results

In the following sections results obtained by different methods are compared with each
other and with other measurements or simulation results available in the literature. Again
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Figure 5.17: Evaluation of electron density without consideration of LTE (a,b) and elec-
tron density and temperature under consideration of LTE (c,d) from the Hα line. The
measurement are consecutively performed at the beginning of the high current phase
(ttrig=0.25 ms). The methodical uncertainty (dev. [%]) is depicted below each evaluation
graph.
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Figure 5.18: Temporal development of the maximum electron temperature and density
evaluated at a particular trigger event time (bottom) along the arc current and voltage sig-
nal (center). The arc images illustrate the position of droplets relative to the measurement
volume (top). The white dashed line in the images marks the measurement volume.

first the results for GTAW arc and afterwards for GMAW processes are discussed.

5.3.1 GTAW processes

5.3.1.1 Pure argon GTAW process

Electron densities obtained by Thomson scattering measurements are in good agreement
with results of Stark broadening of λ0=696.5 and 794.8 nm without consideration of LTE
(Saha equation and ideal gas law). If implementing these equations together with consider-
ation LTE assumptions, the data is reasonably close to the results of λ0=763.5 and 794.8 nm
at least in the region close to the cathode. Results obtained from evaluation of λ0=738.4 nm
lie considerably below the values of Thomson scattering. Consequently, the electron densi-
ties obtained from the intersection method are also much lower, since λ0=738.4 nm is used
for the evaluation here. For λ0=763.5 nm the comparison is difficult due to the presence of
artifacts.

In the case of temperature it seems, that the Stark method is not very sensitive. Fig-
ure 5.19 contradicts the results of the Thomson scattering and Stark broadening methods
taking into consideration of LTE evaluated for a pure argon arc. As illustrated for the
evaluation of λ0 = 696.5 nm line, resulting temperature distributions of all the evaluated
lines lie below the values obtained in the arc center using Thomson scattering, while the
values close to the arc fringes are slightly higher than the results obtained by Thomson
scattering. The temperature evaluated from the intersection method close to the cathode
however agree well with the Thomson scattering results. The accuracy of the intersection
method is in an acceptable range in this area.

The overall discrepancy between results obtained by Stark broadening and Thomson
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(b) Stark broadening results for λ0 = 696.5 nm

Figure 5.19: Comparison of Thomson scattering and Stark broadening evaluated under
consideration of LTE for GMAW process operated with pure argon as a shielding gas.

scattering for the particular processes can be linked to errors, which occur during Stark
broadening evaluation. Besides stochastic errors, such as detector noise or arc fluctuation,
uncertainty may arise from the assumptions needed for Abel inversion (definite type of
intensity profile, axial symmetry). Apart from that, the model applied to obtain the rela-
tion between the line width and the electron density and temperature may not be precise
enough for the processes investigated in this work. Moreover, slight deviation from LTE
in some arc regions would lead to errors as well. Finally it has to be taken into account,
that the accuracy of temperature and density determination is lower in the case of Stark
broadening compared to Thomson scattering.

Pure argon arcs in comparable conditions were also investigated by other groups. Here
mainly temperature results were published. Electron temperatures obtained using Thom-
son scattering in comparable conditions published by Tanaka et al. [29] reach over 20 000 K
in the center of the arc, which lies considerably above the values obtained in this work.
However, the Tanaka et al. use a laser pulse energy, which is 16 times higher than the laser
used in this work, so heating of plasma by the laser radiation may not be negligible. Yet
the linear extrapolation to zero laser energy as suggested by Tanaka et al. still overesti-
mates the electron temperature as shown by Murphy [146]. When using the correction
procedure suggested by Murphy, electron temperature values in the range of the values
obtained using Thomson scattering in this work are achieved.

Still, the temperature distribution obtained by Thomson scattering in this work is com-
parable to the temperature distribution determined by emission spectroscopy methods e.g.
by Bachmann et al. [74] in process operated in very similar conditions.
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5.3.1.2 GTAW process with Ar-He gas mixture

The comparison of Thomson scattering and the Stark broadening results for the GTAW
process operate with Ar-He shielding gas mixture reveals a strong correlation between
the electron density values determined within the accuracy range. In particular the agree-
ment is good for the separate evaluation of 763.5 and 794.8 nm lines with and without the
assumption of LTE, for evaluation of the 696.5 nm line without LTE restriction and the den-
sity values obtained by the intersection method. For 738.4 nm line again the density values
lie below Thomson scattering results.

If comparing the temperature distributions resulting from the two measurement meth-
ods, the agreement of the results is only good near the central axis of the arc. Towards the
arc edges the values obtained by Stark broadening lie above the values obtained by Thom-
son scattering. Only for the intersection method the temperature values lie closer to the
temperatures obtained by Thomson scattering. However, in the outer regions the accuracy
of the intersection method is quite low.

The temperature and density in Ar-He arcs were also spectroscopically investigated in
two other works. Hiraoka [69] investigated GTAW process operated with Ar-He (50 %-
50 %), I=100 A and an arc length of 5 mm. Here maximum electron densities slightly above
1× 1023 m−3 using IR-spectroscopy technique and temperatures below 17 000 K using a
two Ar line intensity correlation were determined 1 mm below the cathode tip. Although
the resulting densities are higher than obtained in this work, the resulting temperatures
are in the expected range for a process operated with a lower current.

Xiao et al. [71] have reported temperatures and densities of a GTAW process oper-
ated with the same shielding gas mixtures, I=200 A and an arc length of 5 mm. Here
Fowler-Milne method, Boltzmann plot and correlation of two Ar lines were used to mea-
sure plasma temperature 1 mm below the cathode tip. The maximum temperatures above
20 000 K were reached. Maximum electron densities in the range of 1.1× 1023 m−3 were
evaluated from the Stark broadening measurement of Ar II 480.6 nm line. The measure-
ments seem to be in reasonable agreement with the values obtained in this work for lower
currents.

A numerical investigation of a GTAW process with pure Ar in comparison with Ar-He
shielding gas, I=180 A, but only 3 mm arc length was performed by Traidia et al. [147]. Here
the resulting temperature distribution shape of the pure Ar arc and the Ar-He arc agree
with distribution shapes obtained in this work. However the simulation delivers higher
plasma temperatures for the Ar-He gas mixtures compared to pure argon. The results of
modeling a 5 mm GTAW arc operated with a Ar(70 %)-He(30 %) shielding gas mixtures
and I=150 A [148] deliver a temperature distribution similar to the results obtained in this
work. However, it has to be noted, that in both modeling the demixing of the shielding
gas components is not considered.

5.3.1.3 GTAW process with Ar-H2 and Ar-N2 gas mixtures

Comparable studies of GTAW processes operated with Ar-H2 and Ar-N2 gas mixtures
were performed by Hiraoka[68, 82]. Here the arc was operated with I=100 A and an arc
length of 5 mm.

For the arc operated with 5 % of H2 maximum measured temperatures in the range
of 16 500 K [82] and 16 000 K [68] for 10 % of H2 using the two-line intensity correlation
method are reported. The arc shape determined in this work is comparable to the results
delivered by Thomson scattering. The maximum reported electron densities of
1.6× 1023 m−3 determined by Stark broadening of Hβ line and 2× 1023 m−3 determined
by infrared emission spectroscopy are considerably higher than the values obtained in this
work. However, the author reports a temperature and density decrease compared to the
measurements in the arc with pure argon, which is also observed in this work.
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Hiraoka [82] has also detected slight decrease of temperature in the arc, when adding
5 % of N2 to the shielding gas. Similar effects are also observed in this work. Murphy [26]
has measured a maximum temperature of around 18 000 K 2 mm below the cathode in a
5 mm long GTAW arc operated with I=200 A and 12 % N2 mixed to argon shielding gas.
When considering the higher currents the electron temperatures of about 16 000 K in the
arc center for 8 % of N2 in the shielding gas mixture obtained in this work reach a plausible
value.

5.3.2 GMAW process

If comparing the electron density results obtained from Thomson scattering and Stark
broadening of single resonance lines, good agreement within the accuracy of the mea-
surements methods for the high current phase of the pulse can be shown. Here electron
densities of up to 1.6× 1023 m−3 for Thomson scattering and densities between 1.26× 1023

and 1.75× 1023 m−3 for Stark broadening are obtained. The assumption of LTE does not
have a strong influence on the results.

