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Abstract
This thesis presents the analysis of microwave plasma frequency-dependence
based on the investigation of multi-physical parameters.
Fundamentals of a microwave plasma and high-frequency technology are ex-
plained. Frequency-dependent effects on the base point impedance are presented
in combination with the description of the used measuring hardware.
Development of a bi-static network for the main plasma states (ignition and oper-
ation) is presented on the example of two high-pressure lamps at 2.45GHz. Net-
works of both lamps are custom-built during the course of this thesis. An efficacy
of 135 lmW−1 is achieved exceeding the efficacy of most LEDs.
Frequency-dependent electrical properties are analyzed by reflection measure-
ments of three different prototypes (argon plasma jet, phosphor-coated lamp and
hollow glass cylinder filledwith xenon) for the first time. A novel and simple lumped
element and 3D-model are developed for the fitting of the plasma. A series reso-
nance circuit substitutes the frequency-dependency of the capacitive plasma. The
models are extended for S21 measurements by a novel developed transmission pro-
totype. A simple frequency-dependent capacitor lumped element model fits the
transmission parameters of the plasma. The novel core/cone3D-model is capable
of fitting the plasma in an FEM simulator by only using the conductivity.
A significant influence of the frequency on the spatial properties of all prototypes
is measured for the first time by a simple CMOS camera and a custom image reg-
istration routine. The spatial extension is inversely proportional to the frequency.
Optical measurements identify the participating ion species. Influence of the fre-
quency on single spectral bands are presented in an in-depth analysis using optical
emission spectroscopy. A proportionality of the frequency and the energy density
in the microwave plasma is revealed. This is supported by the thermal measure-
ments. The plasma jet rotational temperature is determined by the hydroxyl band
at 310nm and shows a maximum values of 1350K at only 15W.
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Chapter 1

Introduction

A plasma describes a gas, which is partly ionized and therefore consists of free
electrons, ions, and neutral particles. Technologies based on a plasma date were
first invented more than 200 years ago.
An arc based carbon lampwas invented around 1805, as the first practical light. The
predecessor of the gas discharge lamp was created in form of the Geissler tube in
1857 ([1]). Neon tube lighting was developed based on observations of the Geissler
tube ([2]). The mercury-vapor lamp was invented in 1892 and commercialized in
the early 1900s ([3]). High-pressure xenon lamp was created in 1951 ([4]) with a
high light efficiency.
First microwave plasma applications have been developed since the 1950s ([5]) and
were used as surface wave plasma source from 1MHz to 10GHz ([6]).
Radio frequency glow discharges have been in use for material manipulation at
13.56MHz ([7]).
Themicrowave frequencies range from 1GHz to 100GHzwithmost applications lo-
cated up to 40GHz. Inside the industrial, scientific and military (ISM) band around
2.45GHz 1 applications do not require any permission to be operated. Therefore
up-coming microwave sources are located primarily in the ISM frequency bands.
Hence all generated microwave plasma applications regardless of their size are re-
stricted to the invariable wavelengths of these ISM bands. For existing applications,

1Worldwide usable ISM bands in the radio frequency area are located at 433MHz and 5.65GHz
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the behavior of themicrowave plasma at their nominal input power has not been in-
vestigated yet at frequencies in between the ISM bands. Therefore the frequency-
dependent effects on the properties of a microwave plasma are investigated and
analyzed in this thesis.
The electro-magnetic field behavior atmicrowave frequencies offers several advan-
tages, such as contact-less energy transfer and compact design due to the small
wavelength. These advantages can be used in plasma jets for physical manipulation
such as cutting, welding or cleaningmaterial fromunwanted residues. Surface acti-
vation is another application area, where the plasma can improve the adhesiveness.
In the medical sector, microwave jets are employed for the disinfection of human
tissue ([8]). Apart from the jet, microwave plasma applications range from lighting
purposes to spark plugs for the ignition of lean mixture engines ([9]).
Analyses on the frequency-dependence of the multi-physical parameters are per-
formed in this thesis. This is done to determine the influence on the applications
and identify possible advantages by adapting the frequency to the application.
The challenge for these purposes is to design specific networks for ignition and op-
eration of the plasma by reducing the required power due to the cost of the ampli-
fier. Low priced hardware to generate radio-frequency (RF) signals at higher power
levels has improved the market position of microwave plasmas. Many cheaper am-
plifier generations like LDMOS-transistors ([10]) are surpassed by the newer gener-
ation GaN transistors ([11]). These new amplifiers perform with a higher efficiency
at higher frequencies.

1.1 Thesis Overview

In this thesis, the scientific frequency-dependent investigation and analysis of
microwave plasmas from 1.3GHz to 3.5GHz is presented. These frequency-
dependency analyses are made for the first time.
Chapter 2 explains basics of plasmas, optical emission spectroscopy, lighting tech-
nology, and high-frequency technology for the characterization of the microwave
plasmas. A simplemathematicalmodel illustrates the frequency-dependent effects
on an electron. The large signal scattering parameter measuring environment for
the determination of the plasma base point impedance is presented.
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In Chapter 3 the development of a bi-static network for the twomain states of a mi-
crowave plasma is explained1. After probing the plasma, the base point impedance
is extracted by de-embedding the fitting of the plasma using a lumped element
model in a circuit simulator and a 3D-model in an FEM simulator. On the exam-
ple of two novel high-pressure lamps at 50W and 400W, the development work-
flow for a bi-static is explained and analyzed in detail. For the first time, a high-
pressure in a hollow-cylinder electrode-less UV-Lamp and an efficacy ofmore than
135 lmW−1 for a coaxially driven electrode-less lamp is achieved.
Chapter 4 introduces the necessary extensions of the measuring hardware to
analyze the frequency-dependence of microwave plasma electrical properties.
Three different plasma applications2 at different pressures are investigated and it
is shown that the development workflow for a bi-static network can be applied to
other frequencies. Analyses of the frequency-dependency reveal that most inves-
tigated microwave plasmas exhibit a capacitive dominated base point impedance.
A new lumped element model is introduced based on a series resonance circuit.
This model is capable of fitting two different plasma gases: argon and xenon. A
new 3D-model for the fitting of the plasma conductivity in the FEM simulator is
introduced. It is shown, that this model fits the plasma only by varying the conduc-
tivity. This model is based on the analysis of the microwave plasma transmission
electrical properties. The transmission analysis is made for the first time during
the course of this thesis.
In Chapter 5 the analysis of the frequency-dependence of spatial, optical and ther-
mal plasma properties is presented for the prototypes from Chapter 4 for the first
time. Spatial properties are investigated using a simple CMOS camera in combina-
tion with a custom-written image registration routine. The frequency has a signif-
icant influence on the size of the microwave plasma and it is shown that energy
density is proportional to the frequency. Optical properties are analyzed with a
spectroscope. The optical results underline the observation, that the proportion-
ality of the energy density to the frequency. Optical emission spectroscopy deter-
mines the frequency-dependent changes on single spectra lines of the plasma jet.
It is shown, that the frequency affects all spectral wavelengths. The dependence
of the gas flow, gas mixture, and power on the spectral properties is presented
too. Thermal properties of all prototypes are investigated using an IR-camera. For

1ignition and operation
2plasma jet, phosphor-coated lamp and a hollow cylinder glass filled with low-pressured xenon
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the jet, the rotational temperature is determined based on the OH line at 310nm.
Temperatures of up to 1350K are measured at only 15W of input power.
The thesis is concluded in Chapter 6 by a summary of the analyses.

1.2 Special Requirements for the Development of Mi-
crowave Plasma Applications

Plasma properties are influenced by many external factors like power, kind of cou-
pling, frequency, pressure, temperature, and material. Therefore the values of
some parameters, the design of the network and dimensioning of the amplifier
have to be chosen appropriately and are based on the application. For example, the
structural form, starting and operating pressure, temperature and luminous out-
put during operation are parameters for the design of a lamp. Custom microwave
lamps like the mercury-free energy saving lamp ([12]) are reliant on a specific cold-
spot temperature for the specified efficacy. In this case, the input power has to be
optimized for a specific temperature range. Due to different lamp topologies, each
plasma has to be characterized and measured. Several physical properties of the
used process gas, filling pressure and topology specify the operation window.
Since a plasma at microwave frequencies does not require the contact of an elec-
trode to transfer the power into the plasma, a different gas mixture for lamps is
possible. In former lamp generations, gases were not appropriate for the test be-
cause they would interact with the metal of the electrode leading to degradation
and finally to the destruction of the lamp. A circular glass body is hollowed and
filled with the desired gas mixture to create the first lamp prototype. Mercury is
used for the first experiments since it offers the highest gas pressure at the lowest
temperatures. In later prototypes, metal halogenides are added to fill gaps in the
optical spectrum.
Themicrowave plasma jet requires amatching of the RF-network to the impedance
of each process gas. Based on the ionization energy of the gas, the geometry of
the inner conductor has to be adjusted. Different process gases exhibit different
temperatures, to which the material has to be chosen accordingly.
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1.3 General Overview of Research on Microwave Plas-
mas

First experiments on the electrical breakdown of gases using frequencies from
1GHz up to 9GHz were carried out in [13]. The influences of the pulse width
and pressure are presented. The connection of a microplasma3 and a microwave
plasma source is explained in [14] including a summarized history of microplasma
applications. First applications of amicroplasma are described in [15] presenting an
atmospheric pressure operation of a micro discharge in a cylindrical hollow cath-
ode geometry (MHCD). Further applications were located in the area of chemical
analysis such as plasma atomic spectrometry and chromatography. Other applica-
tions can be found in [16] such as remediation of NOx from car exhaust gases.
An argon plasma jet is used to determine the frequency-dependent effects at at-
mospheric pressure. These jets can be found in different areas such as surface
manipulation or devitrification of water.
A general overview of a microwave plasma jet and a comparison to other plasma
sources is given in [8]. [17] covers the benefits of plasma jets for medical therapy
and provides a risk estimation. An analysis of possible security standards is given.
The medical usage of a plasma jet and the characterization of an argon/air mixture
to treat wounds are shown in [18]. In [19] a microwave line plasma using a loop-
structured wave-guide is described and analyzed using a high-speed camera. A
60cm plasma is achieved using 1 kW input power. The optical spectrum properties
of an argon plasma jet at 2.45GHz using different input gas pressures is explained
in [20].
Several characteristics of a plasma at 2.45GHz are shown in [21]. Spectral prop-
erties of different process gases ionized with a microwave source at 2.45GHz and
5.5 kW are presented in [22]. In [23] an investigation of a microplasma up to the
THz region is presented. [24] describes the effects of the gas flow on several
plasma properties at 2.45GHz. For an automotive plasma ignition system, a real-
time impedance measurement is shown in [25]. The frequency dependence on
microwave plasma has also been described in [26]. An analytical approach to cal-
culate the plasma properties and the frequency influence is presented in [27]. An-
other approach to determine the electron kinetics of microwave plasma is shown
in [28]. A general overview of the optical spectroscopy is given in [29]. A method to

3Plasma of small dimensions close to the Debye-length
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drive a plasma jet more efficiently using a hairpin copper wire is described in [30].
Interaction of the microwave radiation and the plasma showing characteristic in-
terference patterns are explained in [31]. An enhanced efficiency of the plasma jet
using power modulations and gas mixing is presented in [32].
Microwave plasma sources provide new approaches for lighting purposes. A his-
tory of thesemicrowave-driven lamps can be found in [33]. [12] shows an electrode-
less energy-saving lamp with an input power of 10W. Electrode-less UV-lamps
driven with an input power of 200W has been developed in [34]. Influence of RF-
excitation on automotive D8S headlights (80 lmW−1) has been investigated in [35]
and an efficacy increase of up to 95 lmW−1 by a superimposedAMsignal is reported
in [36]. Existing lighting products for floodlight or industrial hall applications are
powered by a resonant cavity. At the cavity’s resonant frequency, power is cou-
pled to the lamp by a waveguide mode. The ellipsoid lamp exhibits a typical length
of 20mm and a maximum diameter of 10mm. Due to the power level of 50W and
more, the heat sink is big and shades the upper half space of the lamp. More details
on the resonator lamp can be found in [37].
In [38] the investigation of the differences between switched-DC4 and RF-
operation of an automotive D-lamps is presented. It is shown that the luminous
efficacy of the RF operation almost equals the switched-DC operation. A new
operation mode for a high-pressure lamp5 is explored where the contact of the
plasma arc and the electrode is merely capacitively, and the temperature of this
mode is lower than in switched-DC. In addition, the RF power can be reduced to
10W, when an amplitude modulated signal is superimposed. There is a different
problem taken into consideration: For Switched-DC modes, the required current
is very high thus the amplifiers have to be designed accordingly. This issue
does not occur for the RF-operation since only the power is necessary for the
generation of the plasma.
Fundamentals of plasma materials and discharges are also taken from [39]. In
[40] the electrical properties of an argon microwave plasma in a circular resonator
structure are presented. Frequencies at 0.9GHz and 1.8GHz and an input power
of 1W have been characterized. Electron density increases with the frequency of

4Direct current pulsed at about 500Hz
5The plasma arc is coupled capacitively without contact to the electrodes
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the investigated plasma, whose size is close to the Debye length. In [41] the con-
ductivity of a plasma in a circular ring resonator structure has been shown for fre-
quencies from 350MHz up to 8GHz. [42] describes the generation of a plasma by
a dielectric resonator an array up to 1.1GHz. The excitation frequency effects from
0.01GHz to 2.45GHz at a simulated power per unit area of 2.5Wcm−2 on plasma
properties for a plasma in a 0.5mm gap has been shown in [43]. A non-monotonic
connection between the frequency and electron density is indicated along with a
relationship between the mean plasma density and impedance. Further details on
plasma properties at 900MHz and 1.8GHz can be found in [44], where an argon
microplasma is analyzed using a split-ring resonator structure and a laser diode. A
study on the breakdown of gases at 800MHz and 900MHz in two resonators has
been shown in [45].
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Chapter 2

Theory of Microwave Plasma
Physics

In this chapter, the fundamentals of plasma physics and high-frequency technology
are presented alongwith the experimental set-up required for the characterization
of a plasma during operation. The matching of the wave impedance to the plasma
base point impedance1 is of great interest for the simulation and development of a
network for a plasma. Special techniques are used to represent the plasma inside
a circuit and FEM simulator. A model to describe the influence of the frequency
on the electron’s energy in a fixed time frame is shown, since frequencies differ
in their wavelength only. The large-signal S-parameter measuring environment is
presented along with the extension to operate and characterize microwave plasma
around 1.3 and 3.5GHz in order to determine the base point impedance. A detailed
description on the used hardware and the principle of the large signal S-parameter
measuring environment is given.

2.1 Fundamentals of Plasma Physics

In this section, several principles are explained to understand the frequency-
dependent effects on microwave plasma. The focus is on the description of

1Base point impedance describes the input impedance of the plasma and can be compared to the
feed point impedance of an antenna.
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the electric properties conductivity and permittivity. Plasma basics are taken
from [46], [47] and [48]. More details on plasma basics and the interactions with
high-frequency electric fields and the RF-conductivity can be found in [49],[38]
and [50]. The ignition of a plasma using high-frequency electric fields is described
in [13] and [51].

2.1.1 Description of a Plasma

In a plasma the ratio of positive to negative charge carriers is almost equal. This is
called quasi-neutral. Physical properties of a plasma are determined by the com-
plex interaction of its particles. The particle density np is dependent on the energy
level within the plasma. In Eq. (2.1) the connection between the pressure p and the
temperature T of the plasma is given.

p = np kB T (2.1)

kB is the Boltzmann constant.
A higher particle density leads to higher collision probability, which also influences
the properties of the plasma. Section 2.1.3 will explain this in more detail.
Further calculations will make use of the electron density ne, which is equal or
almost equal to the ion density ni. In a plasma, only a portion of particles is ionized
and therefore ne << np.
A plasma is not self-sustaining and requires a constant energy input. One way to
sustain the desired energy level is coupling the power into the plasma via an exter-
nal electro-magnetic field. This thesis will investigate and analyze the influence of
the electro-magnetic field frequency in the range of frequencies around 1.3GHz,
2.4GHz and 3.5GHz on the properties of the plasma.

2.1.2 Plasma Ignition and Townsend Process

The existence of free charge carriers is a foundation for a plasma. Breakdown of the
gas causes the generation of charge carriers. These can be electrons or ionized par-
ticles of the gas. The breakdown voltage describes the minimum amount required
for an electric insulator to become electrically conductive. In other words: when
the energy level of electrons is above the ionization energy. Paschen’s law can cal-
culate the breakdown voltage VBreakdown. It is an empirically discovered equation
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Figure 2.1: Paschen curve for atmospheric air, 1 bar = 750 Torr. Below the mini-
mum, the decreased particle density requires a higher voltage.

describing the connection of the breakdown voltage, pressure p in a gap with a
distance d.

VBreakdown =
a p d

ln (p d) + b
(2.2)

Material constants a and b are dependent on the gas composition and are an inter-
polation for the Townsend coefficient.
It has been shown in [52] that Paschen’s law can be applied to AC and even RF-
sources, if they meet special conditions, such as a small gap width between the
electrodes from 25µm to 70µm. For larger gap widths additional models are re-
quired, therefore Paschen’s law can only estimate the breakdown voltage at radio
frequencies.
In Fig. 2.1 the Paschen curve for air is plotted. There is a minimum for the break-
down voltage at a certain combination of pressure and distance, which is often
called Paschen minimum. It is for example about 330V for air. If the distance be-
tween the electrodes is increased, the voltage increases too. By decreasing the
distance and pressure combination the voltage increases. Paschen’s law describes
the effect of impact ionization. The probability of impact ionization is lowered by
a decrease of the particle amount. A reduction is caused by pressure or length
reduction. Since the particle density of the investigated microwave plasmas is
not determined, the following examples are based on an ideal gas at a pressure of
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p = 1 bar. The particle density can be described by Loschmidtsch’s Number NL =

2.686 777 4× 1019 cm−3.
The free charge carriers are accelerated by an external electric field. Upon colliding
with another particle, a free charge carrier can generate more free charge carriers.
Due to the law of conservation of energy, this can only occur, if the energy exceeds
the work function of the other particle. This avalanche-like process is called the
Townsend process. A higher overall energy level within the plasma leads to an
increase in probability for the generation of free charge carriers.
More information on the ignition process can be found in [51], [53], [54], and [55].
Breakdown of gases and the development of an electron avalanche are described
in more detail in [56], [57] and [58].

2.1.3 Cross Section

Aplasma is sustained by the generation of new free charge carriers through particle
collisions. To calculate the probability of a collision, the effective cross-section of
the involved species is used. The effective cross-section σc is expressed by the
radii r1 and r2 of the different species.

σc = π (r21 + r22) (2.3)

The involved species may be an electron, ionized atom core of one of the species,
a neutral atom or a single proton or neutron. Based on the different size of the
radii, an effective cross-section for each particle combination is calculated. Smaller
particles have a lower cross-section and this leads to a smaller probability of a
collision. An increase of the particle density also increases the collision probability.