The variation of results delivered by Stark broadening method is mainly due to the
choice of the evaluated spectral line. While the results obtained from the 696.5, 763.5 and
794.8 nm Ar I lines lie in a comparable range, the results for 738.4 nm line are noticeably
below. Since this observation can be made for all the measurement, it might be assumed
that the theoretical dataset used for the evaluation underestimates the plasma parameters
in the welding arcs.

The electron densities obtained by the intersection method ranging from 1× 1023 to
1.4× 1023 nm lie slightly below the other results. Yet when not considering the results in-
cluding the evaluation of the 738.4 nm line, maximum values of 1.4× 1023 m−3 are reached.
The deviation from to the values obtained by Thomson scattering can be explained by the
different temporal resolution of both methods. While for Thomson scattering extremely
short exposure times of up to 15 ns are used, the measured spectra are averaged over 1 ms
in the case of Stark broadening detection with the ARYELLE spectrometer. Considering
the more coarse spatial resolution of the Stark broadening results, both methods deliver
comparable spatial electron density distributions.

The maximum temperatures evaluated from the Stark broadening of approximately
10 000 K lie below the maximum values obtained by the Thomson scattering method
(14 000 K). However the deviation of the results can be explained by the relatively high
uncertainty of the former method and the time averaging of the results. Here no strong
deviations between the results of single lines are observed. The evaluation of intersection
method combined with the assumption of LTE deliver comparable results. All in all the
Stark method is more sensitive to the temperature in the case of Ar-Al plasma. Consider-
ing the uncertainty of the Stark method the temperature profiles of the Stark broadening
and the Thomson scattering are comparable.

The results of Thomson scattering measurement for the electron density lie above the
values obtained from the evaluation of the Hα line. However, as was already discussed,
this line is sensitive to the ion dynamics in the plasma. The comparison of the two different
electron-ion temperature ratios (parameter µ) indicates, that the theoretical dataset might
not precisely describe the broadening mechanism for the conditions in the Ar-Al plasma.
The obtained temperature values, their spatial distribution and uncertainty are however
comparable to the results obtained from evaluation of single Ar lines.

When comparing the temporal evaluation of Thomson scattering results with the eval-
uation of Ar I lines similar development of the electron temperature and density is ob-
tained. In both measurements the values behave accordingly to the magnitude of the cur-
rent. For the temporal evolution obtained from the width measurement of Hα line this is
only true for the values measured during the high current and low current phase. As was
previously explained, the temporary increase of the temperature and density values in the
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presence of metal droplets might again be an evidence for a changed ion dynamics and
eventually absorption.

The electron temperatures measured in the high current phase of the GMAW process
are slightly higher than plasma temperatures spectroscopically measured by Goecke [9]
using the Barthels method. Here as well, measurements in the high current phase were
performed using a comparable pulsed GMAW process operated with aluminum welding
wire with a diameter of 1 mm and argon as a shielding gas. Radial temperature profiles
were recorded at 3 mm above the workpiece. For pure argon an arc length of approxi-
mately 5 mm was measured. The radial temperature distribution displays a slight mini-
mum at the central axis of the arc. Here the measured temperature in the center of the
arc lies at approximately 11 000 K, whereas the maximum temperature of the radial dis-
tribution reaches 11 300 K. The results of the emission coefficient method deliver a much
lower temperature minimum in the center of the arc. However as already stated by the
author, this method is sensitive to self absorption of the spectral lines. The fact that the
used spectral lines are optically thin, was not experimentally confirmed.

Maximum temperatures in the center of an aluminum GMAW arc with a DC current of
95 A obtained from a 3D simulation model by Murphy [149] reach 9800 K, when consider-
ing the influence of the metal vapor. A temperature minimum in the radial temperature
distribution is only visible close to the wire electrode. This might be an explanation for
the absence of a temperature minimum in the center of the radial profile measured by
the Thomson scattering technique. Due to a longer arc with a length of 8 to 9 mm and
hence different spatial temperature distribution the region with the on-axis temperature
minimum might be shifted or even vanish.

5.4 Gas composition reconstruction

As was previously shown by modeling and experimental approaches [145, 150] demixing
of shielding gas components is taking place in GTAW and GMAW arcs. Since Thomson
scattering delivers reliable electron temperature and density values, they can be used to
estimate the concentration of species in a two component plasma, if LTE assumptions are
valid. Molecular gases are assumed to be fully dissociated, which is reasonable for the
considered temperature range. If solving the Saha equation, correlations between plasma
temperature, density and component concentration are obtained. These correlations are
used to identify concentrations matching the temperature density pairs.

Figure 5.20 visualizes the temperature electron density relation resulting from the so-
lution of the Saha equation for different argon concentrations in a two component plasma.
In the case of Ar-He (fig. 5.20(a)) the resulting sensitivity as a function of the argon concen-
tration is significantly high in the temperature range from 10 000 to 20 000 K. This makes it
possible to perform an accurate gas composition reconstruction in the central region of the
arc. For Ar-Al plasma (fig. 5.20(b)) the density sensitivity as a function of the argon con-
centration is significant in the temperature range from 5000 to 15 000 K, which also makes
the reconstruction of the Al concentration possible.

For argon-hydrogen or argon-nitrogen plasmas however the electron density does not
considerably change for LTE condition with Te = Ti, if changing the argon concentration.
Hence, the reconstruction is not possible, if only information about the electron density
and temperature is available.

Figure 5.21 shows the results of the helium concentration reconstruction. The concen-
tration drastically increases in the arc center to up to 77 – 80 %, although the original gas
mixture contains only 50 % He. It confirms the assumption (see section 5.1.1.2), that demix-
ing of argon and helium is taking place in the Ar-He arc. The concentrations measured by
Hiraoka [69] for a an GTAW arc operated with I=100 A lie in the range of 70 %. The values
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Figure 5.20: Temperature-electron density characteristics for different concentration fo Ar
in the two component plasma under consideration of LTE.

predicted by Murphy [145] for an arc with I=200 A rise up to 77 % in the arc center. This
corresponds very well with the result of the reconstruction performed in this work.

An example of a radial distribution of aluminum concentration in the GMAW arc is
shown in fig. 5.22. The estimation yields metal concentrations in the range of 20 % in the
inner region of the arc. Metal concentrations estimated from spectroscopic measurements
reported by Goecke [9] are in the similar range for a pulsed GMAW process operated in
comparable conditions. The aluminum vapor concentration simulated in [149] however
range at a much higher level (80 %) for a process operated with a DC current of 95 A and
a feed rate of 72 mm/s. Yet it has to be considered, that in contrast to the simulation the
workpiece is cooled during the Thomson scattering measurement reducing the vaporiza-
tion. Moreover, the arc length in the experiment is estimated to be twice as long as in the
simulation (approx. 4 mm), which might as well influence the vaporization process.

Figure 5.23 depicts the average aluminum concentration reconstructed in the arc center
over the duration of the current pulse. It can be seen that estimated aluminum concen-
tration reaches 10 to 20 % during the high current phase of the pulse. Higher aluminum
concentration values in the range of 33 to 72 % are estimated in the low current phase in the
center of the arc. This accumulation of aluminum possibly arises due to its low ionization
energy, which is necessary to still maintain the plasma state even for the reduced electric
arc current.
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Figure 5.21: Reconstructed concentration of helium by volume fraction in the GTAW arc
operated with Ar-He shielding gas mixture. Two consecutive contour lines correspond to
an increase of He concentration of 10 %.
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Figure 5.22: Example of aluminum concentration reconstruction in the GMAW arc
recorded at t=0.7 ms.
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Figure 5.23: Temporal evolution of reconstructed mean metal vapor concentration in the
center of the arc GTAW arc operated with aluminum wire (bottom). Process current pulse
and voltage with the measurement time tmeas marked by the vertical bars (top).





Chapter 6

Conclusions and outlook

In this work two diagnostic techniques, Thomson scattering and Stark broadening, have
been applied for the measurement of electron density and temperature of stationary as
well as transient welding processes operated with different shielding gas mixtures.

Firstly, Thomson scattering technique has been set up for the investigation of stationary
GTAW processes with inert and molecular shielding gas mixtures. Thereafter, it has been
extended for application to pulsed GMAW processes operated with aluminum and iron
wire electrodes. It has been demonstrated, that this technique can be applied to transient
GMAW processes in the presence of metal vapor. For all the processes, where the electron
feature could be clearly detected, the signal has been evaluated by fitting theoretical scat-
tering profiles to the measured scattering patterns. The fits have yielded spatially resolved
electron density and temperature profiles without previous knowledge of plasma compo-
sition, the arc column shape and partially without the assumption of LTE. The temporal
resolution for transient processes has been achieved using an additional logic circuit for
shifted trigger pulse generation.

From the obtained results it can be deduced, that the main requirement for a successful
detection of the scattering spectra in welding plasmas is the absence of strong plasma
background radiation in the region of the laser wavelength. Yet as several strong lines
are present in the wavelength region of interest, the detection of electron feature with the
current setup was not possible for the GMAW processes with iron wire electrode.

Since the electron densities and temperatures have been evaluated independently, the
measurement data could be used for spatially and temporally resolved plasma composi-
tion estimation. However, these calculations could only be performed for gas mixtures
with sufficiently different ionization energies and under assumption of LTE.

In the second step, the emission spectra of stationary GTAW processes operated with
pure argon and with argon-helium gas mixture as well as the pulsed GMAW processes
operated with aluminum as the wire electrode have been recorded in order to evaluate the
Stark broadening of selected spectral lines. Temporal resolution for the transient GMAW
process has been implemented using the trigger logic previously applied for Thomson
scattering setup. A clear advantage of this technique is, that it is a passive diagnostic
technique with a relatively simple experimental setup. It has been successfully applied
for the electron density determination without assumption of LTE. Temperature values
have been additionally estimated, when LTE restrictions were taken into account. The
intersection method using several broadened lines for electron temperature and density
evaluation however has only delivered results with a reasonable accuracy for the electron
density without the assumption of LTE.

The comparison of Thomson scattering and Stark broadening techniques has shown,
that both methods deliver comparable results for electron density within the experimental
error of the respective methods. Good agreement with the experimental results available in
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the literature could be also found for both techniques at least for the stationary processes,
since not much data for transient processes exist.

Additional improvements of the diagnostic techniques
The Thomson scattering signal is in general relatively weak. Yet its magnitude addition-
ally drops with the decreasing electron density. This introduces a higher experimental
error in the low density regions of the arc or makes the estimation of plasma parameters
impossible. In order to improve the S/N ratio and simultaneously widen the region, where
Thomson scattering can be applied, several features of the experimental setup can still be
optimized.

Among others, the magnitude of the scattering signal depends on the power of incident
laser radiation. Yet starting from certain radiation power level the heat-up of the plasma
by inverse bremsstrahlung becomes significant. Thus the pulse laser energy cannot be
considerably increased above the pulse energies used in this work without modifying the
conditions in the investigated plasma volume. Still an increase of laser frequency from
several Hz to kHz range with laser per pulse energies in the range of several mJ may sig-
nificantly improve the S/N ratio of the resulting spectrum, when on chip integration mode
of the camera is used. This was already demonstrated in [60] for argon streamer plasmas.
Thus, the total CCD chip integration time can be reduced, while the number of integrated
pulses is increased, which improves an overall S/N ratio.

It should be taken into account, that increase of the Thomson scattering signal implies a
simultaneous increase of the magnitude of Rayleigh scattering and the parasitic reflections.
If this part of the spectrum is not filtered out, it not only might cause saturation of the
CCD detector, but also damaged the image intensifier. To prevent this effect gas reference
vapor cells can be used as notch filters. A rubidium vapor cell [151] or sodium vapor
cell [152] were successfully applied as a notch filter in a Thomson scattering setup using
tunable lasers as the radiation source. However, the drawback of those cells is, that their
absorption properties vary with ambient conditions, such as temperature and pressure.
Hence, special care has to be taken to maintain comparable cell conditions for reproducible
measurements.

Another possibility to filter out the Rayleigh scattering signal is to implement a me-
chanical notch filter by using a triple grating spectrometer as e.g. proposed by van de
Sande [153]. The accurate realization of this type of filter apparatus is more complex, since
three diffraction gratings and a narrow stripe are used to block the undesired wavelength.
The advantage yet is, that the blocked wavelength can be adjusted for any required spectral
region. Moreover, once set up, the triple grating spectrometer is less sensitive to change of
ambient conditions.

In the case of Stark broadening the applied experimental technique may be further
improved. The possibility of recording a wide spectral range with a simultaneously high
wavelength resolution, which was realized by the Echelle spectrometer, proved to be very
advantageous. However by replacing the current CCD detector by an ICCD camera would
improve the sensitivity and allow faster gating times for better temporal resolution during
the transient sections. Additionally, the inner configuration of the imaging optics within
the spectrometer must be adjusted, so that all the lines of interest are positioned not on the
edges of the detector to prevent optical artifacts.

It might be also useful to replace the fiber optics by lenses imaging the investigated
volume on the spectrometer slit. Thus, a one-dimensional more precise spatial resolution
can be obtained in a single measurement, which is important for less stable processes.

The discrepancies in the results of Thomson scattering and Stark broadening suggest,
that the theoretical model delivering line profiles and hence the broadening width of the
Stark effect for different emitters needs to be adapted to conditions prevailing in welding
plasmas. The comparison of the evaluation of different resonance lines clearly indicates,
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that the accuracy and reliability of particular evaluated electron densities and tempera-
tures are determined by the employed theoretical data delivering the correlation of those
parameters and spectral line shape. Moreover, the applicability of the intersection method,
which theoretically allows simultaneous measurement of electron temperature and den-
sity, strongly depends on the choice of the spectral lines. Due to lack of theoretical data
for detectable lines of other emitting species mainly Ar I lines could be evaluated by this
method. Additionally, the investigations have shown that depending on plasma condi-
tions spectral line shape might be sensitive to ion dynamics. This was clearly observed for
the Hα line, while the Ar I lines showed less sensitivity to different plasma compositions.

Hence, a more detailed theoretical estimation of line shapes is required in order to
correctly estimate the plasma parameters depending on the particular conditions. This can
be achieved by extending the approach proposed by Gigosos et al. in [129] to the particular
conditions present in the investigated welding process. Theoretical estimations of lines
shapes of well detectable spectral lines of other species might be as well helpful in order
to improve the performance of intersection method, so that the electron temperatures and
densities can be deduced without any further assumptions.

Further applicability for industrial processes
All in all it can be concluded, that the Thomson scattering technique delivers more reli-
able measurement results and can be applied for different plasma composition without
additional modification. Due to its complicated experimental setup this technique is only
suitable for basic investigation of the process under careful controlled conditions in a labo-
ratory. Yet the Stark broadening with its more simple experimental setup may be adopted
to perform measurements of electron temperature and density in processes operated un-
der industrial conditions. However, for a reliable plasma parameter determination an im-
proved theoretical model for each particular process condition is required, if the Stark
broadening technique has to be used.





Appendix A

Supplementary material

A.1 Stark Broadening Parameters for isolated argon lines

Line width for argon resonance lines according to the impact approximation and under
consideration of the ion impact parameters are given in the table A.1 for specific electron
temperatures and densities.

(a) λ0 = 794.8 nm

T [K] w [nm] a
5000 0.00361 0.028

10000 0.0048 0.023
20000 0.00649 0.018
40000 0.00843 0.015

(b) λ0 = 696.54 nm

T [K] w [nm] a
2500 3.27e-3 0.047
5000 4.09e-3 0.04

10000 5.37e-3 0.032
20000 7.1e-3 0.026
40000 8.73e-3 0.023

Table A.1: Broadening width parameters for ne = 1022 m−3 and for two resonance lines
λ0 = 794.8 nm [125] and λ0 = 696.54 nm [101].

For some data a fitting function

log(wi) = a0 + a1 log(T ) + a2(log(T ))2 (A.1)

with wi the line width in Å. The index i denotes the width obtained for a specified collider.
The total width is simply w =

∑
i

wi as the line profile is assumed to be Lorentzian. The

fitting coefficients for different argon resonance lines are given in the table A.2.
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electron Ar II

λ0 [nm] ne [m−3] a0 a1 a2 a0 a1 a2
696.54 1021 -0.77841 -1.0172 0.16496 -2.65189 0.01701 -0.0016

1022 0.22159 -1.0172 0.16496 -1.84825 0.10643 -0.01178
1023 1.22159 -1.0172 0.16496 -1.02443 0.16605 -0.01645

738.40 1021 -0.62722 -1.02105 0.1596 -2.5426 -0.01722 0.0027
1022 0.37278 -1.02105 0.1596 -1.74533 0.07539 -0.00785
1023 1.35898 -1.01499 0.15894 -1.07938 0.21072 -0.02157

763.51 1021 -0.50925 -1.11654 0.17688 -2.52303 -0.00255 0.00062
1022 0.49075 -1.11654 0.17688 -1.75809 0.10547 -0.01175
1023 1.47199 -1.10769 0.17584 -1.10765 0.24441 -0.02547

Table A.2: Fitting coefficients for the calculation of broadened line width using eq. (A.1)
according to [128].