2.1.4 Plasma Frequency

Electrons represent themost movable particles in a plasma and therefore take part
in most collisions. They are the primary charge carriers of the plasma too. In Chap-
ter 4 a specific capacity for microwave plasmas is introduced, which is mainly in-
fluenced by the frequency. If all electrons could travel freely through the plasma
body, the resulting impedance would approach zero2. Each particle collision and
thus the generation of new charge carriers increases the impedance of the plasma.

2Conductivity of the plasma would approach infinity.
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After the generation of electrons, Coulomb’s force tries to re-establish a neutral
distribution of the charges. Caused by the inertia of the particlemass, the electrons
oscillate around a neutral state, leading to an oscillation ωp of the electron charge
density ne which is described by

ωp =

√
ne e2

ε0me
(2.4)

me is the electronmass. This oscillation is called the plasma frequency and is based
on the assumption that ionmass is infinite. An electro-magnetic wave inserting the
plasma interacts with the electrons and stimulates the plasma frequency. There-
fore the plasma frequency along with the local electron density and energy of the
electrons influence the impedance of the plasma directly.

2.1.5 Mean Free Path and Electron Collision Frequency

The mean free path λMFP describes the distance a free charge carrier is able to
travel before statistically collidingwith another particle. It is described by the cross
section σc, and the overall particle density np in

λMFP =
1√

2np σc
. (2.5)

For an ideal gas at 1 bar the mean free path is calculated by

λMFP =
1√

2 pNL σc
. (2.6)

For all parting plasma species3, different collision probabilities and frequencies ex-
ist.
Since the electrons are the agilest species within the plasma, the electron collision
frequency is given by Eq. (2.9). This equation is just an approximation for a fixed
probability.

3ions, neutral molecules and electrons
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The mean free path can also be expressed by the Debye length: λD.

λMFP =
2ωPλD
νe

(2.7)

using

λD =

√
ε0 kB T

ne e2
. (2.8)

It is a characteristic quantity of the sphere of influence, inwhich the electric field of
a local charge impacts other charge carriers. Combining the Debye length λD and
the mean free path λMFP of a plasma, one is able to calculate the electron collision
frequency νe, which depends on the temperature and electron density, by using

νe =
2ωP λD
λMFP

. (2.9)

Another expression of the mean free path uses the drift velocity |v⃗d|

νe =
|v⃗d|
λMFP

(2.10)

2.1.6 Effective Conductivity

An objective of this thesis is the characterization of a microwave plasma by its elec-
trical properties. It is necessary to take a closer look at the influence of the plasma
on an electro-magnetic wave at the same time traveling through and exciting it.
Doing so the effective conductivity and permittivity of a plasma can be concluded.
To simplify the derivation a plane wave solution along with a steady-state plasma
is assumed. More details can be found in [48].
If electrons in a steady-state are exposed to an electric field E⃗, the drift velocity v⃗
can be described as

v⃗d = − e E⃗

me νe
(2.11)

using the electron collision frequency νe and the mass of the electronsme.
The current density J⃗ is defined as the amount of charge carriers ne flowing
through a defined surface per time. Using Eq. (2.11) the current density J⃗ can be

13
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expressed by
J⃗ = −ne e v⃗ (2.12)

and also by

J⃗ =
n e2

me νe
E⃗. (2.13)

The current density can also be expressed by the conductivity σp

J⃗ = σp E⃗. (2.14)

A parameter comparison of Eq. (2.14) and Eq. (2.12) results in

σp =
n e2

me νe
. (2.15)

A one-dimensional electric field with an angular speed ωRF of

ωRF = 2π fRF (2.16)

is expressed by
E⃗(z⃗, t) = A⃗ e−j ωRF t. (2.17)

The drift velocity v⃗d of a plasma can be explained using

v⃗d = − e E⃗

me(νe − j ωRF)
. (2.18)

Following the same principle as in Eq. (2.15), the RF conductivity σRF of a plasma
can be expressed via

σRF =
ne e

2

me (νe − j ωRF)
. (2.19)

2.1.7 Effective Permittivity

Based on the work of [48] the effective permittivity of a plasma for an electric field
described in Eq. (2.17) can be derived using the plane wave solution. Therefore
Maxwell’s equation

∇× H⃗ = J⃗ +
δD⃗

δt
(2.20)
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is used. Inserting Eq. (2.14) and
D⃗ = ε0 E⃗ (2.21)

into Eq. (2.20) leads to

∇× H⃗ = σRF E⃗ − j ωRF ε0 E⃗ (2.22)

and to
∇× H⃗ = −j ωRF ε0 (1 + j

σRF
ωRF ε0

) E⃗. (2.23)

The parameter comparison results in the following equation:

εeff = 1 + j
σRF

ωRF ε0
. (2.24)

After inserting σRF the effective electric permittivity is calculated by

εeff = 1− ne e
2

me ε0 ω2
RF(1 + j νe

ωRF
)
. (2.25)

2.1.8 Spectral Line Emissions of a Plasma

Most of the plasma properties are caused by the interaction of ionized particles.
Upon these interactions, the energy level changes and electro-magnetic radiation
is emitted from the ionized media. Based on the species of the plasma, characteris-
tic spectral lines are pronounced. Plasma properties like species, ionization degree,
pressure and particle density can be extracted from the spectral data. A measured
spectrum is the superimposed result of different physical effects: peaks are caused
by discrete spectral lines, while the continuum consists of recombination radiation
and bremsstrahlung.
Optical emission spectroscopy, or OES4, is based on the measurement of light gen-
erated as a result of spontaneous relaxation of excited species in the plasma. The
phenomenon of stimulated emission can also be of use for diagnostic purposes.
More information on plasma spectrometry can be found in [59].
In the following list the different effects are elucidated:

4also known as atomic emission spectroscopy-AES

15



Chapter 2. Theory of Microwave Plasma Physics

Discrete Spectral Lines Energy is transferred between the particles during a col-
lision leading to a shift in the energy level of each particle. If the energy level of
an electron e surpasses the work function of the atom A, the electron is removed
from the atom and can act as a free charge carrier. The energy of the second elec-
tron is reduced by the power level of the newly generated one. This process can
be expressed by

A+ e− � A+ + e− + e−. (2.26)

Transfer of an electron’s energy is possible by the spontaneous emission, which
describes the quantum mechanical transition from a higher energy state h to a
lower while emitting a photon with a light frequency νl.

Ahl5 � Al6 + h νl (2.27)

h is Planck’s constant. The emitted wavelength λ of the photon is extracted using
the speed of light c0

λl =
c0
νl
. (2.28)
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Figure 2.2: Different spectra visualizing the different physical effects on a plasma
spectrum. All spectra are set relative to the spectra at 43W.

5Atom with energy level hl
6Atom with energy level l
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In Fig. 2.2 single spectral lines are visible at different wavelengths. In Chapter 5 the
emission lines employ the ionization degree of an argon and xenon plasma.

Bremsstrahlung Interaction of particles inside a plasma is not limited to
collisions. Due to the charge of the different particles, the impulse is contin-
uously changing. Any impulse change causes radiation of energy. It is called
bremsstrahlung. The amount of radiated energy is proportional to the modifica-
tion of impulse and thus to change of kinetic energy.
In Fig. 2.2 the continuum is pronounced between the spectral lines. An increase in
the input power leads to an increase in energy level and the amount of continuum
radiation.

Recombination Radiation This effect describes the radiation, which is emitted
when a free electron recombines with the valence shell of an atom. A pronounced
single spectral line is formed based on the discrete energy level of the atom. Since
the electrons exhibit different kinetic energies, a Maxwell distributed broad spec-
trum is created.

High-Pressure and Line Broadening Another emission effect is the broadening
of spectral lines, which describes the spread of photon energy around the single
spectral line. This fact represents the extent of the single spectral line to a range of
wavelengths. Both temperature and pressure are raised with the energy level. This
causes a higher collision probability. Energy levels are slightly offset by emission.
This effect is called Stark broadening.
Line broadening is an indicator of the increase in the energy levels caused by an
increase in temperature and pressure. Fig. 2.2 visualizes the effect of the spectral
lines, as more particle collisions occur, broadening the spectral lines as explained
above.
Natural broadening is another effect, which is caused by Heisenberg’s law of un-
certainty. The energy level and lifetime of a particle are not exactly known. Upon
the spontaneous decay of a non-discrete energy level, a spread is created. Further-
more, there is the thermal Doppler effect, describing the broadening caused by the
growth of the overall energy level in the plasma ([60]).
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Table 2.1: Plasma ions of three highest UVwavelength peaks within in the spectral
area from 230nm to 380nm.

Wavelength [nm] Ion

313.9 Ar II
383.5 Ar II
357.6 Ar II

The NIST7 atomic lines database is used to identify the ions in the plasma by defin-
ing the process gas and the spectral window ([61]). The obtained data from the
NIST database is compared to the measured spectral data. As an example Tab. 2.1
shows the photon generation of argon II ions.
The optical properties of the plasma are measured non-invasively via OES. It is a
method analyzing the spectrum of an emitting source (in this case the plasma) at
certain wavelengths. A conical or cylindrical region of the plasma is measured in
line-of-sight. From the obtained data the amount of a given element contained
in the source can be extracted. Based on specific characteristics of the element
different temperature types can be calculated: rotational TRot, vibrational TVib and
electron TEl. The vibrational and electron temperature are not calculated within
this work.
The rotational temperature TRot is caused by the redistribution of the rotational
states, which can be estimated by a Boltzmann distribution. This temperature is
proportional to the distribution function N(J) of the rotational states around a
molecule.

N(J) ∼ (2J + 1)e
−ghc
kTRot (2.29)

J describes the rotational quantum number, g the statistical weight, c the speed
of light c, h Planck’s constant and k the Boltzmann constant. In most cases, the
rotational temperature is almost equal to the gas temperature, if the translational-
rotational equilibrium is fulfilled. It is assumed, that the investigated plasmas in
this paper fulfills this equilibrium.
To calculate the rotational temperature from a rotational emission band the inten-
sity distribution I is defined as

I =
C

Qrot

SJ

λ4
exp (−F (J ′)h c

k Trot
). (2.30)

7National Institutes for Standards and Technology
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C is a constant, Qrot is the statistical sum, SJ is the Hönl-London factor, λ is the
transition wavelength, F (J ′) is the rotational energy term and J ′ is the upper ro-
tational level. This equation allows the calculation of Trot by the Boltzmann plot.
More details on the rotational temperature can be found in [62], [63] and [64].
For a given molecule, rotational constants are accessible for the determination of
the rotational temperature. In this paper the rotational temperature is determined
by the hydroxyl-line around 310nm. The rotational peaks are extracted from the
spectral measurements and then fitted in a Boltzmann plot.
Spectral emission are also caused by vibrational movements of particles within a
molecule. From these movements, the vibrational temperature Tvib can be deter-
mined by assuming a Boltzmann distribution of the vibrational bands. The vibra-
tional temperature is defined as the sum of the vibrational quantum number ν′′

and is given by ∑
ν′′

Ili
ν4

∼ exp (−g(ν′′)
h c

k Tvib
). (2.31)

Ili is the line emission intensity, ν the frequency of the spectral line and g the sta-
tistical weight.
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2.2 Fundamentals of Lighting Technology

This section explains the basic lighting properties based on the plasma energy emis-
sions characterized in the prior section. Basic definitions of lighting properties are
given to categorize the results of the spectral measurements.
An important distinction has to be made for the perception of the light between
radiometric and photometric. Radiometry describes the measurements of the
electro-magnetic spectrum, e.g. the visible light spectrum. Photometry is the
measurement of light as perceived by the human eye. The measurements are
weighted by the spectral luminous efficiency function to be converted from the
radiometric units (e.g. radiant energy) to their photometric counterparts. This
function represents the sensitivity of the human eye. All measurements in this
chapter are photometric. More details on the basic units can be found in [65].

2.2.1 Luminous Flux

The luminous flux is defined as the amount of light emitted from a light source
during a given time interval. Its SI unit is Lumen. In contrast to the radiant flux,
which specifies the energy emitted, transmitted or reflected per unit time, the
luminous flux is weighted by the sensitivity curve (V (λ)) of the human eye, with λ

for the wavelength. The luminous flux ΦLight is photometric, while the radiant flux
is a radiometric measure. More details on this curve can be found in [66].

ΦLight = Km

∫ 760nm

380nm

V (λ)
dΦe(λ)

dλ
dλ (2.32)

Km is a scaling factor (683 lmW−1) for the human eye.

Table 2.2: Light efficacy for several lighting sources.

Light source Luminous flux lm

candle 10
100W incandescent light bulb 1300
D8S automotive headlight 2000

sun 3.7× 1028
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An Ulbricht sphere is a measuring device, consisting of a hollow sphere into which
the lamp is mounted to measure the luminous flux. By coating the inner wall with
a reflective paint, the integrated illuminance is bundled into one point to be mea-
sured.
Typical values for the luminous flux of different light source are given in 2.2. All
values are taken from [67].

2.2.2 Illuminance

The illuminanceEillum of a light source is defined as the luminous flux ∂ϕe incident
on a surface ∂A:

Eillum =
∂ϕe

∂A
. (2.33)

For the measurements, the detector surface of the spectrometer ∂A = ADet is
used. All calculations are made by the Ocean Optics Spectra Suite software, which
integrates the intensity ϕe of all spectral lines in a specified interval based on the
Eq. (2.33).

2.2.3 Luminous Efficacy

For lighting sources, the efficacy ηLight describes the ratio of the radiant flux to the
input power. The electric efficiency η of a system is defined as the ratio of output
to input power

η =
Pout

Pin
, (2.34)

ηLight =
ΦLight

Pin
. (2.35)

Its SI unit is Lumen per watt.
In this thesis, the efficacy is defined as the RF input power to the light output. Since
all light properties are determined using a spectrometer, only the illuminance is
measured. The integral of Eq. (2.32) is simplified to a 4-pi-approximation with the
measured illuminance of Eq. (2.33) to calculate the luminous flux:

ΦLight ≈ 4π r2SphereEilluminance (2.36)
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It results in the surface of a sphere with a radius rSphere, which is also the distance
of the spectrometer to the lamp. It is assumed that the illuminance is constant on
the sphere. Therefore this method is only an approximation.

Table 2.3: Light efficacy for several lighting sources.

Lamp Efficacy lmW−1

incandescent light bulb 10
domestic halogen lamp 15-27

D8S automotive headlight 80
LED 60-140

Typical values for the efficacy of commercial lamps are described in Tab. 2.3.
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2.3 Wave-Guide and Network Theory

This section deals with the theoretical background of the high-frequency technol-
ogy required to characterize the electrical parameters of the plasma. Furthermore,
the base point impedance8 is determined to simulate and design purposed-built
networks for the ignition and operation. Moreover, the basics of the large-signal
S-parametermeasuring technique are given. Measurements with this technique al-
low the determination of the plasma impedance during operation. Further details
can be found in [68], [69] and [70].

2.3.1 Transmission Line Theory

To calculate the electrical properties of a given circuit at DC and lower frequen-
cies, lumped elements are used. By increasing the frequency the wavelength of a
signal decreases, leading to phase differences and thus different signal strengths
on the circuit. Therefore circuit theory cannot be applied. At this point, the teleg-
rapher’s equation is used. It is derived from Maxwell’s equations, and it is assumed
that a transmission line consists of an infinitesimal size two-port network in se-
ries. A transmission line describes a two-port network connecting a source to a
load. These small networks are composed of a series resistance representing the
losses of the line and a series inductance for the self-induction. Dielectric losses
are represented by a shunt resistance connected to ground. A shunt capacitance
describes the coupling between the conductor and ground. More details on the
transmission line theory can be found in [69].

2.3.2 Characteristic Impedance

The ratio of the electric and magnetic field of a transverse EM-wave travel-
ing through a medium is constant. This constant is called the characteristic
impedance Z0 and represents the propagation of EM waves for this medium. It is
described as

Z0 =
E⃗

H⃗
(2.37)

8For antennas this is called feed-point impedance
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The wave impedance of free space is determined by the plane-wave solution of
Maxwell’s equation.

Z0 =
1

ε0 c0
= 120 · πΩ (2.38)

Any transmission line exhibits a characteristic wave impedance determined by its
topology and configuration.
The transmission line theory ([71]) describes the characteristic wave impedance of
a line as the influence of the line on an electro-magnetic wave passing through.

γ = α+ j β =
√
(R′ − j ω L′)(G′ + j ω C ′) (2.39)

γ is the propagation, α the attenuation factor, β the angle measure, R′ the resis-
tance coating, L′ the inductance covering, G′ is the conductance and C ′ is the
capacitance per length unit.
In this thesis, all prototypes consist of a coaxial transmission line to transfer the
power from the source to the plasma. The characteristic impedance of the coaxial
transmission line is calculated via

ZCoax =

√
µr

εr
60 ln

D

d
=

Z0

2π
√
εr

ln
D

d
. (2.40)

Further information can be found in [72] and [68] and [71].

2.3.3 Scattering Parameters

The behavior of waves in the GHz area can be expressed by the same principles
and laws as for optical waves. Microwaves are reflected by an abrupt change of the
wave impedance or a change in the dielectric constant of the material like optical
waves. At the interface between materials, the microwaves are refracted changing
amplitude and phase. This behavior represents the electrical properties of linear
electrical networks and components. Each part consists of some port where mi-
crowaves are either incident or reflected. The ratios of these waves are normalized
to the wave impedance and called scattering parameters (S-parameters). Their in-
dices describe the origin and the goal of the waves. For example, S11 is defined as
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the ratio of the reflected b1 from port 1 to the inserted a1 power at port 1

S11 =
b1
a1
. (2.41)

These parameters specify the impedance of a plasma. More details on these pa-
rameters can be found in [68].
As referred to [40] the reflection coefficient S11 is used to calculate the plasma
impedance Zin in relation to a reference impedance Z0 and is defined as

S11 =
Zin − Z0

Zin + Z0
. (2.42)

Often S-parameters are expressed logarithmically by

SdB
11 = 20 · log |S11|dB. (2.43)

Scattering parameters of a network are written in a matrix. The following matrix
shows the scattering parameters of a special9 two-port network

[ST] =

[
0 1

1 0

]
(2.44)

Results of a network chain are calculated by summing the singlematrices. Standard
matrix operations can be applied.