A.2 Experimental setup

A photograph and a 3D model of the improved mobile experimental setup is shown in
figs. A.1 and A.2.

Figure A.1: Photograph of the optimized Thomson scattering setup.
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Figure A.2: 3D Model of the optimized Thomson scattering setup.
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A.3 MATLAB scripts and functions for data evaluation

In the following selected MATLAB scripts and functions, which has been used for the data
evaluation, are given.

A.3.1 Thomson scattering

File A.1: Generate ’*.mat’ files from ’*.rtv’ files provided by the 4SPEC software
1 function [file_name]=create_spectrum_1(dir_list,flag,dir_shift) %field mode start with next, no trig

framgrabber
2 %define image width and height
3 %function creates integrated spectra from .rtv images recorded by the 4picos cameara.
4 %the spectras are saved in .mat files
5
6 %input parameter:
7 %dir_list: directory with signal and back folders/files
8 %flag: select between *.rtv (=0) and .*tif (=1) file list
9 %dir_shift (optionial): correct the astigmatism of the entrance slit

10
11 %output: name of the generated *.mat file
12
13 tic
14 width=350+2; %width=pixel_width+2; width=pixel_width %for 10bit
15 height=572;
16
17 if nargin<3
18 shift=zeros(1,height/2);
19 else
20 load(dir_shift);
21 end
22
23 if nargin<2
24 flag=1;
25 end
26 %determine signal frame
27 if flag==1
28 buf_field=integrate_images_seq(dir_list,width,height); %integrate signal
29 elseif flag==0
30 buf_field=integrate_images_rtv(dir_list,width,height);
31 %check whether the sign of the spectrum is correct
32 spec_h_1=sum(buf_field(1:2:height,:),1);
33 spec_h_2=sum(buf_field(2:2:height,:),1);
34 spec_h_1_s=sum(spec_h_1(70:110));
35 spec_h_2_s=sum(spec_h_2(70:110));
36 if spec_h_1_s<0 && abs(spec_h_1_s)>abs(spec_h_2_s)
37 buf_field=−buf_field;
38 elseif spec_h_2_s<0 && abs(spec_h_2_s)>abs(spec_h_1_s)
39 buf_field=−buf_field;
40 end
41 end
42
43 frm1=astg_corr(buf_field,height,width,1,shift); %correct spectrograph astigmatism and separate frames
44 frm2=astg_corr(buf_field,height,width,2,shift);
45
46 width=size(frm1,2);
47
48 spec_h_1=sum(frm1(100:200,:),1);
49 spec_h_2=sum(frm2(100:200,:),1);
50 file_name=[dir_list 'frm.mat'];
51
52 if max(spec_h_1)>max(spec_h_2)
53 figure;
54 % max_s=max(spec_h_1);
55 subplot (4,4,14:16); plot((1:width).*0.15,spec_h_1); xlim([0,width*0.15]);
56 spec_v_1=sum(frm1(:,80:110),2); %vertical median filter
57 spec_v_1=smooth(spec_v_1,10);
58 subplot (4,4,[1 5 9]); plot(spec_v_1); view(90,90);xlim([0,height/2]);
59 subplot(4,4,[2:4 6:8 10:12]); imagesc(frm1)
60 colormap('Gray')
61
62 title(dir_list,'Interpreter','none')
63 save(file_name,'frm1')
64 else
65 figure;
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66 % max_s=max(spec_h_2);
67 subplot (4,4,[14:16]); plot((1:width).*0.15,spec_h_2); xlim([0,width*0.15]);
68 spec_v_2=sum(frm2(:,80:110),2); %vertical median filter
69 spec_v_2=smooth(spec_v_2,10);
70 subplot (4,4,[1 5 9]); plot(spec_v_2); view(90,90);xlim([0,height/2]);
71 subplot(4,4,[2:4 6:8 10:12]); imagesc(frm2)
72 colormap('Gray')
73
74 title(dir_list,'Interpreter','none')
75
76 save(file_name,'frm2')
77 end
78 toc
79
80 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
81 %subfunctions
82 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
83 function[img_out] = astg_corr(img_in,height,width,i_start,shift)
84 %geometrical correction of the spectral line shape based on the asumption
85 %of parabolic shape of the line
86 %i_start indicates the first or second half−frame
87
88 %correction shift
89 img_out=zeros(height/2,width+max(shift)); %preallocate memory
90 for i=1:height/2−1
91 img_out(i,1+shift(i):width+shift(i))=img_in((i−1)*2+i_start,:);
92 %img_out(i,1+shift(i):width+shift(i))=img_in(i,:);
93 end
94 max_shift=max(shift);
95 if max_shift==0
96 max_shift=1;
97 end
98 img_out=img_out(:,max_shift:width); %cut edges

File A.2: Generate correction matrix for curvature correction of the spectra
1 function[shift,shift_file]= astg_shift(file,line_interv)
2 %geometrical correction of the spectral line shape based on the asumption
3 %of parabolic shape of the line
4 %file: *.mat
5 %line_interv indicates the interval which has to be corrected as follows [start:end]
6
7 %output: name of the generated *.mat file
8
9 %define image width and height

10 var=whos('−file', file);
11 frm=load(file,var.name);
12 frm=frm.(var.name);
13 height=size(frm,1);
14
15 [~,max_i]=max(frm(:,line_interv),[],2);
16 p_coef=polyfit(15:height−2,max_i(15:end−2)',2); %quadratic polynomial fit
17 line_fit=ceil(line_interv(1)+polyval(p_coef,1:height));
18 line_peak=max(line_fit);
19 shift=line_peak−line_fit; %define cell shift for each row
20 [pathstr, name, ~] = fileparts(file);
21 shift_file=[pathstr '\' name '_shift.mat'];
22 save(shift_file,'shift')

File A.3: Fit theoretical Thomson spectra to the measured data
1 function[T,n]=thomson_auswertung_lsqr(spectrum,gauss_data,M_spec,p)
2
3 dl=0.04; %resolution of the monochromator nm/pix => dl=0.04; old1 dl=0.07; old2 dl=0.15
4
5 [height,width]=size(spectrum);
6
7 %load data for correlation with measured spectra
8 var=whos('−file', gauss_data);
9 frm=load(gauss_data,var.name);

10 frm=frm.(var.name);
11 spec_h=sum(frm(150:200,:),1);
12 spec_h=spec_h−mean(spec_h(1:200));
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13 spec_h=spec_h./max(spec_h);
14 sig1=find(spec_h>=exp(−0.5),1,'first');
15 sig2=find(spec_h>=exp(−0.5),1,'last');
16 width_i=abs(sig1−sig2).*dl;
17 sig1=sig1+(exp(−0.5)−spec_h(sig1−1))/(spec_h(sig1)−spec_h(sig1−1));
18 sig2=sig2+(exp(−0.5)−spec_h(sig2+1))/(spec_h(sig2+1)−spec_h(sig2));
19 sig=dl*(sig2−sig1)/2;
20 %[~,M_spec]=max(spectrum,[],2);
21
22 DwX=−20:0.01:20; %precalculation of the Dawson integral
23 DwY=mfun('dawson',DwX); %precalculation of the Dawson integral
24
25 thomson=@(f,x)(1e3.*f(3).*thomson_fun(sig,f(1).*1e3,f(2),x,DwX,DwY));
26 gauss=@(f,x)(f(1)*1e4.*exp(−0.5.*((x−f(2))./f(3)).^2));
27 lor = @(f,x)(1e4.*f(1)*f(3)./(pi*((x−f(2)).^2+f(3)^2)));
28 voigt=@(f,x)(1e4.*f(4)*(f(1).*(1./(1+((x−f(2))./f(3)).^2))+(1−f(1)).*(exp(−log(2).*((x−f(2))./f(3)).^4))));
29
30 test=@(f,x)(thomson(f(1:3),x)+voigt(f(4:7),x));
31
32
33 T=zeros(1,height);
34 n=zeros(1,height);
35
36
37 k_b=1.3806504e−23; %J/K
38 m_e=9e−31; %electron mass kg
39 phi=pi/2; %scattering angle in rad
40 lambda_0=532e−9; %laser wavelength in nm
41 k=4*pi*sin(phi/2)/lambda_0;
42 c=3e8;
43 alpha_s=c.*4.*pi./((lambda_0.^2).*2.5.*k.*sqrt(k_b.*1e4./m_e)); %constant for initial alpha value
44
45 for i=1:height
46 spectrum(i,:)=spectrum(i,:)−mean(spectrum(i,1:40));
47 %M_spec=round((1:width)*spectrum(i,:)'./sum(spectrum(i,:)));
48 x=linspace(0,width*dl,width);
49 x=x−x(M_spec);
50 sh=fix(1.3/dl);
51 x_ind=[1:M_spec−sh,M_spec+sh:width];
52
53 f0g=[0.5,0,sig,max(spectrum(i,:)).*1e−4];
54 %f0g=[max(spectrum(i,:)).*1e−4,0,sig];
55 %f0g=[1e−4.*max(spectrum(i,:)).*pi*width_i./2,0,width_i/2];
56
57 [sMax,sMaxI]=max(spectrum(i,x_ind));
58
59 f0=[1e1,min(5,max(1.2,alpha_s.*(abs(x(x_ind(sMaxI))).*1e−9))),1e−3.*100];
60 lb=[0.3e1,0.8,1e−3.*sMax*0.6];
61 ub=[5e1,5,1e−3.*sMax*1.1];
62
63 % lbg=[1e−4.*max(spectrum(i,:)).*0.95,−0.5,sig*0.8];
64 % ubg=[1e−4.*max(spectrum(i,:)).*1.05,0.5,sig*1.2];
65 %lbg=[(1e−4.*max(spectrum(i,:)).*pi*width_i./2).*0.55,−0.5,width_i*0.5*0.5];
66 %ubg=[(1e−4*max(spectrum(i,:)).*pi*width_i./2).*0.75,0.5,width_i*0.5*1.5];
67 lbg=[0.27,−0.5,0.015,max(spectrum(i,:)).*0.95.*1e−4];
68 ubg=[1,.5,1,max(spectrum(i,:)).*1.05.*1e−4];
69
70 options=optimset('Display','off','TolFun',1e−6,'TolX',1e−6,'MaxFunEval',2e4,'MaxIter',4e4);
71
72 x_ind=1:width;
73 [f_par]= lsqcurvefit(test,[f0,f0g],x(x_ind),spectrum(i,x_ind),[lb,lbg],[ub,ubg],options);
74 T(i)=f_par(1);
75 n(i)=f_par(2);
76 if p
77 figure;
78 [y_fit]=test(f_par,x(x_ind));
79 plot(x(x_ind),spectrum(i,x_ind),x(x_ind),y_fit,'Linewidth',1.5)
80 ylim([min(spectrum(i,:)) max(spectrum(i,:))./10])
81 xlim([x(1),x(end)])
82 xlabel('\lambda−\lambda_0 [nm]')
83 ylabel('Intensity [a.u.]')
84 end
85 end
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File A.4: Generate electron feature convoluted with an instrumental profile for an array of
T and α

1 function[]= gen_thomson_data(gauss_data)
2 %generate calculated Thomson spectral datan in dependence of T_e and n_e
3 %input: instrumental function
4 T_e=3000:200:25000;
5 %n_e=7e21:5e21:3e23;
6 l_T=length(T_e);
7 %l_n=length(n_e);
8
9 k_b=1.3806504e−23; %J/K

10 m_e=9e−31; %electron mass kg
11 phi=pi/2; %scattering angle in rad
12 lambda_0=532e−9; %laser wavelength in nm
13 eps_0=8.8e−12; %As/Vm
14 Q_e=1.6e−19; %electron charge in C
15 c0=3e8; %speed of light m/s
16
17 %lambda_d=sqrt(eps_0*k_b/Q_e^2).*sqrt(T_e'*(1./n_e));
18 k=4*pi*sin(phi/2)/lambda_0;
19 %alpha=1./(k.*lambda_d);
20 alpha=1:0.05:3.5;
21 l_n=length(alpha);
22
23 %determine instrumental profile width (measured data on cold atmosphere/gasflow)
24 dl=0.027; %spectral resolution in nm/pix => old2 dl=0.15 old1=0.07 dl=0.04;
25 var=whos('−file', gauss_data);
26 frm=load(gauss_data,var.name);
27 frm=frm.(var.name);
28 spec_h=sum(frm(1:100,:),1);
29 m=mean(spec_h(1:100));
30 spec_h=spec_h−m;
31 spec_h=spec_h./max(spec_h);
32
33 sig1=find(spec_h>=0.5,1,'first');
34 sig2=find(spec_h>=0.5,1,'last');
35 sig1=(0.5−sig1*spec_h(sig1−1)+(sig1−1)*spec_h(sig1))/(spec_h(sig1)−spec_h(sig1−1));
36 sig2=(0.5−(sig2+1)*spec_h(sig2)+(sig2)*spec_h(sig2+1))/(spec_h(sig2+1)−spec_h(sig2));
37 sig=dl*(sig2−sig1)/(2*sqrt(2*log(2)));
38
39 x_e=−4:0.01:4;
40 l=length(x_e);
41 a=sqrt(2.*k_b.*T_e./m_e);
42 a_3d=permute(repmat(a,[l_n 1 l]),[2 1 3]);
43 x_e_3d=permute(repmat(x_e,[l_T 1 l_n]),[1 3 2]);
44 x_el=x_e_3d.*2.*lambda_0.*sin(phi/2).*a_3d/c0*1e9; %transofrm x_e to lambda in [nm]
45 gauss=exp(−0.5*(x_el./sig).^2);
46
47 %salpeter approximation
48 alpha_2_3d=repmat(alpha,[l_T 1 l]);
49 alpha_2_3d=alpha_2_3d.^2;
50 G_e_n=(1−2.*x_e.*mfun('dawson',x_e)−1i.*(x_e.*sqrt(pi).*exp(−x_e.^2)));
51 G_e_3d=permute(repmat(G_e_n,[l_T 1 l_n]),[1 3 2]);
52 G_e=alpha_2_3d.*G_e_3d;
53
54 S_e=(1./(k.*a_3d.*sqrt(pi))).*(abs(1./(1+G_e)).^2).*exp(−x_e_3d.^2);%electron scattering spectrum tranformed

for lambda as input parameter
55 %consideration of the instrumental width
56 S_e_conv=ifft(fft(S_e,2*l−1,3).*fft(gauss,2*l−1,3),2*l−1,3); %extende convoluted vectors to prevent the

wrap around of the data
57
58 %transformation into the wavelength scale (scaling factor)
59 S_0=zeros(l_T,l_n,l*2−1);
60 S_0(:,:, l:l*2−1)=2*sqrt(pi)*c0/(k.*lambda_0^2.*a_3d);
61 S_0(:,:,1:l−1)=flipdim(S_0(:,:,l+1:l*2−1),3);
62
63 S_e_conv=S_0.*S_e_conv;
64
65 [M dx]=max(S_e_conv(:,:,l:l*2−1),[],3);
66 Hwhm=zeros(l_T,l_n);
67 P_V=zeros(l_T,l_n);
68 P_V1=zeros(l_T,l_n);
69 %determine HWHM
70 for i=1:l_T
71 for j=1:l_n
72 Hwhm(i,j)=find(S_e_conv(i,j,l−1+dx(i,j):l*2−1)<M(i,j)/2,1,'first');
73 P_V(i,j)=M(i,j)./S_e_conv(i,j,800+fix(dx(i,j).*0.5));
74 end
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75 end
76 %M=M./S_e_conv(:,:,801);
77 dx=0.01.*(dx).*2.*lambda_0.*sin(phi/2).*a_3d(:,:,1)/c0*1e9; %transofrm x_e to lambda in [nm]
78 Hwhm=0.01.*(Hwhm).*2.*lambda_0.*sin(phi/2).*a_3d(:,:,1)/c0*1e9;
79
80 [A,T]=meshgrid(alpha,T_e);
81 save([gauss_data '_thomson_data.mat'],'Hwhm','dx','T','A','S_e_conv','P_V');

File A.5: Generate temperature density profiles valid in LTE assumptions (Solution of the
Saha equation along with ideal gas law)

1 function[]= gen_thomson_data(gauss_data)
2 %generate calculated Thomson spectral datan in dependence of T_e and n_e
3 %input: instrumental function
4 T_e=3000:200:25000;
5 %n_e=7e21:5e21:3e23;
6 l_T=length(T_e);
7 %l_n=length(n_e);
8
9 k_b=1.3806504e−23; %J/K