2.3.4 De-Embedding and Extraction of Plasma Base Point
Impedance

Since chained S-parameter matrices [Σ] characterize the serial connection of their
corresponding network, the inverse multiplication of a matrix can be used to ex-
tract the single matrix within a chain.
This process is called de-embedding and describes the technique of virtually mov-
ing a reference plane to extract the desired S-parameters. This process is illus-
trated in Fig. 2.3 using the example of a plasma jet.
Based on the reference plane A the S-parameters are the combined S-parameters
ΣJet of the RF network Σa, Measurement and the plasma Σb. First, the plasma jet is

9Thru-Connection: perfect match, free from losses and 0° electrical length
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Figure 2.3: Graphical representation of the de-embedding process using the ex-
ample of a plasma jet during operation. Different reference planes A and B are

indicated as well as the different forward and reflected waves (a, b).

measured without an active plasma and then modeled in a circuit simulator. Now,
the assessment of the jet during plasma operation is de-embedded by subtracting
the model of the jet from the second measurement. The matrix operation for this
de-embedding process is

[Σb] · [ΣJet] = [Σa, Measurement]. (2.45)

The network consists of a series of coaxial lineswhich aremodeled in ADS using the
real geometrical properties of the probe. This is done by changing the line length
of each element to its negative counterpart (2mm becomes −2mm).
The probe’s accordance is verified against the simulation model using a vector net-
work analyzer. Reference measurements are obtained by shortening the end with
ametal cap. Next, the test object, which generates the plasma, is mounted onto the
probe. A vector network analyzer measures the combined impedance response of
both the system topologies within the desired frequency range. The measurement
data is transferred into the circuit simulator for extraction of the plasma parame-
ters. A full de-embedding of the probe requires a transmissionmeasurement. Since
the probe is asymmetric the simulation is only fitted to the measurement. More
details on the de-embedding technique can be found in [73].
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The measured value of (2.41) is inserted into (2.42) and transposed into

Zin = Z0 ·
1 + b1

a1

1− b1
a1

, (2.46)

so that the plasma impedance can be calculated. Eq. (2.45) provides the impedance
for the reference plane at the plug of the jet. The results obtained from the de-
embedding process are used to develop a purpose-built RF network. It is fitted to
the plasma base point impedance at the specified input power. More details on the
development are described later in Chapter 3.
The accuracy of the plasma’s electrical properties is dependent on the measuring
error. The vector network analyzer is calibrated before every measurement. This
procedure is repeated with the same calibration standards (open, short andmatch).
A ripple of the amplitude on a calibrated transmission line verifies the calibration.
It provides information on the measuring error for both amplitude and phase. In
addition, the repeatability of the measurement is verified.

2.3.5 Plasma Fitting using LumpedElements and LossyDielectrics

Electric properties of plasmas are dependent on many variables such as tempera-
ture, input power, species, and pressure. To develop an RF network, the represen-
tation of the plasma in a simulator is required. Each change in the variables has to
be adjusted in its simulator equivalent. Therefore the plasma has to be assessed at
the desired requirements.
As described in Section 2.1.6 and 2.1.7 the electric properties of a plasma can be
represented using conductivity, permittivity, and electric loss tangent. Simulations
have shown that these electrical parameters are sufficient to serve as the main
plasma representations.
The fitting process is split into two parts: the simulation of the circuit and FEM10.
For the plasma, the circuit simulation is based on a combination of lumped ele-
ments to match the base point impedance. It is shown, that a series resonance
circuit satisfies the needs of a frequency-dependent circuit simulation. In FEM
simulations the physical dimensions of the plasma are rebuilt in combination with
a lossy dielectric material11, where a relative permittivity of smaller than 1 exists.

10Finite Element Method
11Bulk conductivity and relative permittivity are adapted to the plasma
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These artificial materials were first introduced in [74] to fit the simulated electrical
properties of a plasma to those measured. In this work, the plasma is represented
by a rodded medium, which substitutes the plasma to a set of thin parallel wires.
Further analysis of this phenomena is described in [75]. Lossy dielectrics to simu-
late a plasma are also described in [76], [77], [78] and [79]. It has to be noted that this
is a simplified characterization, since the plasma parameters such as temperature,
particle density and pressure are not taken into account.
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Table 2.4: Overview of period times, wavelength and the relative changes of the
wavelength to the 1.3GHz band for the investigated bands around: 1.3, 2.45 and

3.5GHz. All values are calculated for vacuum conditions.

Frequency Period Time Wavelength Relative Change
GHz ns mm

1.3 0.77 230 100%
2.45 0.4 122 49%
3.5 0.285 86 29%

2.4 Theory for Different Frequencies

Commercial applications are limited to the ISM band around 2.45GHz12 because
no regulations are required concerning the radiation of the energy. Dimensions
of both plasma and generator are restricted to the frequency of the ISM band. As
described in [40], the frequency influences the size of the plasma and the electron
density. This thesis focuses on the investigation of different frequencies from 1.3
to 3.5GHz to generate microwave plasmas. Frequencies are chosen due to the per-
sistent gap of about 1GHz to the ISM band, which is sufficient to show the impact.
This section focuses on the effects causing the difference in geometrical expansion
of the plasma.
During themeasurements, the amplitude of the electric field generating the plasma
is corrected by the impedance matching. The amplitude is assumed to be constant
at the calibrated reference plane to compare the consequences of the different
frequencies. This assumption is based on the measurements using a calibrated
powermeterwith a 50Ω load. In Tab. 2.4 the different properties of the frequencies
and their relative changes to 1.3GHz are described.

2.4.1 Frequency Effects on Electrons

Within a plasma, the geometrical expansion is mainly determined by the move-
ment of an electron as charge carrier. A simplified model is created to visualize
the frequency-dependent effects on a single electron in a one-dimensional electric
field of constant amplitude at different excitation frequencies. The model is based

12(2.4GHz to 2.485GHz
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Figure 2.4: Electric field strength of an electron in a one-dimensional electric
field excited to a field strength of 1× 106 Vm−1 at the respective frequency.

on the work of [80], where it was calculated for a fixed frequency of 2.45GHz. Al-
though the model cannot be applied directly to a plasma, because of the complex
interaction with other particles, it visualizes the frequency-dependent changes de-
scribed in Chapter 5.
The effective force on a free-floating electron caused by an electric field is calcu-
lated by

me
dve
dt

= −e E⃗ ej ωRF t. (2.47)

ve is the velocity of the electron per time unit t. In Fig. 2.4 the electric field strength
of a free-floating electron is plotted. As shown in Tab. 2.4, thewavelength is smaller
at higher frequencies. The gradient of the electric field is also steeper at higher
frequencies.

2.4.2 Particle Interaction in a Plasma

In a plasma, the movement of an electron as free charge carrier is influenced by
many factors such as collisions with other particles, changes of inner energy or
recombination. Therefore the model presented in the previous chapter is shown
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for visualization purposes only. In this thesis, the visible effects of the different
frequencies on the plasma are described only. It provides explanations and sug-
gestions based on the observations.
Sec. 2.1.6 explains how the effective conductivity and effective permittivity of a
plasma depend on the excitation frequency of the electric field E⃗ (Eq. (2.19) and
(2.25)). Therefore the influence of these parameters is the first to be analyzed in
this thesis. FEM simulations of several plasma applications will be presented in
combination with a detailed analysis of the parameters in Chapter 4. By determin-
ing the RF conductivity, it might be possible to extract other plasma parameters
such as the mean free path λMFP or the plasma frequency ωp.
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Figure 2.5: Resulting RF conductivity over the frequency for different tempera-
tures.

To emphasize the influence of the frequency on the RF conductivity, the real and
the imaginary part are plotted in Fig. 2.5. For this, Eq. (2.19) presented earlier
in this chapter has been used. It is assumed that an argon plasma at 1 bar has an
ionization rate of 1× 10−8. All other values are derived from the equations. Since
these values are chosen arbitrarily the plot is serving quantity purposes only. For
the investigated interval from 1.3GHz to 3.5GHz the highest values are located at
1.3GHz for the real part. The imaginary part increases almost linearly with the
frequency being in good agreement with Eq. (2.19).
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The real part of the conductivity decreases in inverse proportion to the frequency,
while the imaginary part is not influenced in this way. This supports the fact that
a reduction of the wavelength has an influence on the plasma properties such as
the mean free path and the plasma frequency. Considering the direct influence, an
overall reduction of the plasma size is apparent at higher frequencies.
The different lines represent different temperatures from 300K to 800K. Particle
density increases with the temperature and thus the conductivity. The influence of
the temperature on the real and imaginary part is not linear. An increase from 300
to 800K raises the real part from 1.5× 1012 to 2.1× 1012 Sm−1 and the imaginary
part from 1× 1012 to 3× 1012 Sm−1. Therefore the frequency-dependent effects
are independent of changes of the temperature.

2.4.3 Hot-S Measuring Environment

All plasma measurements are executed using the hot S-parameter technique,
which is presented in [81]. This technique is usually for in-action measurements
for the impedance matching of active amplifiers by superimposing a large signal
on the small signal sweep of the network analyzer. It enables extraction of the
plasma S-parameters during operation.
The large signal drives theDUT13 at a particular frequency. In this thesis, the plasma
represents the device.

Network
Analyzer

Power
Meter

Signal
Generator

Wilkinson
Coupler

Amplifier Directional
Coupler

Directional
Coupler

Device 
under Test

Figure 2.6: Block diagram of the large signal S-parametermeasuring environment
for the determination of microwave plasma properties.

13Device Under Test
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A simplified box diagram can be found Fig. 2.6. The network analyzer signal sweep
(small signal) is overlayed by the large signal. As described in Section 2.3.4 the ratio
of the forward and reflected wave calculates the complex S11-parameter.
For the extraction, a directional coupler provides these two wave quantities after
the output port of the amplifier. Then, these waves are routed back to the network
analyzer where the frequency dependent complex impedance is measured and dis-
played. The power is also measured with a mono-directional coupler at the output
of the amplifier.
The single port calibration of the network analyzer can be made with calibration
kit14. It moves the reference plane of the impedance to the desired point.
The equipment at Aachen University of Applied Sciences consists of a Rohde &
Schwarz ZVM vector network analyzer for S-parameters measurements on user-
defined ports. An Agilent E4421B signal generator drives a custom IMP 200W am-
plifier for the large-signal. The signal passes through the Narda 3043B-20 coaxial
directional coupler, where the output power ismeasured using aGigatronics 8543C
power meter in combination with an HP 80401A power head.
Frequencies can be swept over a 300MHz bandwidth with a 20dB difference of
the large and small signal. The system has a dynamic of 85dB at an IF bandwidth of
1 kHz. More information on the equipment used and further technical details can
be found in [38].

14Open, Short and Matched
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Figure 2.7: Large S-parameter measuring environment.

Fig. 2.7 shows the measuring hardware, which is limited to the ISM-band around
2.45GHz. The extension to 1.3 and 3.5GHz is presented in Section 4.2 along with
the hardware used and a more detailed explanation of the measuring dynamics.
Power measurements are made with an HP power meter, an HP 8481, an HP 8481D
power sensor and a Narda 3022 bi-directional coupler.
The powermeter was calibrated and the offset was set tomatch the different losses
of the directional coupler at the different frequency bands to gauge the absolute
power levels.

2.4.4 Analysis of System Error

Most of the RF-measurements presented in this thesis are made using a vector
network analyzer (VNWA). As described in Chapter 2.4.3 the VNWA is calibrated
before each measurement. With the acquired data the de-embedding process is
started, whose accuracy is described in Chapter 2.3.4. All measurements in this
chapter using the VNWA have a source matching of 30dB and better. More details
on this method can be found in [82]
All measurements presented in Chapter 5 are conducted with a wave-guide tuner.
The tuner elements are set in a way that the best matching of the amplifier to the
base point impedance of the plasma is possible. Since the wave-guide and the
probe network have losses, the relative amount of the matching is added to the
overall variance. The measuring accuracy of the power meter is recognized in this
measuring error. S11 has a minimum matching of−15 dB, which is about 1% of the
reflected power.
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In addition, thermal and optical measurements are presented for each of the plas-
mas. All optical measurements are recorded using a BWTek Exemplar Plus spec-
trometer. In the final configuration report, a maximum deviation of 0.88nm for
the whole spectrum from the calibration source is measured. It adds a maximum
error of 0.4% to the relative system error.
The distance of the spectrometer sensor to the DUT is stated for each measure-
ment. Since the distance is measured manually using a caliper a variation of
±0.01m is assumed. This amount adds 1% to the overall relative measuring error.
In the case of the plasma jet, an additional lens focuses the radiant intensity on
the cosine corrector of the spectrometer. The combined overall systematic error
is 5.4% for all optical measurements.
Thermal measurements are made using a FLIR T-335 infrared camera, which has
an inaccuracy of ± 2%. To measure the glass surface temperature the emissivity
factor is set to 0.97. A combined error of 6.4% for all measurements using the
infrared camera has to be added to the results.
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Chapter 3

Microwave Plasma Basics and
Applications at 2.45 GHz

This chapter deals with the development of microwave plasma applications inside
the ISM-band around 2.45GHz. The basics of microwave plasmas are introduced
as well as the two main plasma states: ignition and operation. Based on these
states, RF-networks are presented along with an investigation on the ignition field
strength.
The development is based on the large signal S-parameter measurements using a
purpose-built 50Ω probe. After this, the de-embedding and plasma fitting process
in a circuit and FEM simulation is presented. This process is important since it
results in the determination of the plasma base point impedance that is necessary
for the development of a matching and bi-static network.
On the example of an electrode-less UV-Lamp, the basics of a bi-static1 network
is presented, which is a combined network for ignition and operation at different
frequencies. For the ignition, a high field strength at the tip of the driving electrode
is required, and for the operation a proper matching of the plasma base point
impedance to the network wave impedance is necessary, usually around 50Ω.
These states are located at different frequencies within the ISM-band around

1The term bi-static is derived from the ignition and the operation state of the plasma, which are
mono-static states
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2.45GHz. This process has been used and validated in several publications ([9],
[34] and [38]).
Based on the example of a domestic electrode-less high-pressure for general light-
ing purposes (short form: DHPL) and the electrode-less UV-Lamp, the results of
the bi-static network development is presented. All of theseworks have beenmade
in the course of this thesis.
The chapter is concluded by the presentation of an optimization technique using a
superimposedmodulated signal as well as the optical and thermalmeasurement re-
sults of both lamp prototypes. In case of the UV-Lamp, a high-pressure is achieved
within the burner and an UV-efficacy of 50%. The DHPL achieves an efficacy of
135 lmW−1 at 40W which higher than commercially available light emitting diodes
(LEDs).

37



Chapter 3. Microwave Plasma Basics and Applications at 2.45 GHz

3.1 Bi-Static Network for Ignition and Operation of a
Microwave Plasma

This section deals with the different states2 of a microwave plasma and which en-
sued requirements for an RF-network. Main goal is the fusion of the mono-static3

states into a single bi-static4 network.

3.1.1 Introduction of the Main Plasma States

The main goal of every workflow is a working prototype of a network, that is suit-
able for at least one of the states listed below.

• Ignition: electric field strength has to surpass the breakdown strength of the
gas.

• Operation: typical 50Ω impedance of the amplifier output has to bematched
to plasma base point impedance.

• Bi-static: combined network for both states, each state is located at a differ-
ent frequency.

Goals are set by the applications themselves. Ignition networks are typically used
for the RF spark plug ([83]), while operation networks can be used in a plasma jet
and a lamp. The first free charge carriers of a mono-static network for the opera-
tion state are generated by an external high-voltage impulse. These mono-static
operation networks are used for research purposesmostly and to probe the plasma
for the development of the final bi-static network. More information on each net-
work type and examples for different applications will be presented later in this
chapter.
Simulation of the network is conducted in the circuit and FEM simulator. In both
simulators, the networks for ignition and operation comprise of a 50Ω plug to
which a coaxial conductor is connected. Depending on the state, the network sub-
stituted by different terminations. These details are included in the description of
the particular state.

2Ignition and operation
3Mono-static refers to a single state of the plasma
4Bi-static combines the two states at different frequencies
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3.1.2 Amplitude Locked Loop as a Requirement for the Bi-Static
Network

By design the two states of a bi-static network are located at different frequencies.
A constant energy flowhas to be ensured if a plasma is to be sustained. If a plasma is
ignited at one frequency and operated at another, the plasma would collapse, since
the power for the operation is not sufficient. Adjustments of the frequency have
to be made manually. Detection of changes is enabled by an amplitude locked loop
(ALL) controlling the frequency of the oscillator. The functionality can be compared
to a phase locked loop (PLL): In a pre-set interval the frequency is swept and the
ratio of the transmitted and reflected wave is detected. At the point of the best
matching, the ALL locks and the oscillator is set to the detected frequency. The
ALL compensates for changes of the frequency due to thermal drift of an oscillator
or variances in the RF-network. More details on the ALL are described in [84] and
[85].

3.1.3 Meta-States in a Microwave Plasma

For a plasma in an enclosed vessel, like the bulb of a lamp, further states are ex-
isting. The transition between the ignition of the plasma and the operating point
is called the start-up phase. During this phase the energy level inside the plasma
increases. This results in a raise of the vapor pressure of the involved species until
ionization reaches a certain threshold. During start-up, the impedance of the mi-
crowave plasma constantly changes and shifts the frequency too. These shifts of
the frequency are supported by the ALL.
If a plasma was active previously in an enclosed vessel, the conditions for the igni-
tion change. This state is called hot-restrike. Based on the ideal gas law the pres-
sure is proportional to the gas temperature and therefore a higher electric field
strength is required to re-ignite the plasma. A higher temperature also reduces
the amount of energy necessary to generate free charge carriers. Combining these
two contrasting effects, it depends on the application itself on how difficult a hot-
restrike can be. More details on the breakdown and ignition of a plasma using RF
sources can be found in [86], [87] and [88].
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3.1.4 Generation of Free Charge Carrier to Ignite a Microwave
Plasma

In the first part of the bi-static network development process, the ignition is in-
vestigated. The objective of the ignition is the generation of free charge carriers
by a sufficient electric field strength to create the first electron avalanche. For the
approximation of the required field strength, Paschen’s law is used, as described in
Chapter 2.1.2. Since the breakdown voltage of gases varies at higher frequencies,
the approximations from [86] are introduced.

plug ZL2ZL1

L1

Figure 3.1: Schematic view of a circuit simulation for the ignition state.

The sketch of an exemplary ignition simulation network is shown in Fig. 3.1. Con-
nected to the plug is the coaxial line ZL1 , which is for structure supporting pur-
poses only. The main network consists of the inductor L1, which shortens the net-
work, because of its low resistance. This short is transformed by the coaxial lineZ2.
It has a length of λ/4 transforming the short of L1 to an open. The network is termi-
nated by a high-value resistor or a capacitance depending on the DUT. Voltage is
calculated by a harmonic balance simulation ([89]). The FEM simulation uses vac-
uum as the material to represent the physical conditions of the DUT. More details
on ignition can be found in [55] and [90].