10 m_e=9e−31; %electron mass kg
11 phi=pi/2; %scattering angle in rad
12 lambda_0=532e−9; %laser wavelength in nm
13 eps_0=8.8e−12; %As/Vm
14 Q_e=1.6e−19; %electron charge in C
15 c0=3e8; %speed of light m/s
16
17 %lambda_d=sqrt(eps_0*k_b/Q_e^2).*sqrt(T_e'*(1./n_e));
18 k=4*pi*sin(phi/2)/lambda_0;
19 %alpha=1./(k.*lambda_d);
20 alpha=1:0.05:3.5;
21 l_n=length(alpha);
22
23 %determine instrumental profile width (measured data on cold atmosphere/gasflow)
24 dl=0.027; %spectral resolution in nm/pix => old2 dl=0.15 old1=0.07 dl=0.04;
25 var=whos('−file', gauss_data);
26 frm=load(gauss_data,var.name);
27 frm=frm.(var.name);
28 spec_h=sum(frm(1:100,:),1);
29 m=mean(spec_h(1:100));
30 spec_h=spec_h−m;
31 spec_h=spec_h./max(spec_h);
32
33 sig1=find(spec_h>=0.5,1,'first');
34 sig2=find(spec_h>=0.5,1,'last');
35 sig1=(0.5−sig1*spec_h(sig1−1)+(sig1−1)*spec_h(sig1))/(spec_h(sig1)−spec_h(sig1−1));
36 sig2=(0.5−(sig2+1)*spec_h(sig2)+(sig2)*spec_h(sig2+1))/(spec_h(sig2+1)−spec_h(sig2));
37 sig=dl*(sig2−sig1)/(2*sqrt(2*log(2)));
38
39 x_e=−4:0.01:4;
40 l=length(x_e);
41 a=sqrt(2.*k_b.*T_e./m_e);
42 a_3d=permute(repmat(a,[l_n 1 l]),[2 1 3]);
43 x_e_3d=permute(repmat(x_e,[l_T 1 l_n]),[1 3 2]);
44 x_el=x_e_3d.*2.*lambda_0.*sin(phi/2).*a_3d/c0*1e9; %transofrm x_e to lambda in [nm]
45 gauss=exp(−0.5*(x_el./sig).^2);
46
47 %salpeter approximation
48 alpha_2_3d=repmat(alpha,[l_T 1 l]);
49 alpha_2_3d=alpha_2_3d.^2;
50 G_e_n=(1−2.*x_e.*mfun('dawson',x_e)−1i.*(x_e.*sqrt(pi).*exp(−x_e.^2)));
51 G_e_3d=permute(repmat(G_e_n,[l_T 1 l_n]),[1 3 2]);
52 G_e=alpha_2_3d.*G_e_3d;
53
54 S_e=(1./(k.*a_3d.*sqrt(pi))).*(abs(1./(1+G_e)).^2).*exp(−x_e_3d.^2);%electron scattering spectrum tranformed

for lambda as input parameter
55 %consideration of the instrumental width
56 S_e_conv=ifft(fft(S_e,2*l−1,3).*fft(gauss,2*l−1,3),2*l−1,3); %extende convoluted vectors to prevent the

wrap around of the data
57
58 %transformation into the wavelength scale (scaling factor)
59 S_0=zeros(l_T,l_n,l*2−1);
60 S_0(:,:, l:l*2−1)=2*sqrt(pi)*c0/(k.*lambda_0^2.*a_3d);
61 S_0(:,:,1:l−1)=flipdim(S_0(:,:,l+1:l*2−1),3);
62
63 S_e_conv=S_0.*S_e_conv;
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64
65 [M dx]=max(S_e_conv(:,:,l:l*2−1),[],3);
66 Hwhm=zeros(l_T,l_n);
67 P_V=zeros(l_T,l_n);
68 P_V1=zeros(l_T,l_n);
69 %determine HWHM
70 for i=1:l_T
71 for j=1:l_n
72 Hwhm(i,j)=find(S_e_conv(i,j,l−1+dx(i,j):l*2−1)<M(i,j)/2,1,'first');
73 P_V(i,j)=M(i,j)./S_e_conv(i,j,800+fix(dx(i,j).*0.5));
74 end
75 end
76 %M=M./S_e_conv(:,:,801);
77 dx=0.01.*(dx).*2.*lambda_0.*sin(phi/2).*a_3d(:,:,1)/c0*1e9; %transofrm x_e to lambda in [nm]
78 Hwhm=0.01.*(Hwhm).*2.*lambda_0.*sin(phi/2).*a_3d(:,:,1)/c0*1e9;
79
80 [A,T]=meshgrid(alpha,T_e);
81 save([gauss_data '_thomson_data.mat'],'Hwhm','dx','T','A','S_e_conv','P_V');
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Figure A.3: Screen-shot of an interactive evaluation tool for correction of the false minima
of the fitting algorithm. The tool is implemented using MATLAB.
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A.3.2 Stark broadening

File A.6: Generate ’*.mat’ files from ’*.esf’ files provided by the software of the ARYELLE
spectrometer

1 function[split]=split_spec_esf(fid_xe,export)
2 %fid_xe: spex file name
3 %export=1 eport option is activatedted, export=0 no export
4
5 xe=importdata(fid_xe); %reda original file
6 lambda_ind=xe.data(:,4); %assign order data
7 lambda_spl=xe.data(:,1); %assign wavelength data
8 spec_spl=xe.data(:,3); %assign intensity data
9

10 %initialise serch parameters
11 len_xe=length(xe.data(:,3));
12 ind=lambda_ind(1);
13 pos=1;
14 split=cell(1,len_xe/sum(lambda_ind==ind));
15 count=1;
16
17 %prepare folder for export option
18 folder=[fid_xe(1:end−4) '\'];
19 if ~isdir(folder) && export
20 mkdir(folder);
21 end
22
23 while pos<len_xe
24 spec=spec_spl(lambda_ind==ind);
25 lambda=lambda_spl(lambda_ind==ind);
26 if export
27 fid=fopen([folder num2str(ind) '.bin'],'w');
28 fwrite(fid,[lambda spec]','float32');
29 fclose(fid);
30 end
31 split{count}=[lambda spec];
32 count=count+1;
33 pos=find(lambda_ind==ind,1,'last')+1;
34 if pos<len_xe
35 ind=lambda_ind(pos);
36 end
37 end
38 save([folder(1:end−1) '.mat'],'split')

File A.7: Determine instrumental profile
1 function[f_par,width_i,lambda,width_a]=instrumental(file,lambda0,res)
2 %routine to determin instrumental function for lambda0
3
4 var=whos('−file', file);
5 img=load(file,var.name);
6 img=img.(var.name);
7
8 %load spectral line of interest
9 [~,c]=max(img(142,:));

10 lambda=res.*((1:length(img))−c)+lambda0;
11 x=lambda(c−30:c+30);
12 y=sum(img(125:175,c−30:c+30),1);
13
14 back=polyfit(x([1:15 end−15:end]),y([1:15 end−15:end]),1);
15
16 y=y−(back(1).*x+back(2));
17 gauss=@(f,x)(f(1).*exp(−0.5.*((x−f(2))./f(3)).^2));
18 mu=(x*y')./sum(y);
19 gamma=mu−x(find(y>max(y)/2,1,'first'));
20 f0=[abs(max(y));mu;gamma]; % [nu, mean value, deviation, amplitude]
21 options=optimset('Display','off');
22 lb=[abs(max(y)).*0.8,lambda0−0.05,0.0001];
23 ub=[abs(max(y)).*1.01,lambda0+0.05,0.5];
24 %f_par= nlinfit(x,y,lor,f0,options);
25 f_par= lsqcurvefit(gauss,f0,x,y,lb,ub,options); %fit instrumental line profile to a gauussian
26
27 x_fit=x(1):0.001:x(end);
28 y_fit=gauss(f_par,x_fit);
29 width_i=sqrt(8*log(2)).*f_par(3); %fullwidth half maximum
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30
31 total=sum(0.001.*y_fit);
32 diag=tril(ones(length(y_fit))).*repmat(y_fit,length(y_fit),1);
33 S=sum(diag.*0.001./total,2);
34 width_a=x_fit(find(S>0.75,1,'first'))−x_fit(find(S>0.25,1,'first'));
35 figure; plot(x,y,x_fit,y_fit)
36 end