3.1.4.1 Ignition Simulation for Power Levels up to 20 Watt

In the course of this thesis, the required ignition field strength has been investi-
gated. Based on Paschen’s law for the breakdown of gases, a certain electric field
strength is required for the ignition of a plasma. This field strength depends on
the network and the output power of the amplifier. Compared to an incandescent
light bulb, newer generations of domestic lighting solutions, such as LED, reduce
the required power. Therefore a limitation of the amplifier’s output power is nec-
essary.
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non-fused fused

glass

Figure 3.2: Simulated ignition field strength for the unbalanced electrode config-
uration using a non-fused and a fused set-up at 2.45GHz and 15W. Local electric
field of the fused electrode is higher in the burner. The outlines are highlighted

in black.

fusednon- fused

gl ass

Figure 3.3: Balanced topology to simulate the ignition field strength at 2.45GHz
and 15W. Fusing the electrode into the glass increases the maximum field

strength by a factor of 1.5. Outlines are highlighted in black,

In order to optimize the electric field strength inside the bulb of the lamp at the
same power level, different network structures are simulated in Ansoft HFSS. A dif-
ferential (balanced) and a coaxial (unbalanced) structure are built and parametrized.
Tips of the electrodes are sharpened to increase the local field strength. For both
structures, the impact of melting the electrode into the glass is analyzed. Fig. 3.2
and Fig. 3.3 display the chosen electrode configurations for the unbalanced and
balanced modes and the effect of fusing the electrodes into the glass. An input
of 15W for the unbalanced topology is set and 2x 7.5W for the balanced topology,
respectively. The geometrical properties in this section are chosen to emphasize
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the differences in the field distribution and strength by using different network
topologies and fused or non-fused electrodes.
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Figure 3.4: Simulated electric field strength inside the burner and glass body for
the high-pressure lamp with a pressure of 20mbar using argon.

The comparison of the maximum electric field strength in the glass and the burner
is plotted in Fig. 3.4a and 3.4b. Maximum values are calculated inside the volumes
of the burner and the glass body for the different input power levels. For the bal-
anced topology, the combined input power is plotted. In Fig. 3.4a the field strength
within the burner is plotted for the different simulated topologies. As mentioned
above, the ignition field strength is investigated for the high-pressure lamp with
a gas pressure of 20mbar. A black dotted line indicates the required ignition field
strength. Fusing the electrode into the glass increases the field strength by a factor
of 2. In turn, this leads to a reduction of the necessary power by the same factor
to ignite a plasma. A fused unbalanced structure exhibits the same field strength
as a balanced topology. By fusing the balanced topology into the glass, the field
strength is almost doubled again. Using the melted unbalanced topology an input
power of about 12W is required to surpass the ignition field strength of argon.
Additional simulation runs determine the maximum field strength of the glass
to see if the material could be damaged. With 1× 106 Vm−1 the maximum field
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strength is achieved with an unbalanced electrode melted into the glass. Compar-
ing this value to the dielectric strength of glass (about 4× 107 Vm−1) shows that
the field strength is not sufficient to damage the glass ([91]).

3.1.5 Operation of a Microwave Plasma by Electric Fields

The second part of the bi-static network development is the impedance matching
during the operation of the plasma. After the corresponding plasma base point
impedance determination using a purpose-built probe network, the values are en-
tered in the circuit and FEM simulator.

plug ZL1

Figure 3.5: Schematic view of the operation network for probing the plasma.

Representation of the network in the circuit simulator is illustrated in Fig. 3.5. It
consists of a single coaxial line ZL1, whose radius and length is fitted to match the
base point impedance of the plasma. Lumped elements such as capacitors, resis-
tors, and inductors substitute the electric properties of the plasma. The material
of the FEM simulation is switched to a lossy dielectric as described in Chapter 2.3.5.
More information on these plasma representations can be found in [9].

3.1.5.1 Probe Networks for the Measurement of the Base Point Impedance

(a) 50Ω probe for the determination of
plasma impedances using the large signal

S-parameter technique.

(b) Differential probe with variable bal-
anced output impedance matching net-

work.

Figure 3.6: Unbalanced and balanced probe approaches to transfer power from
the amplifier to the plasma.
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The determination of the plasma base point impedance is the first step to develop
an RF-network for the desired application. As described in Chapter 2, the base
point impedance has to be extracted from a measurement at the desired input
power. A first approach is to build a 50Ω probe, transferring the power from the
amplifier to the lamp, since the plasma parameters are unknown in advance. An
example probe can be found in Fig. 3.6a. Since the operating range of most ap-
plications is known, the power level coupled into the plasma is corrected by the
measured reflection coefficient. In addition, a tuning-line5 can match the ampli-
fier to the plasma impedance.

3.1.5.2 Marchand Balun Network

In some cases, the power level coupled into the plasma using a 50Ω probe is too
low and therefore differential probes with a variation of the output impedance are
designed and built during the works on this thesis. A probe is shown in Fig. 3.6b.
A disadvantage is a more complex simulation set-up of this probe to determine
the base point impedance. A Marchand sleeve balun is used in combination with

Figure 3.7: Schematic view of the Marchand balun and parallel transmission line.
It has a length of λ/4 to enable variable wave impedance on the indicated X-axis.
Sheath waves are suppressed by the extra outer conductor, which also converts

the common to the differential mode.

a λ/4 parallel line ([92], [93]). This network transforms the unbalanced signal to a
balanced signal. Marchand sleeve baluns6 reduce sheath waves on the outer con-
ductor and thus improve the efficiency. This network is used only to extract the
electrical parameter of the high-pressure plasma inside the lamp. A schematic of

5Coaxial conductor with variable shunt inductors
6Balanced-Unbalanced Mode Converter
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the used network is displayed in Fig. 3.7 in additionwith the principle and a detailed
view of the parallel transmission line.
For the circuit an equivalent voltage generator is created by the wave impedance
ZL1 = Z0 = 50Ω and the current I2. ZL1 acts as the internal resistance of the gen-
erator. After flowing through the parallel lines the current I2 and sheath current I3
are formed. Due to the λ/4-transformation the current I3 sees an open-circuit with
an infinite impedance, which is connected to the outer conductor of the 50Ω line.
Sheath waves are suppressed effectively. It results in a current of equal magnitude
on the outer conductor and the sleeve, and shows a balanced operation by a phase
shift of 180°.
Connected to the inner and outer conductor of the Marchand sleeve balun is a
parallel line with a length of λ/4. The input impedance Zin of a λ/4-transformer
line is calculated by

Zin =
Z2
L2

ZLamp
(3.1)

using the wave impedance ZL2 and output impedance ZLamp. The impedance of
parallel line wires with a radius of rline at a distance of dline is determined by

ZL2 =
120Ω
√
εr

ln
2 rline
dline

. (3.2)

Both variables are indicated in Fig. 3.7. By moving the impedance ZLamp along the
vector x, the electrical length of the parallel line as well as the lamp impedance is
changed to Z ′

Lamp. Using a distance dline = 5mm and a radius rline = 1mm, the
magnitude of the impedance is tunable over x between 50VA−1 at the beginning
and 1200VA−1 at the end of the parallel line. This wide tuning range is independent
from the impedance ZLamp.

3.1.6 Hardware Description of the Bi-Static Network for Ignition
and Operation

Based on the simulation results of the base point impedance, the combined net-
work for ignition and operation is designed. For this, the simulation is split into
two parts: one for the ignition and one for the operation part of the bi-static net-
work. All changes are applied to both parts to observe the particular impact.
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plug ZL2ZL1

L1
termination

(a) Topology of the bi-static network used for the UV-Lamp
including two shunt inductors and three coaxial lines.

plug ZL3ZL1

L2
termination

ZL2

L1

(b) Bi-static network of theDHPLusing a single shunt inductor for lower spatial
expansion.

Figure 3.8: Different construction forms for the bi-static network.

For the bi-static network, two different network topologies are available. Fig. 3.8
shows a set-up with a single shunt inductor L1. It provides the necessary transfor-
mation for the generation of the high field strength and the matching. After the
ignition of the plasma, the electric properties of the network are changed in a way
that most of the energy is coupled into the plasma. This set-up is better suited
for smaller applications since its construction size is smaller than the dual shunt
inductor set-up. The topology in Fig. 3.8 is preferred for higher power levels due
to its rugged design. It features two inductors to enable the bi-static functionality.
In the course of this chapter, both topologies are depicted for two different lamps
at different power levels.
Another option is to include a series capacitance in the single shunt inductor topol-
ogy. This set-up turned out to be too fragile due to its low reproducibility.
In this thesis, a modular construction kit was developed allowing an easy set-up
of a new prototype. It utilizes the single shunt inductor topology. Shunt elements
of different values in conjunction with inner coaxial conductors of different sizes
cover the major areas of plasma applications. Examples of this construction kit are
presented for the second generation UV-Lamp in this chapter and for the trans-
mission network in Chapter 4.
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3.2 Determination of the Base Point Impedance by
Plasma Fitting

Electrical properties of microwave plasmas in operation states are influenced by
many factors (power, pressure, gas flow etc.). As explained in Sec. 3.1.5 differ-
ent networks are built to generate the necessary application requirements and
probe the plasma. These measurements are de-embedded to extract the base-
point impedance. This parameter sets the requirements for the impedance match-
ing during operation of the bi-static network.
This section describes the determination of the base point impedance in a circuit
and FEM simulator on the example of an electrode-less UV-Lamp. The network for
the lamp has been developed during theworks on this thesis. Further details on the
UV-Lamp are presented in Sec. 3.3.1 along with the development of the bi-static
network.
The next part of the base point impedance determination is split into the circuit and
FEM simulation part. This splitting is necessary to reduce the development time.
All major calculation steps are performed in the circuit simulation. After the fitting
process in the circuit simulator, the starting values of the material properties are
set accordingly in the FEM simulator.
Two steps are necessary to obtain the plasma parameters from the measured data:

• rebuilding of the probe in the simulators,

• de-embedding of the probe.
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3.2.1 Lumped Element Model for Microwave Plasma Fitting in a
Circuit Simulation

A simulation model using transmission lines is needed to de-embed the probe. In

Plasma

-LN-LP

Probe

Measuring
Equipment

A B

Figure 3.9: Schematic of the de-embedding process inside the circuit simulator
to retrieve the base point impedance of the plasma. Reference planes A and B are

indicated

Fig. 3.9 the circuit simulation of the probe is presented. A 50Ω terminal feeds the
signal into the model and is followed by the standard N-plug of length LP, which
consists partly of a dielectric to hold the inner conductor in place. This dielectric
part is represented by a changing relative permittivity εr. For the inner and outer
conductor, all geometrical values are entered therein. All coaxial lines are set to a
negative lengthLN tomove the reference plane A of the plasmameasurement from
the output port to the end of the probe at position B.
If the plasma is enclosed7, the base point impedance is a combination of the sur-
roundingmaterial and the plasma impedance. The probe consists of several coaxial
line elements with different diameters, which are rebuilt in the circuit simulation.
Another advantage of this method is the ability to use the de-embedding infor-
mation for the ignition simulation of the device since the location for the ignition
impedance is the same as for the plasma base point impedance.
The accuracy of the model is dependent mostly on the measurements of the phys-
ical dimension of the probe and the reproducibility of the large S-parameter mea-
surement. Typical differences of 0.1 dB for the amplitude and a phase distinction
of less than 1° are desirable, but not always possible to achieve. A higher precision
causes increase in the development time. Therefore a trade-off decision has to be
made, at which point the precision is met.

7By Quartz-glass or special ceramics
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3.2.1.1 Exemplary Circuit Simulation for the Lumped Elements Model

On the example of the UV-Lamp, the circuit and the resulting matching is pre-
sented for the circuit simulation.

B

Figure 3.10: Lumped element simulation of the UV-Lamp’s base point impedance
including a capacitor for the quartz-glass representation.

Fig. 3.10 displays the substituting circuit of theUV-Lamp’s de-embedded base point
impedance at reference plane B. A capacitor with a value of 1.6pF and a Q-value of
40 represents the glass surrounding the electrode. The plasma itself is a combina-
tion of an inductor with an inductance of 0.1 nH and a Q-value of 34. The circuit is
terminated by a resistor having a value of 57Ω.
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Figure 3.11: Comparison of the de-embedded magnitude and phase of the mea-
surement (dashed line) and the circuit simulation (solid line) made in ADS.

In Fig. 3.11 the comparison of the de-embedded measurement and circuit simu-
lation is plotted. Fig. 3.11a displays the magnitude with an almost constant value
of −3.5dB from 2.4GHz to 2.5GHz. The phase is shown in Fig. 3.11b with a slow
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decline. Both magnitude and phase exhibit an error margin of less than 3%. A re-
sulting base point impedance of (32.2+ 152.4i)Ω is simulated for an input power
of 200W at 2.45GHz.
In the next step, the de-embedding process is continued in the FEM simulator.

3.2.1.2 3D-Model in an FEM Simulation for the Fitting of the Plasma Base Point
Impedance

After having obtained the base point impedance from the circuit simulation, a 3D
model of the probe and the DUT is built. Primitives fitted to the measurements
are used. Material properties are assigned to the corresponding bodies and miss-
ing materials such as non-standard ceramics or adhesives are entered into the
database. The so-called fitting8 the plasma in the FEM simulator consists of two
steps:

• fitting of the physical properties,

• electrical property replication.

The probe itself is modeled by its physical properties. Main conductor losses are
caused by surface roughness and inhomogeneous cover of the material effectively
reducing the conductivity. To compensate for these higher losses, the conductivity
of the conductor is reduced to match the measurements. In some cases, it is not
possible to simulate all effects, causing the need to compromise on the precision.
If this happens the closest match for the magnitude and the phase are set to fit the
measurement.
If the DUT is shielded during its probing using a metallic knitted fabric, it is substi-
tuted by a surface that surrounds the devicewith a specific conductivity to simulate
the losses and the meshes. This model is also used for the ignition part to simulate
the electric field strength within the burner. The lossy dielectric technique mod-
els the electrical properties of the plasma. This technique describes the usage of
material properties to match the electrical properties of the DUT, e.g. by setting a
permittivity, which is smaller than 1. The theoretical background on these artificial
dielectrics is explained in Ch. 2.3.5. Material constants such as permittivity and
bulk conductivity are changed using a parameters sweep to match the measured
data.

8Modeling the electrical properties of the plasma in the simulator
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probe

burner

inner
conductorN-plug

A B

Figure 3.12: FEM simulation of the UV-Lamp’s de-embedding process.

The simulation model of the UV-Lamp can be seen in Fig. 3.12. It includes a 3D-
model of the lamp and the probe. A surface with proper boundary conditions rep-
resents the metallic knitted fabric surrounding the glass. Both reference planes
are indicated using dashed lines and their corresponding label.

51



Chapter 3. Microwave Plasma Basics and Applications at 2.45 GHz

3.2.1.3 3D-Model Plasma Fitting Results for UV-Lamp

The FEM simulator requires a meta-material with artificial properties to calculate
the electrical properties of the plasma. In this thesis the parameters conductivity
and relative permittivity are fitted to the measurement.
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Figure 3.13: Comparison of the de-embeddedmagnitude and phase of the 3D FEM
simulation (dashed line) and the measurement (solid line).

The comparison of the magnitude (Fig. 3.13a) and the phase (Fig. 3.13b) shows a
close match with an error of less than 1%. An FEM simulator is able to simulate
the radiation effects in contrast to the circuit simulation. In the circuit simulator,
it is only possible to calculate the values for the lumped elements, while the FEM
simulator allows the calculation of additional effects such as surface roughness or
radiation.
The data of the FEM simulation represented by the solid line display the de-
embedded measurement data, while the FEM simulation (dashed line) shows
the plasma fitting using a lossy dielectric material. For the plasma, material a
conductivity of 37 Sm−1 and a relative permittivty of 0.5 are calculated.
Based on these simulation results the development of the bi-static network is con-
tinued. In the next section, the development is presented based on the UV-Lamp
introduced in this section and an additional electrode-less high-pressure lamp at
40W.
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3.3 Bi-Static NetworkDevelopment of RF-DrivenHigh-
Pressure Plasma Lamps

The development of a bi-static network for two different lamp prototypes is ex-
plained in this section. These two prototypes with various requirements in size
and power are introduced to highlight the application areas of microwave plasma
lighting applications. The first lamp is built for an input power level of 200W to de-
contaminate water. For the second model, a small spherical lamp at 40W for high-
pressure domestic lighting purposes is used. Additional information on electrode-
less high-pressure lamps can be found in [94], [95] and [96]. More details on the
usage of electrode-less UV-Lamps can be found in [97] and [98]. Both prototypes
have been developed during this thesis.

3.3.1 Bi-Static Network Development of a High-Pressure UV-
Lamp

For the decontamination of water in industrial environments, the presented UV-
Lamps are built with an input power starting at 200W.

(a) Prototype lamps with glass thick-
nesses of 3 and 8mm around coaxial line.

Coaxial
line

G
l
a
s
s

Burner

(b) Annotated schematic of the first genera-
tion UV-Lamp.

Figure 3.14: First generation UV-Lamp and annotated schematic.
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The new RF-driven UV-Lamp is a purpose-built prototype to compare the perfor-
mance and influence of the electrode-less high-frequency operation to the DC ex-
citation. In this configuration there were two iterations for the construction of the
lamp:

• tungsten electrode melted into glass protruding into the burner (Fig. 3.14a)

• hollow cylinder topology with copper electrode. (Fig. 3.14b)

The lamp is filled with 20mbar argon and 10mg mercury, which is a standard fill-
ing for commercially available lamps. Both prototypes in Fig. 3.14a have their elec-
trodes melted into and an additional layer of glass to avoid chemical interaction
of the electrodes and the plasma. This electrode-less configuration requires the
power to be coupled capacitively into the plasma. Total length is 30mm, outer
diameter 20mm, inner diameter 4mm, glass thickness 1.5mm.

electrode

burner
lc

(a) Cross-section of the topology of the
second lamp generation with de-coupled

electrode.

(b) Second lamp generation prototype with in-
ner electrode and plasma jet housing for cool-
ing. Metallic knitted fabric is fixed by hose

clip.

Figure 3.15: Cross-section and prototype of the second generation UV-Lamp.

In [99] a λ/2-dipole antenna has been selected to couple the power into an
electrode-less UV-Lamp. The topology of the lamp is shown in 3.15a. This lamp
exhibits a hollow cylinder structure with a length of 30mm and an outer diameter
of 20mm. The inner tube has an inner diameter of 4mm to allow the usage of a
copper electrode within the lamp. The energy flows into the lamp via the coaxial
line, which is surrounded by the burner at the length lc, which is about λ/6 of
2.45GHz.
During this thesis, the RF-network of the hollow-cylinder topology has been opti-
mized. [99] required an input power level of 500W and an air flow of 50Lmin−1

to cool the electrode. The optimized network including a plasma jet housing with
gas inlets is shown in Fig. 3.15b. A metallic knitted fabric prevents radiation of the
RF-power. This prototype required an air flow of only 2 Lmin−1.
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3.3.1.1 Bi-Static Network Description for UV-Lamp

Based on the impedance transformer network shown in Fig. 3.8a, a bi-static net-
work for the UV-Lamp is designed and realized

Figure 3.16: Bi-Static network prototype of the first generation UV-Lamp. Metal-
lic knitted fabric provides shielding and prevents radiation.

Figure 3.17: Cross-cut through the 3D-model of the bi-static network prototype
of the first generation UV-Lamp.

In Fig. 3.16 the final bi-static network prototype of the first generation UV-Lamp is
shown along with a cross-cut, which is generated from the FEM model in Fig. 3.17.
It consists of a dual shunt inductor topology, which is surrounded by a brass tube.
Two inner conductors of different lengths and diameters provide the impedance
transformation for the different states.
Results for the ignition and operation state of the bi-static network are presented
in the next two sections.
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3.3.1.2 Ignition of the UV-Lamp by an Electric Field
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Figure 3.18: Fitting (solid line) and measured (dashed line) S-parameters for the
UV-Lamp.

Figure 3.19: Simulated electric field distribution of the UV-Lamp’s ignition state.
A maximum amplitude of 3.2× 105 Vm−1 at 40W is calculated.

The resulting S-parameters both measured and simulated are plotted in Fig. 3.18.
For the determination of the power level, the prototype is built and several repeat-
able ignitions are measured. This input power is set in the FEM simulator to calcu-
late the resulting electric field strength.
In Fig. 3.19 the electrical field distribution using an input power of 40W is shown,
generating a maximum field strength of 3.2× 105 Vm−1 inside the UV-Lamp’s
burner.
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3.3.1.3 Mono-Static Operation Plasma State of the UV-Lamp

As described in Chapter 2.4.3 the maximum output power of the large signal mea-
suring environment is limited. Therefore the plasma of the UV-Lamp could only be
operated at 2.39GHz using 200W of input power.

Figure 3.20: First generation UV-Lamp plasma with a low pressure at 200W and
2.39GHz. The electrode is located on the left side.

The resulting plasma of the lamp is shown in Fig. 3.20. Plasma exists in the entire
burner and the brightest area is located in the area around the electrode. Ametallic
knitted fabric shields the lamp to avoid radiation.
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Figure 3.21: S11-parameter fitting (solid line) and measurement (dashed line) of
the UV-Lamp for an input power of 200W.

No high-pressure is formed inside the burner. It is caused by the matching of 5 dB
at 2.39GHz, where only about 65% (∼130W) of the input power is coupled into the
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plasma. The remaining power is reflected back into the amplifier and is absorbed
by the circulator.
Both simulation and measured S-parameters are illustrated in Fig. 3.21. The ripple
shown by the measurement data is caused by an inhomogeneous distribution of
the plasma. Peak at around 2.38GHz results from a cross talk of the large signal
operating the plasma on the small signal of the network analyzer measuring the
impedance. The comparison shows a maximum relative error of 5%.
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3.3.2 Bi-Static Network Development for the Domestic High-
Pressure Lamp (DHPL)

The second bi-static network designed in during this thesis is an electrode-less ca-
pacitively coupled high-pressure lamp. This lamp is a concept for the competition
to existing lighting solutions and is developed in cooperationwith the Lichttechnis-
che Institut at the Karlsruhe Institute of Technology. These products are available
for floodlight or industrial hall applications and make use of a resonant cavity. At
the resonant frequency of the cavity, power is coupled to the lamp by a wave-guide
mode. The resonator is part of a big heatsink shading the upper half space of the
lamp. More details on this can be found in [37]. In this thesis, the lamp topology is

(a) Cylindrical prototype of the high-
pressure lamp.

(b) Spherical prototype with a wall thick-
ness of 1.5mm.

(c) Configuration sweep of the spherical
prototype with an increased wall thick-

ness of 2mm.

(d) Prototype with a diameter of 5mm
and whetted surface to improve en-

ergy flow.

Figure 3.22: Different geometries of the high-pressure lamp.

driven by a coaxial network. Only the aperture of the outer conductor shades the
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emitted light. The lamp can also be reduced in size by using this type of construc-
tion. The lamp form is changed from a cylindrical to a spherical one to minimize
heat losses as this geometric body has a lower surface-area-volume ratio. This
research has also been published in [100].
In Fig. 3.22 the evolution of the lamp geometry starting is shown with a cylindrical
form (3.22a), leading to spherical forms of different sizes and configurations (Fig.
3.22b and 3.22c). To optimize the energy flow from the electrode to the plasma,
the glass is whetted, presented in Fig. 3.22d.
All lamps are filled with argon as start gas to ignite the plasma and amixture of mer-
cury to create the high-pressure for the efficient operation. Spectral gaps are filled
with metal halides. A minimal temperature of 900K is required for high-pressure
operations.
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3.3.3 Hardware Description of the DHPL Bi-Static Network

For the DHPL a bi-static prototype is built using the single shunt structure as
shown in Fig. 3.8. This topology is chosen due to its smaller form-factor, com-
pared to the dual shunt structure.

Figure 3.23: Bi-Static network prototype of the DHPL without radiation shielding.

In Fig. 3.23 the prototype of the bi-static network for the DHPL is shown along
with a lamp. Metallic knitted fabric has been removed to improve the visibility of
the picture. The prototype is built by use of the construction kit, which has also
been developed in the course of this thesis. Inner conductor is made of brass, while
the outer conductor consists of stainless steel. The shunt inductivity is realized by
a copper disc, which is screwed between the back and front electrodes.
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3.3.3.1 Mono-Static Ignition Plasma State of the DHPL

A matching of 10dB at 2.43GHz results in a maximum field strength of
1.5× 106 Vm−1.
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Figure 3.24: Measurement (dashed line) and the simulation (solid line) of the DHPL
lamp ignition.

The resulting S-parameter plot is shown in Fig. 3.24 including the magnitude and
the phase of the simulation (solid line) and the measurement (dashed line). Both
lines show a maximum relative error of 2%.

Figure 3.25: Electric field distribution of the DHPL at 20W and 2.43GHz. Maxi-
mum field strength of 1.5× 106 Vm−1 is achieved, allowing re-ignition for a mea-

sured surface temperature of 750K.

The resulting electric field distribution is plotted in Fig. 3.25 with a maximum value
of 1.5× 106 Vm−1 at 15W input power.
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Compared to the UV-Lamp the higher field strength is achieved due to the closer
distance of the electrode to the burner. Also, the glass around the electrode inside
the UV-Lamp is surrounded by 8mm of quartz glass whereas the DHPL lamp is
surrounded only by about 1mm of material.

3.3.3.2 Mono-Static Operation Plasma State of the DHPL

The DHPL is shielded using a metallic knitted fabric reducing the emitted light by
about 15%.

Figure 3.26: DHPL during operation at 40W and 2.43GHz. High-pressure is
achieved. The greenish look of lamp indicates that not all of the salts have en-
tered the gas stage. Based on HFSS, about 35W are coupled into the plasma.

A wide band field strength indicator by Nardalert shows that no electric field
strength higher than 4mWmm−2 is emitted within a perimeter of 0.01m around
the lamp.
Goals for the first prototype of the DHPL are set to achieve high-pressure inside
the lamp at an input power of 15W. The lamp entered the high-pressure area at
an input power of 30W. Operation measurement results are recorded at 40W of
input power coupled into the network. Fig. 3.26 shows the resulting plasma.
In Fig. 3.27 the simulated and measured magnitude and phase of the simulation
and themeasurement are shown. Amaximummatching of more than 40dB occurs,
which is more than 99.5% of the power transmitted into the network.
Not all of the power is coupled into the plasma. The measured losses are higher
than the simulated ones caused by inhomogeneities of the material, surface rough-
ness, and positioning of the lamp. Using the field calculator in HFSS determines
an estimate effective power of 35W coupled into the plasma. The remaining 5W

63



Chapter 3. Microwave Plasma Basics and Applications at 2.45 GHz

Frequency (GHz)

M
a
g
n
i
t
u
d
e
 
(
d
B
)

2.2 2.4 2.6 2.8
−50

−40

−30

−20

−10

0

Frequency (GHz)

P
h
a
s
e
 
(
d
e
g
)

2.2 2.4 2.6 2.8
−200

−150

−100

−50

0

50

100

150

200

Figure 3.27: S11 magnitude and phase comparison of simulation (solid line) and
measurement (dashed line) for operation.

have heated the network, glass and the metallic knitted fabric. The additional heat-
ing caused by the RF-power prevents cooling of the plasma by the network, which
would lead to a decrease in the efficacy. The lamp’s efficacy is mainly dependent
on the temperature of the plasma.
No radiation is detected in a perimeter of 0.01m around the lamp and is therefore
negligible.
The calculation of the efficacy requires the amount of power coupled into plasma.
This amount cannot be detected and therefore the gross power is used.
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3.4 Optical and Thermal Measurement Results of the
UV-Lamp and DHPL

In this section, the optimization of the optical output as well as the optical and
thermalmeasurement results for both lamp topologies are presented. The develop-
ment of a second large signal measuring environment is described. A new RFCore
amplifier allowed powers of up to 400W. In addition, the measurement results of
the second generation hollow-cylinder topology UV-Lamp prototype as shown in
Fig. 3.15b is presented.

3.4.1 Efficacy Optimization of the Microwave Plasma by Signal
Modulation of the Electric Field

In contrast to DC and low-frequency excitations, RF-signals enable themodulation
of several signal parameters.

3.4.1.1 Efficacy Optimization Methode Hardware Description

Figure 3.28: Low loss wave-guide tuning set-up containing shorting plunger,
mounted shielded D8S lamp in fitting, 3-stub tuner and coax-wave-guide tran-

sition (left to right)

In [101] a method is described, which doubles the efficacy of commercially available
automotive headlight lamps (approx. 190 lmW−1). It is stated, that superimposing
an amplitude modulated signal leads to the increase in the lamp’s efficacy. The
torch was mounted onto a wave-guide, while power coupling was achieved with
an optimized antenna-like structure.
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(a) Measured response of a signal:
2.45GHz, squared modulation, mod-
ulation frequency: 10 kHz, 50% duty

cycle.

(b) Oscilloscope output: 2.45GHz, modu-
lation square, 10 kHz, 80% duty cycle.

Figure 3.29: Output response of the photo diode for different duty cycles.

In [36] the measurement set-up was rebuilt, which is illustrated in Fig. 3.28. Wave-
guides offer low transmission losses but due to their size, they are only used in ap-
plications, where available space is sufficient. Therefore a coaxial network is used
to drive the same lamp to investigate the impact of the change in topology. Mod-
ifications on the coaxial network also allowed a direct comparison of the efficacy
of the lamp driven by RF-signals and Switched-DC at 575Hz.
A spectrometer measures the amounts of photons in a particular period, which
is predefined by the luminance of the measured device and the distance to the
spectrometer. Optimization goal of the chosen time interval is the improvement of
the signal-to-noise-ratio. Upper and lower limit of the interval is the sensitivity and
the noise floor of the spectrometer. A low-pass filter reduces the responsiveness
of the device. Therefore changes above a certain frequency1 can only be detected
as the total amount of photons during that time.
An amplified photo diode (Thorlabs DA10A) with a bandwidth of 150MHz is used to
visualize the effects of the modulated signal on the illuminance. With this set-up
changes of the radiant intensity up to a frequency of 75MHz can be detected.
Fig. 3.29 displays the comparison of a square modulated signal at 2.45GHz and
different duty cycles. The illuminance changes with the generated signal, but with
a longer rise and fall time of the slopes. It is caused by the inertia of the plasma.

1The used Ocean Optics JAZ is limited to 1 kHz.
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3.4.1.2 Efficacy Optimization Measurement Results
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(b) Relative efficacy of the coaxial line set-
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Figure 3.30: Efficacy changes of the wave-guide and the coaxial line set-up.

Relative efficacy of the wave-guide and coaxial network lamps are plotted in Fig.
3.30a and 3.30b. On the x-axis of both figures, the duty cycle is shown. It is plotted
against the relative efficacy to the referencemeasurements on the y-axis. For both
set-ups the continuous wave (CW) signal is referenced. Scale and range of the y-
axis have been chosen to allow a side-by-side comparison of both measurements.
For the wave-guide set-upm a maximum increase of 7% is calculated at 30 kHz at
80% duty cycle compared to the CW signal at the same input power. By superim-
posing the modulated signal a mean increase of 3% is measured.
The coaxial set-up shows a relative increase of 11% when driving the coaxial net-
work with an RF-CW signal instead DC. Again the maximum increase of 5% is mea-
sured at 30 kHz at 80% duty cycle, but the modulation causes a decrease in the
efficacy by a mean value of 3%.
As explained above, the spectrometer counts the amount of photons in a specified
time interval. By superimposing a modulation on the RF-CW signal, the energy
inside the plasma changes, whilemaintaining the samemean power level. As shown
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in Fig. 3.30, the amount of photons is increased slightly due to the inertia of plasma,
which results in a higher efficacy at the same mean power level.
Comparing the losses of both topologies, a relative mean decrease of about 5% is
visible when switching from the wave-guide to the coaxial network set-up. These
additional losses are caused by themetallic surface roughness and themounting of
the lamp inside the coaxial network. By optimizing the prototype, these losses can
be reduced. This optimization shows the practical relevance of the coaxial network
compared to the low losses of the wave-guide.
Superimposing a modulation on a CW-signal is also used in [102]. In the work the
density of active plasma particles is increased compared to the CW as well as a
lower gas temperature is shown. This observed phenomenon may explain the effi-
cacy optimziation methode presented in this section.
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3.4.2 Measurement Results of the High-Pressure UV-Lamp

This subsection presents the measurement results for the first and second gener-
ation UV-Lamp.

3.4.2.1 First Generation UV-Lamp with Melted-In Electrode

At the time of measurement of the first generation UV-Lamp the maximum avail-
able output was limited to 200W. The lamp is built for an input power of about
400W. Therefore no high-pressure is achieved at the lower power level.

Figure 3.31: Temperature of the UV-Lamp for an input power of 200 at 2.45GHz.
A maximum temperature of 740K is reached on the glass surface.

In Fig. 3.31 the glass surface temperature of the first prototype UV-Lamp at 200W
is presented. A maximum temperature of 740K is measured. As shown in Fig. 3.20
the brightest area is located around the electrode, which is resembled by the area
of the highest temperature.
Temperature decreases with the distance from the electrode. Temperatures of the
lamp at 350W using the new amplifier could not be recorded due to a technical
problem of the infrared camera.
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Figure 3.32: First generation UV-Lamp Spectrum at 200W and 350W. Single
spectral lines only differ in their intensity. Line broadening at 250nm is visible

and is more pronounced at 350W. Spectrum indicates not high-pressure.

Spectra of the first generation UV-Lamp at different power levels are plotted in
Fig. 3.32, to illustrate the connection of the temperature/pressure and the optical
properties. The sensor of the spectrometer is positioned in a distance of 0.5m.
To improve the optical output of the UV-Lamp a pressure of around 6bar of the
mercury inside the burner is desired.
Single spectral lines containing a high UV-part below 380nm are visible. No con-
tinuum is present in the spectrum ([103]). At 200W about 50% of the nominal
operation power are coupled into the lamp. Therefore the energy level inside the
burner is not sufficient for a high-pressure. The line broadening at 350W is more
pronounced but no high-pressure is indicated by the spectrum.
If high pressure inside the burner exists, the spectrum would show not only sin-
gle spectral lines but a continuum ([104]). It is, for this reason, a redesign of the
prototype is necessary.
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3.4.2.2 Second Generation of the High-Pressure UV-Lamp with Jet Casing

In [99] an electrode-less UV-Lamp with a hollow cylinder topology is operated
by a dipole antenna structure. It is described that the antenna impedance is not
matched to the plasma impedance. Only the near field of the antenna powers the
plasma.
The described prototype had to be cooled using an air flow of 50Lmin−1 due to
accumulated heat, hence reducing the temperature of the plasma. A redesign of
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Figure 3.33: Spectrum of coaxial prototype using 350W input power at 2.43GHz.

the network was made to improve the antenna structure and reduce the cooling
requirements. The new design is shown in Fig. 3.15. It utilizes the housing of a
plasma jet in combination with a single shunt inductor for the bi-static network.
A copper electrode matches the plasma base point impedance during operation.
Cooling is provided by the gas inlets of the jet housing.
In Fig. 3.33 the spectrum of the coaxial prototype at 350W (2.43GHz) input power
is shown. The measurement indicates a medium pressure spectrum with line
broadening. A continuum in combination with a self-absorbing spectral line at
250nm is pronounced. Another indicator is the molecule radiation of mercury
from 230 to 250nm.
An air flow of 5 Lmin−1 is applied to maintain a constant temperature of the elec-
trode. This flow can be generated by any commercially available compressor.
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About 50% of the emitted light is generated below 370nmwith about 30% for each
UV proportion9.
By comparing the results to the work presented in [99], a higher pressure inside
the lamp is formed at a lower input power (500W vs. 350W). Operation using the
dipole antenna shows only single spectral lines at 500W. The cooling requirements
are reduced by a factor of 10.

9UV-A, UV-B ,and UV-C
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3.4.3 Measurement Results Presentation for the High-Pressured
DHPL

In contrast to the second generation UV-Lamp, the DHPL has a hollow spherical
configuration and the electrode is not enclosed by the burner.
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Figure 3.34: Measured thermal distribution of the DHPL at input powers from
25 to 40W. Maximum glass surface temperature is 995K. Wires of the metallic

knitted fabric are visible by the drops in temperature.
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Figure 3.35: DHP lamp spectra at input power levels from 25 to 43W. High pres-
sure operation of the lamp at higher power levels is visible through an increased

value and line broadening.

Mercury inside the burner creates pressures above 1 bar. A minimum temperature
of 633K has to be generated ([105]). The quartz glass of the lamp has a transfor-
mation point of 1403K. If this temperature limit is surpassed the state of the glass
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would change from rigid to vivid ([106]). To reduce the thermal stress on the glass,
a back-off temperature of 200K is suggested. Therefore the optimal temperature
region for the operation of the lamp is between 633K to 1203K.
The surface temperature of the lamp is monitored at different power levels. The
cold spot describes the point on the lamp surface with the lowest temperature.
Since the plasma temperature is monitored indirectly by measuring the glass sur-
face temperature, the temperature inside the burner is higher. If the cold spot tem-
perature surpasses 630K the vapor pressure of the mercury is higher than 1 bar.
In Fig. 3.34 the thermal properties of the lamp are illustrated for RF input powers
from 25W to 43W. At 25W the cold spot temperature of 581 K ismeasured, while at
35W the cold spot temperature is 633K. At 43W a cold spot temperature of 681K
and a maximum temperature of 950K is detected, which result in a vapor pressure
range from 5bar to 40bar. For the UV-Lamp, these temperatures are reached at
input power levels of more than 200W.

Table 3.1: Measured and calculated properties of the DHPL at 2.39GHz

Power Appr. Luminous Flux Efficacy Cold Spot Temp.
W lm lmW−1 K

25 752 30.1 581
30 3015 100.5 608
35 4252 121.5 633
40 5004 125.1 664
43 5551 129.1 681

The spectrometer is positioned at a distance of 0.2m. Spectral values like luminous
flux and efficacy are summarized in Tab. 5.2. Input power is calculated from the
measured power corrected by the matching. Spectral data of the lamp is plotted
in Fig. 3.35 from 25 to 43W. Increasing the RF input power results in broadening
of the existing spectral lines.
The efficacy optimization method described in Chapter 3.4.1 is applied to the lamp.
A maximum increase of 5% of the efficacy is measured at a modulation frequency
of 1 kHz (duty cycle: 80%,modulation depth10 80%) resulting in a luminous efficacy
calculations of 135 lmW−1 for the lamp.