File A.8: Analytical Abel inversion procedure
1 function[f]=abel(h_meas,x)
2
3 %assumption f is a Gaussian
4 %first Step: Gaussian fit to measured data
5 %second step: determination of amplitude
6
7 %determmin deviation
8 f_par=zeros(4,length(h_meas));
9 p=0; %plot parameter for debugging

10 for i=1:size(h_meas,2)
11 f_par(:,i)=fit_gauss(x,h_meas(:,i)',p);
12 end
13 sigma=f_par(3,:);
14 mu=f_par(2,:);
15 h_max=f_par(1,:);
16 c=f_par(4,:);
17
18 %factor for the abel transform
19 cn=c./(1−c.*sigma.^2);
20 amp=h_max./((1+cn.*sigma.^2).*sqrt(2*pi*sigma.^2));
21 %amp=h_max./sqrt(2*pi*sigma.^2);
22 X=repmat(x',1,length(h_meas));
23 MU=repmat(mu,length(x),1);
24 SIGMA=repmat(sigma,length(x),1);
25 CN=repmat(cn,length(x),1);
26 AMP=repmat(amp,length(x),1);
27 f=AMP.*(1+CN.*(X−MU).^2).*exp(−0.5.*((X−MU)./SIGMA).^2);
28 if p
29 xlim([−5.5,5.5])
30 %ylim([−0.1*max(y),1.1*max(y)])
31 xlabel('x [mm]')
32 ylabel('Intensity [a. u.]')
33 legend('data','fit')
34 end
35 end
36
37 function[f_par]=fit_gauss(x,y,p)
38 %modified gauss distribution
39 %gauss = @(f,x)(f(1).*(exp(−0.5.*((x−f(2))./f(3)).^2)));
40 gauss = @(f,x)(f(1).*(1+f(4).*(x−f(2)).^2).*(exp(−0.5.*((x−f(2))./f(3)).^2)));
41 y=y;
42 f0=[max(y); x(fix(end/2)); 1;1e−9];
43 options=optimset('Display','off','TolFun',1e−10,'TolX',1e−10);
44 lb=[max(y).*0.85;−5.1;0.01;0];
45 ub=[max(y).*1.15;5.1;100;0.1];
46 [f_par,resn]= lsqcurvefit(gauss,f0,x,y,lb,ub,options);
47 x_fit=x(1):0.01:x(end);
48 y_fit=gauss(f_par,x_fit);
49 if p
50 resn;
51 plot(x,y,'ko',x_fit,y_fit,'r','Linewidth',1.5)
52 xlim([x(1), x(end)])
53 ylim([−0.1*max(y),1.1*max(y)])
54 xlabel('x [mm]')
55 ylabel('Intensity [a. u.]')
56 legend('data','fit')
57 end
58 end

File A.9: Evaluate the line width from the emission spectra
1 function[ne,resnorm]=stark1(lambda,spec_abl,abl,lambda0,std,width_i,line_sim)
2 %%
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3 %spec_abl: data
4 %abl: different kind of abelisaiton procedure
5 %lambda0: stark wavelength
6 %shift: halfwidth of the investigation window
7 %std: region which should be fitted
8 %width_i: FWHM of the instrumental broadening
9

10 [~,width]=size(spec_abl);
11 ne=zeros(1,width);
12 x=(0:(width−1))−(width−1)/2;
13 I=zeros(length(lambda(1):0.0005:lambda(end)),width);
14 resnorm=zeros(length(lambda),width);
15 back=fix(length(lambda)/6);
16
17 for j=1:width
18 if lambda0==486.13
19 r2=find(lambda>475,1,'first');
20 r3=find(lambda>476.2,1,'first');
21 r4=find(lambda>477.4,1,'first');
22 r5=find(lambda>480,1,'first');
23 r6=find(lambda>493.4,1,'first');
24 r7=find(lambda>494.1,1,'first');
25 fit_range=[r2:r3, r4:r5, r6:r7];
26 std1=union(fit_range,std);
27 [lambda_fit,I(:,j)]=lor_fit(lambda,spec_abl(:,j),lambda0,std,width_i,fit_range,line_sim); %perfome

deconvolution
28 elseif lambda0==656.28
29 fit_range=[1:back back*6−back:back*6];
30 [lambda_fit,I(:,j),resnorm(:,j)]=lor_fit(lambda,spec_abl(:,j),lambda0,std,width_i,fit_range); %

perfome deconvolution
31 else
32 p=polyfit(lambda([1:back end−back:end]),spec_abl([1:back end−back:end],j),1); %remove linear

shift
33 spec_abl(:,j)=spec_abl(:,j)−(p(1).*lambda+p(2));
34 [lambda_fit,I(:,j)]=lor_fit(lambda,spec_abl(:,j),lambda0,std,width_i);
35 end
36 end
37
38 %figure; pcolor(I'); shading interp; colorbar
39 if abl==1
40 step=fix(length(I)/200);
41 I=I(1:step:end,:);
42 [~,m]=max(I,[],2);
43 x=x−x(round(mean(m)));
44 %x=x−mean((I(:,:)*x')./sum(I(:,:),2));
45 lambda_fit=lambda_fit(1:step:end);
46 I=abel(I',x)'; %abel inversion of a gaussian profile
47 elseif abl==0
48 I=I; %no abel inversion in case the object profile is not known
49 elseif abl==2
50 I=abel_spline_2half(I',x)'; %abel inversion with the spline methode
51 elseif abl==3
52 I=abel_spline(spec_abl',x)'; %abel inversion with the spline methode with half of the data
53 end
54
55 %figure; pcolor(I'); shading interp; colorbar
56 %% identify line and extract data
57
58 for j=1:width
59 ne(j)=fwhm_spline(lambda_fit',I(:,j));
60 end
61 end
62
63 function[x_fit,y_dc,residual]=lor_fit(x,y,lambda0,std,width_i,fit_range,line_sim)
64 lor = @(f,x)(f(1)*f(3)./(pi*((x−f(2)).^2+f(3)^2)));
65 voigt=@(f,x)(f(4)*(f(1).*(1./(1+((x−f(2))./f(3)).^2))+(1−f(1)).*exp(−log(2).*((x−f(2))./f(3)).^2))); %

pseudefoigtprofile (siehe wikipedia)
66 gauss=@(f,x)(f(1).*exp(−0.5.*((x−f(2))./f(3)).^2));
67
68
69 mu=(x'*y)./sum(y,1);
70 gamma=mu−x(find(y>max(y)/2,1,'first'));
71 options=optimset('Display','off','TolFun',1e−10,'TolX',1e−10);
72 c=find(x>=lambda0,1,'first');
73 f0=[0.5;mu;gamma;abs(max(y))]; % [nu, mean value, deviation, amplitude]
74 lb=[1e−9,lambda0−0.1,0.015,abs(max(y(c−10:c+10))).*0.95];
75 ub=[1−1e−9,lambda0+0.1,4,abs(max(y(c−10:c+10))).*1.05];
76
77 x_fit=x(1):0.0005:x(end);



116 APPENDIX A. SUPPLEMENTARY MATERIAL

78 if lambda0==486.13
79 y=y/1e3;
80 test=@(f,x)(voigt(f(1:4),x)+lor(f(5:7),x)+gauss(f(8:10),x)+...
81 gauss(f(11:13),x)+gauss(f(14:16),x)+gauss(f(17:19),x)+...
82 +gauss(f(20:22),x)+gauss(f(23:25),x)+polyval(f(26:28),x));
83
84
85 p0=polyfit(x(fit_range),y(fit_range),2); % scale y to improve polyfit presicision
86 y0=y−polyval(p0,x); %rescale the coefficients to fit back to y
87 lbp=−[5e−2,0,1.5e3].*1e0; %background (polynomial)

boundaries
88 ubp= [0,10,0].*1e0;
89
90 f0=[0.5;mu;gamma;abs(max(y0))]; % [nu, mean value, deviation, amplitude]
91 lb=[0.9+1e−9,lambda0−0.3,0.015,abs(max(y0(c−10:c+10))).*0.98];
92 ub=[1,lambda0+0.05,3.8,abs(max(y0(c−10:c+10))).*1.2];
93 c=zeros(1,size(line_sim,2));mi=c;m=c;
94 cb=−[5,5,3,5,3,3,5];
95 ce=[5,15,3,5,3,3,10];
96 for i=1:size(line_sim,2)
97 c(i)=find(x>=line_sim(1,i),1,'first');
98 [m(i),mi(i)]=max(y0(c(i)+cb(i):c(i)+ce(i)));
99 end