10Amount on how much strong the modulation affects the signal
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3.5 Discussion of the Results

In this chapter, the basics for the development of microwave plasma application
around 2.45GHz have been explained. Operation and ignition have been intro-
duced as the main plasma states. An analysis of the required ignition field strength
is presented, as well as custom-built prototypes for the probing of the plasma dur-
ing operation. All these tasks were performed during this thesis.
An introduction to the workflow of a bi-static network development is shown in
the example of an electrode-less UV-Lamp prototype, which is the first of its kind
set-up. For the UV-Lamp, a second generation prototype is built, which produces
a high-pressure spectrum using a coaxial RF-network. This second generation UV-
Lamp is a good alternative to existing UV-Lamps since the life-time is prolonged
due to its electrode-less configuration. This also enables the usage of new gas
mixture that would otherwise react with themetal of the electrode. A disadvantage
is the requirement of the metal knitted fabric that reduces the efficacy of the lamp
by about 15%. Efficacy of this lamp can be further improved if the size of the lamp
would be adjusted to the frequency.
An electrode-less high-pressure lamp (DHPL) at 40W is also developed during the
course of this work. A maximum efficacy of 135 lmW−1 is achieved using an input
power of 43W, which is above the efficacy of currently available LEDs. One ad-
vantage of this lamp is the possibility to use new gas mixture. In contrast to the
LED, the spectrum exhibits a continuum and is, therefore, closer to the daylight
spectrum. A disadvantage of this lamp is the high input power, which is higher
than that of LEDs. Improvements are possible by reducing the size of the coaxial
network and obtaining the metallic knitted fabric by a coating. This research has
been published in [100].
Since the simulations of the ignition and operation for both lamps are very close to
the corresponding measurements, the robust structure of the development work-
flow is shown in this section. To further demonstrate the importance of the plasma
matching, the optical and thermal results of the lamps are presented along with an
efficacy optimization technique using signal modulation.
This chapter has shown the implementation of microwave plasmas inside the ISM-
band around 2.45GHz for different power levels and prototype sizes.
In the next two chapters the influence of the frequency on the microwave plasma
properties is analyzed. Possible optimizations for different applications are
presented. The applicability of the presented workflow to develop custom-built
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RF-network is presented in the next chapter for frequency ranges at 1.3GHz and
3.5GHz. After this, the comparison of thermal, optical and geometric for different
microwave plasma applications will be presented in Chapter 5. The connections
between the frequency and several plasma parameters is analyzed.
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Chapter 4

Frequency Dependence of
Microwave Plasma Electrical
Properties

This chapter presents the extension of the existing equipment to frequency bands
around 1.3 and 3.5GHz with output powers up to 35W. The extension is described
in detail along with the hardware requirements for the balanced amplifier opera-
tion. It is assessed, if the principles and workflow presented in Chapter 3 can be
applied to other frequencies. Similarities and differences are explained and ana-
lyzed. It is shown, that most of the presented microwave plasmas have a capacitive
dominated base point impedance. Therefore the specific capacity of a plasma can
be determined.
Based on the extensions three different application areas are covered: a plasma
jet, an electrode-less phosphor-coated lamp (PC-Lamp) and a hollow glass cylin-
der filled with xenon (XHC). Measurement and simulation results of the frequency
dependence are plotted for each application. Different plasma models and their
fitting for each application are presented with a focus on the reproduction of the
physical dimensions of the plasma body. It is analyzed whether the existing RF
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plasma model can be refined to better represent the electric field distribution in-
side the plasma. The results show, that simple lumped element and 3D-models are
capable of fitting the plasma in the simulator.
For the first time, an analysis of the transmission values of a microwave plasma
is presented. Two new models are created to fit the plasma in the simulator: A
lumped element model using a single frequency-dependent capacitor calculates
the plasma transmission properties. In the FEM simulator, a 3D core/cone model
fits the plasma close to the measurements.

4.1 Lumped Element and 3D-Model for the Fitting
of Reflection and Transmission Properties of a
Microwave Plasma

In this section, the reflection and transmission of different microwave plasma ap-
plications are measured and analyzed.
Base point impedance of the PC-lamp and the XHC-device exhibit a capacitive
impedance (negative imaginary part). Both are substituted by a series resonant cir-
cuit of inductance and capacitance. Below its resonant frequency, a series resonant
circuit acts as a frequency-dependent capacitive component ([68]). The inductivity
is only needed to shift the resonance frequency and simulate the frequency depen-
dence.
The capacitive behavior is also measured for the transmission network. In the cir-
cuit simulator, a series capacitor with a variable quality factor (q-factor, q-value1)
is sufficient to substitute the plasma. The q-value of each component is dependent
on the frequency, too. It is set to the following frequencies for each of the bands:
1.3GHz, 2.4GHz and 3.5GHz.
In Fig. 4.1 the equivalent circuit diagram of the plasma is plotted. It is based on the
model of [74], which treats the plasma as a rodded material. In this chapter, the
plasma consists of a parallel circuit of a capacitor and a resistor at all frequencies.
It is shown in the upper part between the two lines. The inductor is required to
substitute the frequency-dependent part of the capacity. In the lower left corner,
an axial section of the plasma shows an exemplary distribution of the capacitor and
the resistor.

1Ratio of inductive or capacitive reactance and resistance
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Figure 4.1: Transmission line set-up with plasma impedance representation for
the reflection and transmission value.

All mentioned plasmas in this section exhibit a specific capacity CSpec, which is
defined as the capacity per volume. It can be compared to the specific conduc-
tivity ([107]). In this chapter it is shown that all investigated microwave plasmas
have a specific capacity that is dependent on the frequency and the input power.
Therefore it is directly influenced by the amount of free charge carriers and their
collision frequency. The integral of all specific capacities is calculated in the circuit
simulator as the resulting capacitive impedance of the plasma.
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4.2 Extension of the Large Signal S-ParameterMeasur-
ing Environment

As described in Sec. 2.4.3 the large signal S-parameter measuring set-up moni-
tors the electrical properties of the active plasma. Frequencies from 2.3GHz to
2.6GHz were possible prior to the extensions described in this section. The Rohde
& Schwarz ZVM network analyzer supports the measurement of frequencies up to
20GHz. Two additional frequency bands around 1.3 and 3.5GHz are chosen due
to cover an area of more than 2GHz, including an equidistant spacing of 1.1GHz
for the center frequencies. Thus an additional degree of freedom for the design of
applications is offered.

4.2.1 Common Hardware Components and
Measuring Equipment of the Extension

New couplers and amplifiers prototypes are built during this thesis to generate
the required signals and to extend the frequency range to the 1.3GHz and 3.5GHz
bands. Balanced amplifier set-ups are implemented to increase the available linear
output power. In this set-up, the differential signal of two amplifiers is combined
using a hybrid coupler for a gain of 3 dB.

Network
Analyzer

Power
Meter

Signal
Generator

Wilkinson
Coupler

Balanced Amplifier
with Hybrid Couplers

Directional
Coupler

Directional
Coupler

Device 
under Test

Figure 4.2: Block diagram of the large signal S-parameter environment extension
for the additional bands.
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In Fig. 4.2 the block diagram of the modifications is shown. The signal of the net-
work analyzer and the signal generator are combined using the Wilkinson coupler.
The balanced amplifier stage creates the necessary output power and is described
in the next section. The details of the assemblies are described in the following list:

Wilkinson Coupler A combiner is required to superimpose the signal of the net-
work analyzer and the large signal to drive the DUT. More information on the
Wilkinson coupler can be found in [108].

Bi-Directional Coupler A bi-directional coupler enables the measurements of
the inserted and reflected waves. It generates both wave quantities, which are di-
rected to the network analyzer. The coupler used has a frequency range from 1GHz
to 4GHz and limits the frequency of the large signal measuring environment.

PowerMeter The power meter is calibrated and its correction factor is set to the
specific frequencies and signal types. For this calibration of the power meter, the
output power of a known source is measured. The offset of the meter is changed
to the required amount. To ensure a constant input power inside the plasma, the
input signal is corrected by the measured matching.
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Figure 4.3: Input power vs output power of the amplifier stages for the extension
of the large signal measuring environment at the indicated frequencies.

4.2.2 Balanced Amplifier Stages of the Large Signal Measuring
Test-Set-Up

A balanced amplifier stage is chosen for the frequency bands around 1.3GHz and
3.5GHz, since this configuration performs with a good matching and a good stabil-
ity. This is required since large signal S-parameter measurements rely on a stable
and linear signal. The output signal of an amplifier gets distorted and non-linear
signals if the maximum input power is surpassed. Therefore a linear back-off of
−3dB is often used to satisfy the linearity requirements. To compensate for these
losses a balanced amplifier stage extends the ideal linear range by 3dB. It splits the
unbalanced mixed input signal and puts out two signals at ±90°. After the ampli-
fier stage, the balanced signal is combined with an unbalanced signal by using the
reversed connections. The fourth port is terminated with a 50Ω attenuator for a
cleaner signal. Additional information can be found in [109].
Maximumoutput power is determined for the new amplifier stages, like the current
amplifier around 2.45GHz. As described earlier, the amplifier is built in a balanced
set-up to linearize the power output. A pair of cables with a phase difference of
less than 2° connect the amplifier stages. More details on linearization techniques
can be found in [110].
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4.2.2.1 Balanced Amplifier Hardware for the 1.3 GHz Band

The amplifier stage at the lowest frequencies consists of two Mitsubishi
RA18H1213G with a maximum output power of 35W (45.4dBm). Maximum in-
put power is 23dBm. A custom PCB and a heat sink are designed and built for the
experiments.
The maximum linear output power of the signal is limited to 12 dBm. Therefore a
pre-amplifier is required to raise up the signal amplitude to 23dBm. A TriQuint
TQP8M9013 pre-amplifier is placed before the first hybrid coupler. A demo board
ismodified for the desired frequency range from 1.25GHz to 1.3GHz. It delivers the
necessary maximum output power of 30dBm to compensate for the −6dB input
loss of the passive RF networks.
Both Mitsubishi amplifiers are driven with a gate voltage of 13.8V. A 5V voltage
regulator in combinationwith a 500kΩ potentiometer changes the operating point
of the amplifier. Getting the most linear operating point is achieved by setting the
bias voltage to 5V, which places the amplifier into class A operation mode. At this
point, a single amplifier draws a quiescent current of 8A.
Fig. 4.3a shows the gain for a single amplifier and the amplifier stage at 1.28GHz
including the pre-amplifier for input powers from−20dBm to 5dBm. A maximum
power of 48.5dBm (70W) is measured for the complete set-up including both hy-
brid couplers and the Wilkinson coupler. The current increases to 17 A for both
amplifiers. Linear gain is possible up to 40W. Additional losses of cables and con-
nectors can be neglected. The value of the linear gain is 28dB. The maximum
linear output power fluctuates between 0.5dB from 1.2 to 1.3GHz. At 43.5dBm
and 46.5dBm the 1 dB compression point is located for the 1.3GHz amplifier stage.

4.2.2.2 Balanced Amplifier Hardware for the 3.5 GHz Band

Two balanced WiMax base station amplifiers in class A operation mode deliver the
linear power for the band from 3.4 to 3.75GHz. A linear gain of up to 47 dBm (50W)
is measured using a quiescent current of 6A for a single amplifier.
To get the maximum output power, an input power of 10 dBm is needed for the
balanced set-up. Therefore no pre-amplification stage is required. An increase of
3 dB is measured by moving from the single to the balanced set-up.
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In Fig. 4.3b the gain of a single amplifier is plotted along with the gain of the bal-
anced set-up. A maximum combined output power of 48.1 dBm (64W) is measured.
The maximum linear output power fluctuates between 0.3dB from 3.4 to 3.75GHz.
The measurement of the combined arrangement shows a power of 47 dBm (50W).
By backing off the power, the linear area of the amplifiers is determined at a maxi-
mum of 45.5dBm (35W).

4.2.3 Summary of Extensions of the Large Signal Measuring Envi-
ronment

Frequency (GHz)

A
v
a
i
l
.
 
L
i
n
e
a
r
 
P
o
w
e
r
 
(
W
)

1 1.5 2 2.5 3 3.5 4
0

10

20

30

40

50

60

70

80

90

Figure 4.4: Graphical overview of the maximum linear output power available
from 1.3GHz to 3.5GHz.

For an overview of the maximum linear output power available over all frequencies,
it is plotted in Fig. 4.4. To compare the frequency-dependent effects, a constant
electric field strength is required. Therefore the maximum power level for all fre-
quency bands is limited by the 3.5GHz amplifiers to 35W.
Power levels are set from 5W to 25W due to limitations of the hardware used and
the plasma properties.
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4.2.4 Large Signal S-Parameter Measuring Environment Exten-
sion for Plasma Transmission Properties

Microwave transmission measurements require an extension of the large signal S-
parameter measuring environment, too. Before this, only the determination of the
reflection base point impedance2 was required. An additional port on the network
analyzer enables the measurement of the transmission. Reduction of the large sig-
nal power to a non-destructive level is provided by an additional attenuator in-
serted into the signal chain after the transmission prototype.

Network
Analyzer

Power
Meter

Signal
Generator

Wilkinson
Coupler

Balanced Amplifier
with Hybrid Couplers

Directional
Coupler

Directional
Coupler

Device 
under Test

Attenuator

b1, a1~b1~a1

~b2 b2

Figure 4.5: Block-diagram for the transmission measurement test-set based on
the large signal S-parameter environment at different frequencies.

The block diagram of the transmission extension is plotted in Fig. 4.5 including
the signal flow. On the right side, the additional signal from the DUT over the
attenuator to the network analyzer marks the extension for the measurements. All
other components are the same as for all other measurements in this chapter.

4.2.5 Frequency Dependency Measuring Error

The estimation of the impedance measuring accuracy depends mainly on the cali-
bration of the network analyzer. The OSM 3 calibration method eliminates all influ-
ences of the amplifier chain on the measurement and sets the reference plane to

2calculated from S11
3Open, Short, and Match (Load)
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Figure 4.6: Large signal S11 measurement and simulation comparison for the PC-
lamp (2.5GHz and 5W with a resulting relative error of 3.7%).

the desired position at theN-plug of theDUT.More details on calibration standards
can be found in [68].
A ripple test is made with a test cable4, which was shorted at its end to verify the
calibration. A peak to peak ripple of 0.5dB is measured resulting in a source match
of −28dB. It corresponds to a phase measuring error of 2.28° and a magnitude
error of 0.34dB for high reflecting DUTs. These values are the relative measuring
errors for all the measurements presented in this chapter. More information on
the classical ripple test can be found in [111] and [112].
All measurements of the jet, the PC-Lamp, and XHC are based on the modifica-
tions of the measuring environment described in the previous section. Additional
transmission measurements are presented using a modified version of the jet.
Measurements of the PC-lamp and the XHC are simulated to investigate possible
connections between the frequency and the lumped element properties. Only the
mean relative error between simulation and the measurement is given. In Fig. 4.6
an example plot for the PC-lamp at 2.5GHz and 5W is plotted with a relative error
of 3.7%. This plot has been chosen, since it is located in the mean region of all
simulated errors.
For the measurements of the transmission, the extended measuring environment
is calibrated by the two-port one-path forward method. It requires the full open,

4Precision PC7 air line
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short and load calibration for the first port. The transmission is calibrated by con-
necting a calibration standard between the two ports. A full transmission measure-
ment was not possible due to the lack of a second coupler for the determination
of S22. The ripple test shows a source match of 32dB. It corresponds to an error
of 0.22dB and 1.43°. More information on the calibration method can be found in
[113]. After the calibration, the reference planes are located on the N-plugs of the
prototype.
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4.3 Frequency Dependence of an Atmospheric Pres-
sure Microwave Plasma Argon Jet

Atmospheric pressure plasma jets have been in use for several application areas
such as material manipulation, medical and chemical purposes ([19], [22], [17]). For
plasma generation signals range from pulsed DC up to several GHz at input pow-
ers from mW to MW ([8], [9]). For more details and application areas using this
specific jet design see [114] and [115]. This section will determine the frequency-
dependent effects on the electric properties of amicrowave plasma at atmospheric
pressure levels up to 1 bar. Argon dieacts as the process gas at a constant gas flow
of 1.6Lmin−1.

4.3.1 Plasma Modeling for the Jet using Lumped Elements and
Lossy Dielectrics

In its most primitive form, a plasma jet consists of a coaxial topology, which is
flooded with the process gas. The gas exits the jet through an opening at one of
the ends. On the other side, the plug for inserting the microwave power is located.
Power is applied to an electrode which ignites and operates the plasma. Therefore

Figure 4.7: Plasma jet with an argon plasma driven with 20W at 2.43GHz and a
matching of−5dB

the plasma is visible outside the housing and can be used for the application. If
desired different size of the plasma can only be achieved by adjusting the gas flow
or the applied power. The surface activation is an application that requires a larger
size to optimize the throughput, whilemedical applicationsmay need a smaller size
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for a higher precision. Due to the generated heat or medical reasons often com-
promises are required for the gas flow or power to not surpass specific limits. An
investigation on the changes in size caused by different frequencies is presented
in Chapter 5.2.1. In Fig. 4.7 a jet, which is operated with argon at an input power
level of 20W. The results of this section have also been published in [116].

4.3.1.1 Modeling in Circuit and FEM Simulation of the Jet

A model for the representation of the jet inside the circuit and FEM simulators is
built in this thesis.

N-plug LBack LFrontLTrans

Figure 4.8: Circuit simulation model of the jet represented by coaxial lines. Cor-
responding positions in the FEM simulation model are annotated.

N-plug LBack LFront

LTrans

Figure 4.9: Annotated FEM simulation model of the jet. The indicated positions
are for visualization purposes of the circuit simulation model.

Broadband measurements of the jet in a cold state5 from 0.5GHz to 4GHz are con-
ducted and fitted. In addition, the jet is shorted with a metal plate for easier de-
embedding.
In Fig. 4.8 and 4.9 the simulation models from the circuit and FEM simulation of
the jet are displayed. The circuit model consists of a series connection of five coax-
ial lines, which correspond to the different areas of the jet. These areas are also
indicated in the FEM simulation model.
A capacitor fits the termination of the jet in the cold state to enable the simulation
of the resulting ignition voltage at the tip of the electrode. The voltage in the FEM
simulator is calculated by integrating the electric field strength along a line from

5No plasma is present
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Figure 4.10: Comparison of the S11-parameter of the measurement, circuit simu-
lation and FEM simulation model.

the tip of the electrode to the nearest position of the jet casing6. Fig. 4.10a and 4.10b
illustrate the broadband magnitude and phase matching of the circuit simulation
and FEM simulation to the measured values for the cold state from 1GHz to 4GHz.
As mentioned above, not all frequency-dependent losses can be simulated, and
therefore the slope of the magnitude is matched as closely as possible to the mea-
surement.
Radiation effects can only be reproduced inside the FEM simulator. The phase ex-
hibits a relative error of less than 2%over thewhole frequency band from 1 to 4GHz.
This error is below the measuring error of the ripple test. The circuit simulation
model calculates the base point impedance of the plasma.

6A field calculator provides the necessary equations.
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4.3.1.2 Jet Plasma Body Representation in FEM Simulation

(a) Cylindric plasma torch at 10W input
power (matching of−6.3dB at 2.45GHz).

(b) Representation of the plasma body in
3D field simulator using cylindrical primi-

tives.

Figure 4.11: Comparison of the plasma and its representation in an FEM simulator

For the operation of a jet, a gas flow needs to be applied to generate the plasma
torch in front of the casing. Otherwise, a spherical plasma ball is formed on the
tip of the electrode. This spherical plasma finds its usage in the microwave plasma
spark plug ([83]). A cylindrical body is formed by applying the gas flow. It is pre-
sented in Fig. 4.11a for an input power of 20W at 2.45GHz. A higher flow of the gas
leads to an extension of the cylinder at the same power level. The correspondent
FEM representation is illustrated in Fig. 4.11b. Since the losses show a maximum of
−0.15 dB, they do not have a significant effect on the conductivity estimation of the
plasma. For the height and length of the cylindrical bodies the determined plasma
body sizes presented in Chapter 5.2.1 are used.
The simulation modeling of the plasma follows two different paths. As described
in Chapter 2.3.5 lumped elements (resistors, capacitors, and inductors) substitute

(a) Single cylinder (b) Two cylinders (c) Four cylinders

Figure 4.12: Different models of the jet for the simulation of the plasma at 1.3GHz
and 5W input power as an example for the FEM simulation.
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electrical plasma properties in the circuit simulator. In the FEM simulator, the
conductivity and the permittivity of a meta-material substitute the plasma as an
electrical conductor. By moving further away from the electrode tip, the energy of
the electric field inside the plasma is reduced. It results in a smaller generation of
free charge carriers and a reduced conductivity. Different cylindrical bodies with
a fixed or decreasing conductivity imitate this behavior in the FEM simulator. A
model case is presented for a fitting of a plasma at 1.3GHz.
Fig. 4.12 illustrates the cylinder topologies for one, two and four cylinders. All mod-
els with two or more plasma bodies are tapered7. The measurement of a 1.3GHz
plasma at 10W is set as reference. Results of thematchedmagnitude and phase are
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Figure 4.13: Magnitude and phase of the measurement with additional data.

plotted in Fig. 4.13. All three models show a good agreement for the phase within
the measuring error margin. For the magnitude, all models are off by 0.2dB above
1.3GHz.
All three models exhibit the same slope progression. Even by changing the values
of the secondary and higher cylinder materials only the axial distance is increased
but not the slope. The single cylinder models exhibit the same behavior as the two
other models. It will be used for further simulations. Simulation runs are reduced
by a factor of up to four by reducing the number of cylinders from four to one.

7Values of the conductivity decreases with distance to the electrode
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The FEMmodel is an approximation for the conductivity to fit the simulation to the
measurement, as only reflection measurements are analyzed. For the example in
Fig. 4.13a a single cylinder with a conductivity of 12 Sm−1 is calculated. Other elec-
trical properties such as permittivity, permeability, and loss tangent would require
a fixed wave impedance and a transmissionmeasurement. A fixed wave impedance
can only be set if the plasma is shielded to avoid radiation.
The impact of the relative permittivity has been investigated, too. Changes to this
properties result in minor effects on the phase of the simulation. For example, a
doubling of the permittivity from 0.5 to 1.0 alter the phase by 0.5°. Therefore the
conductivity8 is simulated.
Asmentioned above, the plasma is not shielded and radiates parts of themicrowave
energy. These effects need to be considered in the simulation. De-embeddedmea-
surement results are calculated in the circuit simulator. The radiation effects can
only be fitted by the FEM simulation. The results presented are taken from the
FEM simulation runs.

8For all measured power levels and frequencies

93



Chapter 4. Frequency Dependence of RF Electrical Plasma Parameters

4.3.1.3 Measurement Results of the Jet over Frequency

All frequencies and power levels of the jet are measured from 5W to 15W. The
complex base point impedance9 of the argon plasma is determined in the circuit
simulator using the broadband model of the jet presented in the previous section.
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(a) Input power level: 5W.
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(b) Input power level: 10W.

Figure 4.14: Complex reflection values of a de-embedded jet for different fre-
quency ranges.

In Fig. 4.14a the results for a constant input power of 5W are plotted, whereas Fig.
4.14b shows the complex reflection values for 10W. Plots for 15W are omitted since
the changes compared to the lower power levels are not changing significantly.
A strong dependence of themagnitude on the frequency is striking from 1.25GHz to
1.3GHz. For the ranges around 2.4 and 3.5GHz the change of magnitude and phase
is smaller. Onlyminor changes occurwithin the same frequency band by increasing
the power levels. This behavior is measured for all energy levels, too. By using a
power- and a frequency-dependent equivalent circuit diagram, the behavior of the
plasma could be determined based on the measurement results. A non-monotonic
connection across all frequencies is apparent.

9Results are presented in Smith Chart as S11 reflection values. See Eq. (2.46)
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Table 4.1: Fitted RF conductivities using the plasma body model at power levels
from 5W to 15W and frequencies from 1.3GHz to 3.5GHz.

Frequency Input
Power

RF Con-
ductivity

GHz W Sm−1

1.3 5 0.45
10 0.6
15 0.7

2.4 5 11
10 12
15 13

3.5 5 9.5
10 10
15 11.5

(a) 1.3GHz, 5W (b) 2.4GHz, 5W (c) 3.5GHz, 5W

(d) 1.3GHz, 10W (e) 2.4GHz, 10W (f) 3.5GHz, 10W

Figure 4.15: FEM simulation of the electric field distribution of the plasma jet using
a single plasma body and the conductivities presented in Tab. 4.1.

All fitted results of the frequencies and power levels show an error margin of 5%
relative to the corresponding measurement. For further investigations measure-
ments with frequency points space more closely would be required to obtain pos-
sible connections of the base point impedance and the frequency.
These results confirm that the workflow for the development of a special built RF
network can be applied to the other frequencies. All measured impedances can be
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substituted by lumped elements and only the changed wavelength has to be taken
into account.
In Tab. 4.1 the plasma conductivities fitted in the FEM simulator for 1.3, 2.4 and
3.5GHz are presented. At 1.3GHz the lowest fitted conductivities range from
0.45Sm−1 to 0.7 Sm−1, while the frequency bands around 2.4 and 3.5GHz are
within the same region.
Inside the frequency bands10 all measured values exhibit a 10% margin. For the
same frequency, the conductivity increases with the input power and therefore the
energy level within the plasma. At higher energy levels more free charge carrier
are generated causing a raise of the conductivity.
The distribution of the electric field inside the plasma is shown in Fig. 4.15 for an
input power of 5 and 10W at frequencies from 1.3, 2.4 and 3.5GHz. Phase of the
electrical field is set to 0°, while only the source power is changed.
The plasma in this simulation is represented by a single cylinder of constant con-
ductivity. Dimensions of the cylinder are scaled to measured geometries, pre-
sented in Chapter 5.2. Lighter areas in the plots represent higher values of the
electric field strength.
As expected the distribution of the electric field is caused by changes in the wave-
length. This has been explained in more detailed in Chapter 2.4. As it focuses on
the impedance fitting only, the electric field distribution inside the plasma shows
the limitation of this model. It has been analyzed that the model is able to fit the
plasma conductivity over the whole investigated frequency range from 1.3GHz to
3.5GHz.
The fitting results show that the development workflow can be applied in the FEM
simulator using a single cylinder of a fixed conductivity.

101.25GHz to 1.3GHz, 2.3GHz to 2.6GHz and 3.4GHz to 3.7GHz
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4.4 Frequency Dependence of Low-Pressure Mi-
crowave Plasma Sources

For the comparison of low-pressure microwave plasmas and lighting applications,
a standard low-pressure but electrode-less phosphor-coated lamp (PC-lamp) and
a hollow cylinder filled with xenon (Xenon Hollow Cylinder, XHC) are measured.
These DUTs are chosen to investigate the influence of the frequency of different
gas fillings. Both share the same operation network, whose de-embedding results
are explained in this section followed by the plasma fitting of the PC-lamp.

4.4.1 Shared Network in Circuit and FEM Simulation for DUTs

The measurements of the PC-lamp and the xenon filled hollow cylinder configura-
tion are made using an existing 50Ω network.

N-plug LFrontLTrans

Figure 4.16: Representation of the measuring adapter inside the circuit simulator
consisting of five different coaxial lines. At the end, an inductor and capacitor to
ground are located which substitute the plasma of the PC-lamp and the XHC.

N-plug LFront

LTrans

Figure 4.17: FEM simulation model of the shared network for the PC-Lamp and
the XHC. Areas are indicated to identify the corresponding areas in the circuit

simulation model.

It is shown in Fig. 4.17 and consists of a standard N-plug including an attached
coaxial network, whose size is extended to the diameter of the devices under test.
The network is able to sustain input power levels of up to 100W. For the xenon
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cylinder, a shorter version of this network is used. The fitting process of the shorter
version is omitted since the mismatching is only in the phase.
In [12] this topology is used for an electrode-less energy saving lamp. These en-
ergy saving lamps included a dielectric conductor within the lamp to increase the
propagation of the RF-signal into the plasma. Before introducing this conductor,
the plasma was only existing in the first third of the burner and thus not being effi-
cient. After integrating another glass tube with a specified diameter to match the
impedance of the plasma, the plasma filled the whole burner. Even by increasing
the power the light intensity was increased. The dielectric conductor is left out of
the DUTs to elaborate the effects of the different frequencies.
The set-up inside the circuit simulator is shown in Fig. 4.16, represented by five
different coaxial lines. From the terminal, the signal flows through the N-plug and
the widening of the network. At the end, of the network, the inner conductor is
slightly longer than the outer conductor. It is symbolized by the inductor. The pen
end of the network is substituted with a capacitor. It is removed by the plasma de-
embedding. The FEM simulation model is shown in Fig. 4.17. Areas corresponding
to the each other are indicated in both plots. Both FEM simulation set-ups can be
found in Fig. 4.20 and Fig. 4.27.
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Figure 4.18: S11 values of the fitting of the measuring network used for the PC-
lamp and the XHC.

Fig. 4.18 displays the magnitude and phase of the reflection measurement, circuit
and FEM simulation. The model exhibits a relative error of less than 2% for the
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magnitude and the phase. Fitting of the network from 1GHz to 4GHz is done in
two stages using the circuit and FEM simulation. The fitting of the phase shows a
good agreement of the measurement and both models.

4.4.2 PC-Lamp Plasma Representation

The frequency dependence on an enclosed low-pressure argon-mercury plasma is
determined by the PC-Lamp. It is filled with low pressured argon as start gas. After
its ignition the temperature increases and the mercury is ionized. The emitted UV-
light is converted to the visible light spectrum by the phosphor coating. A metallic
knitted fabric around the lamp prevents radiation of the RF power.

Figure 4.19: Prototype of the PC-lamp including the measuring network, metallic
knitted fabric for shielding and a polyoxymethylene (POM) frame for fixation.

Fig. 4.19 shows the manufactured prototype including the network described in
the previous section. Radiation of the electro-magnetic field is constrained by a
metallic knitted fabric. A polyoxymethylene frame provides the fixation of the lamp.

burner
N-plug

network

Figure 4.20: Cross-section of the FEM simulationmodel of the PC-lamp, including
the N-plug and the measuring network.

The FEM representation of the lamp is shown in Fig. 4.20.
In this thesis, the PC-lamp is operated with power levels from 2W to 10W at all fre-
quencies. At 1.3GHz the linear output power of the amplifiers cannot compensate
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the low matching of the lamp. Therefore a maximum input power of 5W can only
be measured for this band.
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Figure 4.21: S11 results of the plasma simulation for the PC-lamp using a single
conductivity body inside the burner for a frequency of 1.3GHz and an input power

of 5W.

Fig. 4.21 shows the exemplary plot of the measurement at 1.3GHz and the fitted
FEM model with a single plasma body of a constant conductivity of 0.5Sm−1.
As explained in Sec. 4.3.1.2 the usage of several decreasing conductivities might
improve the fitting. Further simulations with several plasma bodies did not yield
an improvement of the fitting. The loss tangent is set to 0, the relative permittivity
and the permeability are set to 1.
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4.4.3 Measurement and Simulation Results of the PC-Lamp Base
Point Impedance

Coaxial transmission lines substitute the measuring network in the circuit simu-
lator for de-embedding as shown in Fig. 4.16. The base point impedance of the
PC-Lamp is determined. All results do not exceed an error margin of 10%.

1.251.32.3
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3.43.5 3.63.7

(a) Input power of 2W.

1.251.3
2.32.42.5

2.6

3.4
3.5

3.6
3.7

(b) Input power of 5W with constant con-
ductivity results from FEM simulation.

2.32.4 2.5
2.6
3.4

3.5
3.6

3.7

(c) Input power of 10W. No measurements
at 1.3GHz were possible.

Figure 4.22: De-embedded measured complex reflection values of the PC-lamp
at 2W, 5W and 10W.
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4.4.3.1 Base Point Impedance Determination of the PC-Lamp

First the measurements are de-embedded and the corresponding base point
impedance is determined. Second, the plasma is fitted using a matching network.
The de-embedded S11 results for two different power levels at 2 and 5W are illus-
trated in Fig. 4.22a and 4.22b with indicated frequencies. At 10W the 1.3GHz band
could not be measured. Therefore the Smith Chart in Fig. 4.22c contains the result
of the other frequency ranges only.
At an input power of 2W the highest base point impedance of (38.5− 13.3i)Ω is at
3.5GHz, while the lowest value is (15.2− 123.9i)Ω at 1.25GHz. The values of the
reflection measurement do not follow a linear path.
A linear connection of the de-embedded reflection parameters and the resulting
base point impedances is visible for power levels at 5W an above. At 5W an almost
constant real part of the base point impedance of 10.8Ω at 1.3GHz, 13.2Ω at 2.4GHz
and 15.6Ω at 3.5GHz are determined.
Only the phase of the de-embedded values changes significantly from −120.3° at
1.3GHz, over−45.7° at 2.4GHz to−10° at 3.5GHz. This is also visible in the Smith
Chart in Fig. 4.22b. In this plot the circle on which the values are located is of a
constant real part. Only the phase decreases counter-clockwise.
A possible connection of the base point impedances across the frequencies is visible
for input powers of 5W and higher. In Fig. 4.22b the simulation of a constant
conductivity of 0.5Sm−1 and a constant relative permittivity of 0.5 is plotted.
For all frequencies from 1.3GHz to 3.7GHz this constant conductivity is able to fit
the base point impedance within an error margin of 5%. With this constant value,
it is possible to estimate the behavior of the base point impedance for the PC-Lamp
in the white space between the investigated frequency bands.
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4.4.3.2 Plasma Fitting with a Circuit Simulator of the PC-Lamp

Figure 4.23: PC-Lamp plasma model for the representation in the circuit simula-
tor. It consists of a series resonance circuit.

A series connection of an inductor and capacitor with tunable q-factor fits the
plasma of the PC-Lamp in the circuit simulator. It is shown in Fig. 4.23. It is the
same network used for the jet and the XHC.
Results of the fitting process in the circuit simulator are presented in Fig. 4.24
at all measured frequencies and power levels of the PC-Lamp. The simulation re-
sults are based on a series resonance circuit of an inductor and a capacitor. Below
its resonant frequency, a series resonance circuit exhibits a capacitive impedance.
Therefore the inductor is only used as the frequency-dependent element in the
circuit simulator.
Values of the inductance L do not follow a monotonic connection over the fre-
quency and power. Its highest values are simulated for the 2.4GHz band. The in-
ductor’s q-value increases with the frequency within the measuring accuracy. The
capacity is assumed to be constant over frequency and power. Q-value of the ca-
pacitor is constant and has been omitted due to visibility reasons. The maximum
relative fitting error of the circuit simulation representation and the PC-Lamp
plasma is about 6%.
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Figure 4.24: Fitted values of the PC-Lamp plasma representation network in the
circuit simulator. The network consists of a series resonance circuit of a capacitor

and an inductor with a tunable Q-value.
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4.4.3.3 Fitting of the PC-Lamp Measurements in an FEM simulator

(a) 1.3GHz, 5W (b)

(c) 2.4GHz, 5W (d) 2.4GHz, 10W

(e) 3.5GHz, 5W (f) 3.5GHz, 10W

Figure 4.25: Electric field distribution of the shielded PC-lamp at different fre-
quencies and power levels.

In order to compare the electric field distribution inside the lamp burner, the re-
sults of the FEM simulations are plotted in Fig. 4.25 for the power levels of 5 and
10W. The conductivity of each frequency and power is set to the determined value
described in Tab. 4.2, along with the input power.
By comparing the influence of the frequency on the spatial extensions of the plasma
in Sec. 5.2.2, no relation to the simulation can be found for input power levels below
5W. As plotted in Fig. 4.22b, a constant conductivity of 0.5Sm−1 is able to fit the
base point impedance at all frequencies. At 10W the constant conductivity of about
0.45Sm−1 can be made for the frequencies around 2.4GHz and 3.5GHz since the
measurements for the band around 1.3GHz is missing.
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Table 4.2: Fitted PC-Lamp Plasma RF conductivities obtained from the FEM sim-
ulator.

Frequency Input
Power

RF Con-
ductivity

GHz W Sm−1

1.3 2 0.2
5 0.5
10 n/a

2.4 2 0.65
5 0.55
10 0.45

3.5 2 0.61
5 0.53
10 0.42

The resulting conductivities are given in Tab. 4.2. Within the bands, two different
frequencies are simulated for verification. For each frequency band, a constant
conductivity is fitted. While the frequency bands around 2.4 and 3.5GHz exhibit
the same conductivity, the values of the 1.3GHz band change significantly at 2W in-
put power. Therefore the determined constant conductivity across all frequencies
can only be verified for a limited window of power. Another interesting result is
represented by the decrease in the conductivity and an increase in the input power.
While at 2.4GHz and 2W the fitting resulted in a conductivity of 0.65Sm−1, it de-
creases to 0.45Sm−1 at the input power of 10W.
In contrast to the plasma jet, the boundary conditions are more consistent since
the plasma is enclosed and the radiation is constrained.
The geometrical dimensions of the PC-lamp allow the full extension of the plasma
even at 10W. The amount of energy reflected back into the plasma can be ne-
glected. In case of the XHC reflected amount of the energy has to be considered,
since an interference pattern is formed at 5W of input power. The latter is ex-
plained in Chapter 5.2.3.
The investigated results may form the basis for a possible extension to an FEM
model, which is defined by other plasma parameters. An almost constant con-
ductivity is shown for an input power of 5W. This would reduce the number of
unknowns in Eq. (2.19). Only the number of electrons and the resulting collision
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frequency would be unknown. Further investigations on this matter could involve
the determination of plasma parameters by only measuring and fitting the RF con-
ductivity for specific frequencies. Limitations of this model are the amount of
mesh cells for the 3D bodies, defining the resolution of the local changes inside
the plasma.
It is shown that the fitting of the plasma in the circuit and FEM simulation exhibit
a close match to the de-embedded measurement of the base point impedance. A
linear connection of the phase exists and has been verified by a complete solution.
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4.5 Frequency-Dependent Electrical Properties of the
Low-Pressured Xenon Hollow Cylinder (XHC)

The Xenon Hollow Cylinder (XHC) consists of a glass tube, filled with xenon at
a pressure of 15mbar. It has a length of 62mm and a diameter of 16mm. The
glass tubes were manufactured by the LTI of the KIT11 and have an inner volume of
0.043m3 and a glass thickness of 1mm.