100 m(m<0)=0.1.*m(2);
101 m([1,5:6])=ones(1,3).*0.1.*m(2);
102 mi=mi+c+cb−1;
103
104 f0g=[m.*pi*width_i./2;x(mi)';ones(1,size(line_sim,2)).*width_i./2]; %spectral line boundaries
105 lbg=[m.*0.9.*pi*width_i./2;line_sim(1,:)−[.1,.1,.1,.2,.1,.1,.3];ones(1,size(line_sim,2)).*0.95.*

width_i./2];
106 ubg=[m.*5*pi*width_i./2;line_sim(1,:)+[.1,.3,.1,.2,.1,.1,.3];ones(1,size(line_sim,2)).*3.*width_i./2];
107
108 gl=[2,3,4,5,6,7];
109 f0g([1,3],gl)=[m(gl);ones(1,length(gl)).*width_i./sqrt(8*log(2))];
110 lbg([1,3],gl)=[m(gl).*0.3;ones(1,length(gl)).*width_i./sqrt(8*log(2)).*0.7]; lbg(1,[1,5:6])=zeros(1,3)

;
111 ubg([1,3],gl)=[m(gl).*1.05;ones(1,length(gl)).*width_i./sqrt(8*log(2)).*1.5];
112
113 f0g=reshape(f0g,size(line_sim,2)*3,1);
114 lbg=reshape(lbg,size(line_sim,2)*3,1);
115 ubg=reshape(ubg,size(line_sim,2)*3,1);
116
117
118
119 std=union(c(1)−20 :c(end),fit_range); %unify fit region for H−beta and

background
120
121 [f_par_sim,resnorm,residual,exitflag]=lsqcurvefit(test,[f0;f0g;p0'],x(std),y(std),[lb';lbg;lbp'],[ub';

ubg;ubp'],options);
122 f_par=f_par_sim(1:4); %extract fit aprameters for later

plotting
123 spec_sim=test(f_par_sim,x);
124
125 elseif lambda0==656.28
126 y=y/1e3;
127 test=@(f,x)(voigt(f(1:4),x)+polyval(f(5:6),x));
128 p0=polyfit(x(fit_range),y(fit_range),1); % scale y to improve polyfit presicision
129 y0=y−polyval(p0,x); %rescale the coefficients to fit back to y
130 lbp=−[1,0]; %background (polynomial) boundaries
131 ubp= [0,100];
132
133 f0=[0.5;mu;gamma;abs(max(y0))]; % [nu, mean value, deviation, amplitude]
134 lb=[1e−9,lambda0−0.3,0.015,abs(max(y0(c−10:c+10))).*0.99];
135 ub=[1,lambda0+0.05,1.8,abs(max(y0(c−10:c+10))).*1.2];
136 [f_par_sim,resnorm,residual]= lsqcurvefit(test,[f0' p0],x,y,[lb lbp],[ub ubp],options);
137 spec_sim=test(f_par_sim,x);
138 f_par=f_par_sim(1:4);
139 else
140 if max(y)>max(y(c−10:c+10))
141
142 [f_par,resnorm]= lsqcurvefit(voigt,f0,x(std),y(std),lb,ub,options);
143 y_fit=voigt(f_par,x_fit);
144 spec_sim=y_fit;
145 else
146 [f_par,resnorm]= lsqcurvefit(voigt,f0,x(std),y(std),lb,ub,options);
147 y_fit=voigt(f_par,x_fit);
148 spec_sim=y_fit;
149 end
150 end
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151 y_fit=voigt(f_par,x_fit);
152 w=fwhm_spline(x_fit,y_fit);
153 if w<=width_i
154 w=width_i+0.001;
155 end
156 if lambda0==486.13
157 wn=w;%(w.^1.4−width_i.^1.4).^(1/1.4); %approximated formula for deconvoluted

FWHA for H beta
158 else
159 %deconvolution
160 c1=.5346;
161 c2=.2169;
162 wn=−c1.*w./(c2−c1^2)−sqrt((c1.*w./(c2−c1^2)).^2−(width_i.^2−w.^2)./(c2−c1^2)); %for a Voigt profile
163 %wn=w;
164 end;
165 y_dc=lor([max(y_fit)*pi*wn/2,f_par(2),wn/2],x_fit); %deconvoluted profile
166 % figure; plot(x,spec_sim,x(std),y(std),'o',x,y,'.','Linewidth', 1.5)
167 % resnorm
168 % f_par_sim'
169 % xlabel('\lambda [nm]')
170 % ylabel('Intensity [a.u.]')
171 % legend('fitted spectrum','fit region','raw data')
172 % x;
173 end
174
175 function [width]=fwhm_spline(x,y)
176 %determine FWHM using linear interpolation at f(x)=0.5
177 [my,myi]=max(y);
178 if my<1e−10
179 width=0;
180 else
181 y=y./(my);
182 s1=find(diff(y(1:myi))>1e−6,1,'first');
183 sp1 = interp1(y(s1:myi),x(s1:myi),0.5);
184
185 e1=find(abs(diff(y(myi:end)))>1e−6,1,'last');
186 sp2 = interp1(y(myi:myi+e1),x(myi:myi+e1),0.5);
187 width=sp2−sp1;
188 end
189 end





Nomenclature

Abbreviations

AC alternating current

Ar I, Ar II neutral and ionized argon

CCD charge-coupled device

DC direct current

f/n f-number

FWHM full width half maximum

GMAW gas metal arc welding

GTAW gas tungsten arc welding

Hα, Hβ Balmer series hydrogen lines

ICCD intensified charge-coupled device

LTE local thermal equilibrium

MCP micro channel plate

Nd:YAG neodymium-doped yttrium aluminium garnet

S/N signal to noise ratio

SVD singular value decomposition

TE thermal equilibrium

Constants

c = 2.998× 108 ms−1, speed of light

e = 1.602× 10−19 C, electron charge

h = 6.626× 10−34 Js, Planck’s constant

~ = h/2π, reduced Plank’s constant

kB = 1.380× 10−23 JK−1, Boltzmann constant

µ0 = 4π × 10−7 Hm−1, vacuum permeability

ε0 = 8.854× 10−12 Fm1−1, vacuum permittivity

Symbols
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e index denoting quantities related to electrons

I index denoting quantities of incident radiation

i index denoting quantities related to ions

q index denoting quantities related to a species with a charge q

S index denoting quantities of scattered radiation

A area

~A vector potential

~a acceleration

~B magnetic field

C correlation function of the emitted light amplitude

d diameter

~E electric field

EL per pulse laser energy

En energy level of the state n

Ej ionization energy

Eu,q excited energy state of the species with a charge q

f focal length

~F force

Fq distribution function of the species with a charge q

fcol particle collision frequency

gn number of polarizations of a photon

gu,q the statistical weight of the species with a charge q

H Hamiltonian operator

H0 Hamiltonian of the unperturbed system

Hint Hamiltonian of the perturbed system

~i direction of incident radiation

î imaginary unit

~j total current density

~k wave number

L radiance

L spectral profile of the emitted line

LG Gauss spectral line profile
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LLor Lorentz spectral line profile

LV Gauss spectral line profile

me, mi electron or ion mass

N number of particles

|n〉 state function

ne, ni electron or ion density

P power

p pressure

p momentum operator

q charge of a species

q position operator

R observation distance

r radius

~r spatial position

rL laser beam radius

~S Poynting vector

~s direction of scattered radiation

Se, Si electron and ion feature of the Thomson scattering spectrum

t time coordinate

T time interval

T , Te, Ti particle, electron or ion temperature

V observed volume

~v velocity

vq velocity of the species with a charge q

w profile half width in nm

x space coordinate

xe, xi normed electron and ion frequency scales

Z charge number of ions

Zq the partition function of the species with a charge q

α scattering parameter

ε local emissivity

εm→n the emission coefficient of the transition m→ n
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ε longitudinal dielectric function

θ observation angle of scattered radiation with respect to the incident radia-
tion

∆λ FWHM of the line profile in the wavelength scale

λ radiation wavelength

λ0 central wavelength of the emitted line profile

λD Debye length

µ = Te/Ti

ν the frequency of the photon emitted by a bound electron transition

∆ω FWHM of the line profile in the frequency scale

ωmn angular frequency of the radiation emitted during the transition m→ n

ρ total charge density

σcol effective collision cross section

ϕn, Φn state function

φ scalar potential

χe, χi electron and ion susceptibilities

Ω solid angle

ω angular frequency

ω0 central angular frequency of the emitted line profile

ωpe free electron plasma frequency

I current

U voltage
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