Figure 4.26: Photograph of the set-up XHC including the probe network and
metallic knitted fabric.

xenon
filling

probe

N-plug

Figure 4.27: FEM model of the XHC to simulate the conductivity of the plasma.

A metallic knitted fabric provides the shielding similar to the PC-lamp. The XHC
prototype including the shielding and the probe network is presented in Fig. 4.26.
This device was chosen for the measurements to evaluate the differences in the
electric properties of a typical lighting gas. Its simple geometric form simplifies
the modeling process in the simulators. Xenon-filled burners can be found in e.g.
automotive head lights. Therefore potential differences in the frequency depen-
dence of argon and xenon can be assessed.
A shorter version of the 50Ω network explained in Sec. 4.4.2 is used for the mea-
surements. This network exhibits the same magnitude and shows just a minor dif-
ference in the slope of the phase. The FEMmodel of the lamp is plotted in Fig. 4.27.
As in the case of the PC-lamp and the jet, only a single cylinder with a constant
conductivity substitutes the plasma in the 3D-model.

11Lichttechnisches Institut of the Karlsruhe Institute for Technology
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4.5.1 Measurement and Simulation Results of the XHC-device

The XHC device measurements are conducted following the same procedure as for
the PC-lamp. A detailed description of the used network and the procedure itself
can be found in Section 4.4.2.
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Figure 4.28: Frequency-dependent S11 reflection values of the XHC at different
power levels from 2W to 5W and frequencies from 1.3GHz to 3.5GHz.
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4.5.1.1 Base Point Impedance Determination of the XHC

The network shown in Fig. 4.16 is used for de-embedding the XHC in the circuit
simulator. Reference plane of the base point impedance12 is located at the tip of
the inner conductor.
Fig. 4.28 displays the comparison of the de-embedded plasma S11 reflection values,
which are calculated in the circuit simulation. Input power levels from 2W to 10W
are compared. No data could be measured for frequencies around 1.3GHz at 10W.
For an input power of 10Wa randompattern spread appears across the Smith chart.
This behavior correlates with the observation that the amount of reflected power
is sufficient to produce visible interference patterns inside the burner.
At 2 and 5W a possible connection between the frequency and the conductivity
is distinct. All frequencies are located on a single admittance circle in the Smith
Chart, which is the equivalent of a constant real part of the complex reflection
values. It only changes its imaginary part. Therefore, a parameter sweep using
different conductivities is performed in the FEM simulator and then fitted to the
measured data. No monotonic connection of the frequency and the conductivity
is found as in the case of the PC-lamp.
At 10W of input power the results are erratic and do not follow the possible con-
nection observed at the lower power levels. This behavior correlates to the results
measured in Chapter 5.2.3. The burner of the XHC is not completely filled at lower
power levels, while at 10W interference patterns of the standing wave inside the
plasma are visible. Due to the interference of the reflected wave, the base point
impedance is changed and cannot be replicated by a constant conductivity inside
the simulator.

12Combination of glass and plasma electrical properties
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4.5.1.2 Plasma Fitting of the XHC in the Circuit Simulator

The microwave plasma representation of the XHC in the circuit simulator is rebuilt
by using the same network as for the PC-Lamp.

Figure 4.29: Series resonance circuit schematic for the plasma representation of
the XHC in the circuit simulator. The resistor substitutes the losses of the circuit.

In Fig. 4.29 the series resonance circuit is shown, which simulates the frequency-
dependent plasma electrical properties by lumped elements. The losses of the
series resonance circuit’s losses are substituted by the resistor. Frequency-
dependent losses of the circuit are represented by the Q-values of the inductor
and the capacitor.
As shown in Fig. 4.28 all determined base point impedance values are located in the
capacitive area of the Smith Chart, which is the lower half circle of the diagram.
Below its resonance frequency, a series resonance circuit can be seen as a
frequency-dependent capacitance. Therefore the inductor only substitutes the
frequency-dependent part of the plasma. Main influence on the base point
impedance is caused by the capacitor. A detailed explanation is given in Section
4.1.
As for the PC-Lamp, the chosen model consists of a series resonator circuit of an
inductor and capacitor, which is shown in Fig. 4.29. Both are simulated with a
tunable frequency-dependent q-factor, which is illustrated by the resistor in the
schematic. By this fitting it is shown that the plasma fitting of two different gases
(argon and xenon) and two different prototype configurations (PC-Lamp and XHC)
are possible by the same underlying lumped element model.
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Figure 4.30: Values of the XHC plasma representation by lumped elements in the
circuit simulator at power levels from 2W to 5W from 1.3GHz to 3.5GHz.

The next step is to verify the possible connection between the frequency and the
base point impedance in the circuit simulator. All measured frequencies and power
levels for the simulated plasma representation of the XHC are visualized in Fig. 4.30.
Simulations for 10W input power could not be made since the chosen model did
not fit with any parameter combination.
Values of the inductance and capacitance are inversely proportional to the input
power. Q-Factors of the inductor increase with the power, while the q-factor of
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the capacitor changes only slightly. Both the values of the inductance and the in-
ductor’s q-factors are inversely proportional to the frequency. The values of the ca-
pacitance are inversely proportional to the frequency, while the q-factor of the ca-
pacitor exhibits a constant value of 300 at all frequencies. Therefore the q-factor’s
plot has been omitted.
Comparing these values to the determined base point impedance in Fig. 4.28 shows
that themain influence on the impedance is caused by the capacitance. This behav-
ior supports the chosen lumped elementmodel for the XHC plasma representation.
The mean relative error of the fitting to the measurement is plotted in Fig. 4.30d
with a maximum value of 7% at 2.4GHz.
For the analysis, the XHC’s spectral properties have to be taken into account. At
2 and 5W the burner is not completely filled by the plasma. This allows a fitting
by the series resonance circuit model. A higher input power leads to interference
patternswithin the XHC’s burner. Fitting of this interference pattern is not possible
by the presented lumped element model.
To further investigate the connection of the conductivity, the plasma is modeled in
the FEM simulator.
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4.5.1.3 3D-Modeling of the XHC plasma in an FEM simulator

In Fig. 4.27 the FEM simulation model of the XHC is illustrated. The shielding of the
device under test is included in this simulation and is visible by the spline curves
at the transition from the probe to the burner and the end of the glass cylinder.
The curve was rotated around the axis to become a surface emulating the losses of
the meshes. Spacing of the meshes is set by surface conditions. The sizes of the
plasma are represented by a length of 60mm and a radius of 7mm.

(a) 1.3GHz, 5W (b)

(c) 2.4GHz, 5W (d) 2.4GHz, 10W

(e) 3.5GHz, 5W (f) 3.5GHz, 10W

Figure 4.31: Electric field distribution of the shielded XHC at frequencies of
1.3GHz, 2.4GHz and 3.5GHz and power levels from 5W to 10W.

To compare the electric field of the differentmeasurements, it is plotted in Fig. 4.31.
The phase is set by the maximum electric field strength inside the burner.
These plots point out the limitation of the plasma modeling using a lossy dielec-
tric with a finite conductivity and permittivity. It is possible to model the electric
parameters in terms of matching and electric field strength. As described in the
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following chapter, the length of the XHC device helps to visualize the interference
pattern of the standing electro-magnetic wave. The pattern is explained in Chap-
ter 5.2.3. Using the finite conductivity and permittivity the field distribution of the
standing wave cannot be reproduced. Another approach is possible by simulating
the plasma meta-material through dielectric loss tangent and permittivity.

Table 4.3: Overview of the fitted values for the extracted RF conductivities at
different power levels and frequencies for the XHC-device.

Frequency Input
Power

RF Con-
ductivity

GHz W Sm−1

1.3 2 0.05
5 0.03
10 0.02

2.4 2 0.15
5 0.21
10 0.26

3.5 2 0.28
5 0.35
10 0.45

FEM simulations of the XHC at each measured frequency and input power level
are performed for the verification of the constant conductivity. In Tab. 4.3 the
simulated results are given for each of themeasured data points. The lowest values
are calculated for the band around 1.3GHz and increase with the frequency.

4.5.1.4 Summary of the XHC-Device Frequency-Dependent Electrical Proper-
ties Analysis

A frequency dependency analysis of the XHC’s plasma electrical properties is pre-
sented.
Extraction of the measured base point impedance based on the measured S11 re-
flection values is given, resulting in a strong dependence on the frequency and the
power.
Using a lumped element lossy series resonance circuit model, the plasma is fitted
in the circuit simulator. It is verified, that the proposed model with a dominant
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and frequency-dependent capacity fits the plasma within a low error margin of 6%.
Hence it becomes obvious that this model is consistent for microwave plasmas of
different gases, pressures, and topologies.
Fitting of the XHC’s plasma conductivity at different frequencies using a 3D-model
in an FEM simulator is presented. Conductivity of the plasma is proportional to an
increase in the frequency and the power. It is shown that the electrical properties
of the plasma are fitted only by a variation of the conductivity13.
All presented analyses are made during the course of this thesis.

13Real part is changed, imaginary part is constant
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4.6 Modeling of ArgonMicrowave Plasma By Electrical
Transmission Properties

Electrical properties of microwave atmospheric plasmas in this chapter have been
analyzed based on reflection measurements. The used approach satisfies the re-
quirements for most applications, since just the impedance of the RF network has
to be adapted to the specific plasma. Electro-magnetic energy entering the plasma
is partly reflected at different positions inside the plasma and superimpose each
other14. The sum of this reflected wave is measured as the reflection coefficient
and lacks spatial resolution. This spatial resolution can be recorded by measuring
the electro-magnetic energy transmitted through the plasma.
All measurements and fittings were made during the course of this thesis.

4.6.1 Description of the Transmission Measurement Adapter Pro-
totypes

This section describes the development of the different prototypes for the
frequency-dependence of the plasma transmission properties. Boundary condi-
tions are determined by two prototypes followed by a third one to conduct the
measurements.

4.6.1.1 Final Network Prototype for the Measurement of Microwave Plasma
Transmission Properties

Two prototypes are built up to identify the boundary conditions of the measure-
ments and analysis.

Figure 4.32: First prototype for the transmission measurements to explore and
prepare the boundary conditions for the operation of a microwave plasma.

14Most of the other energy is absorbed by the plasma
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A simple first set-up is created, which is shown in Fig. 4.32. It consists of the
plasma jet presented in Sec. 4.7 onto which a special head is mounted. The second
electrode is taken from a standard N-plug with an SMA15-cable is attached. The
distance between the electrodes can be varied by screwing and unscrewing the
head. This set-up was used to measure the influence of the distance between the
electrodes and to determine the possible combinations of gas flow and input power
level.
A disadvantage of this first measuring set-up is the radiation caused by the aper-
ture of the device. The wave impedance of the system is unknown. Therefore no
measurements are presented.

Figure 4.33: Second plasma transmission prototype using a coaxial topology to
imprint a fixed and known wave impedance for the whole test fixture.

These problems are solved by a second prototype, shown in Fig. 4.33with an ignited
argon plasma between the inner conductors. It consists of the plasma jet used in
Sec. 4.3 and a 50Ωmeasuring probe of the DHPL presented in Chapter 3. The inner
conductors are facing each other in a fixed distance of 2.5mm. Brass foil held in
place by a hollow glass cylinder forms the outer conductor of the coaxial system.
A small gap in the glass and the foil is left open to ignite the plasma. The smaller
aperture of this device prevents the RF power from radiatingwhile providing a fixed
wave impedance for the de-embedding process.

15SubMiniature Type A
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(a) Relative magnitude and phase changes in the transmission values of the second transmis-
sion prototype at different power levels and a fixed gas flow of 1 Lmin−1.
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(b) Changes in the transmission magnitude and phase caused by variations of the gas flow
from 0.4Lmin−1 to 1.0Lmin−1 and a fixed input power of 10W.

Figure 4.34: Overview of the impact of power and gas flow changes on the mag-
nitude and phase of S21. Measurements are made using the second transmission
prototype for visualization purposes and verify the influence of the investigated

parameters.

In Fig. 4.34 the measured relative changes in the S21
16 values are shown. For this,

either the input power or the gas flow is fixed to a constant value, while the other
parameter is swept. All measurements had to be made in a single measurement
set-up and could not be reproduced.
Fig. 4.34a displays the swept frequency of the measurement from 2.3GHz to
2.6GHz using a fixed power level of 10W and a constant argon flow of 1 Lmin−1.

16Transmission values
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Relative changes in the frequency are visible for the magnitude of the impedance
within a window of about 10% within the measuring accuracy.
In Fig. 4.34b the gas flow and the frequency are fixed to 1 Lmin−1 and 2.4GHz re-
spectively. The power is changed from 2.5W to 12.5W. For the magnitude, the
highest change is measured at the lowest input power and decreases with an in-
crease in the power. At higher power levels a saturation effect can be seen.
It is shown that the change of the gas flow and input power influence the magni-
tude and phase of the transmission properties of the plasma. Impact on the mag-
nitude of the S21 values is higher as on the phase and thus an indication that the
main influence of the conductivity is the amount of generated free charge carriers
and their resulting collision frequency. Low impact on the phase indicates a small
change of the relative permittivity within the plasma.
Measurements with this set-up were not reproducible since the interconnection
boasted fragile behavior. In addition, the fixed gap width of the second prototype
limits the possibilities for the measurements.
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4.6.1.2 Final Network Prototype for the Measurement of Microwave Plasma
Transmission Properties

The Final Transmission Network Prototype (FTNP) for the transmission measure-
ments is built up based on the former designs.

Figure 4.35: Built-Up prototype for the final transmission measurements. It con-
sists of the plasma jet and a network for the HFD-lamp, which are connected by

a custom-built screwable interconnection.
plasma jet lamp networkgap

Figure 4.36: 3D-model of the final transmission prototype with annotated areas.

The glass tube and brass foil are exchanged by a screwable connection enabling
reproducible measurements across all frequencies bands. It is illustrated in Fig.
4.35. The 3D-model for the calculation of the conductivity is presented in Fig. 4.36.
The used parts of the prototype are annotated, too.
The length of the inner electrodes is chosen to short the connection between the
two adapters. Shorting the adapter is required to perform the calibration17. After
the calibration process, the references planes are located on the tip of both elec-
trodes.
By unscrewing the adapter, the distance between the electrodes is adjustable. The
distance is measured by the difference of the outer casing using a caliper and are
based on the relative changes to the shortened position.
Different process gasses can be inserted via the front inlet. The gas exits the inner
electrode (cannula) of the jet, where it feeds the plasma between the electrodes.
Teflon discs are inserted into both adapters to prevent the process gas from leaking.
All measurements are made using a fixed gas flow of 0.8Lmin−1.

17Unknown thru response calibration[117].
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(a) 1mm (b) 2mm (c) 3mm

Figure 4.37: Argon plasma at different gaps. Input power of 10W is constant at an
excitation frequency of 3.4GHz and a gas flow of 0.8Lmin−1.

Argon plasmas at different gap sizes between the electrodes are shown in Fig. 4.37.
Simulations show the vertical shift of the electrode does not have a significant ef-
fect on the conductivity of the plasma. On the left, a gap size of 1mm at 3.5GHz is
set. The pictures in the middle and the right within the figure show a gap distance
of 2mm and 3mm. Vertical size of the plasma decreases while increasing the dis-
tance between the electrodes. This effect has also been taken into account in the
simulations.
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4.6.2 Fitting of Microwave Plasma Transmission Parameters us-
ing Lumped Element- and 3D-Modeling

This section describes the fitting of the microwave plasma transmission parame-
ters for frequencies around 1.3GHz, 2.4GHz and 3.5GHz, power levels from 5W
to 15W and gap width from 1mm to 3mm.
A lumped element model is presented for the representation of the parameters in
the circuit simulator. The resulting transmission base point impedances are shown.
A single capacitor with a frequency-dependent q-value fits the plasma for all con-
ducted measurements.
For the calculation of the parameters in the FEM simulator, a 3D-model is shown. A
newmodel using a core/cone representation is presented alongwith a comparison
to a cylindric plasma body. Based on a detailed error analysis of the newmodel, the
fitting of the plasma using only the conductivity is presented.
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(b) Phase of the S21 transmission value.

Figure 4.38: Overview of the S21 transmission values for the FTNP with a closed
gap. Both measurements and model in the circuit simulator are shown.
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Figure 4.39: De-embedded transmission plasma base point impedance of the
FTNP for 10 and 15W input power at different distances of the electrodes.
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4.6.2.1 Fitting of the Plasma Transmission Parameters using a Lumped Ele-
ments Model

For the generation of a lumped element model of the plasma transmission param-
eters, the measurements are loaded into the circuit simulator and a model is built
up.
Based on the existing model of the plasma jet (Sec. 4.3.1.1) and the operation net-
work of the HFD-Lamp (Sec. 3.3.3.2 ) the model of the FTNP is created. It consists
of a series connection of ten coaxial lines.

Figure 4.40: Lumped element model for the fitting fitting of the FTNP plasma. A
series conductor with a tunable q-factor is utilized. The q-factor is represented

by the series resistance.

In Fig. 4.38 the results of the fitting process from 1GHz to 4GHz for the FTNP with
a closed gap18 are shown. Four different reference measurements including gap
distances from 0mm (short) to 3mm in 1mm steps are fitted and used for the de-
embedding process. The figure shows the shorted measurement and fitted model
in the circuit simulator for the transmission. An error of 10% is achieved for the
broadband fitting. This accuracy is the main influence on the variance of the final
results of the lumped element model.
The black-box method19 is utilized and the values of the base point impedance of
S11 and S21 are determined.
Fig. 4.39 displays the de-embedded transmission impedance of the FTNP at dif-
ferent frequencies, input power levels and gap sizes. All measured data points are
located close to each other. A non-monotonic connection between the frequency
and the base point impedance of the plasma exists for the transmission based on
the black box method. Plots for the 2mm gap have been omitted since they do not
show any significant change compared to the other gap sizes.

18Connection is shorted
19De-Embedding of the measurements without a fitting by a model.
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Table 4.4: Circuit simulation results for the transmission network using a single
capacitor and a tunable frequency-dependent q-factor.

Frequency Power 1mm 2mm 3mm
(GHz) (W) C (pF) QC C (pF) QC C (pF) QC

1.3 5 0.7 1.8 0.7 1.8 0.6 1.8
1.3 10 1.1 1.8 1.05 1.8 0.95 1.8
1.3 15 1.3 3.5 1.3 3.1 1.3 1.9
2.4 5 0.35 1.3 0.25 1.3 0.15 0.6
2.4 10 0.7 0.8 0.17 0.6 0.25 0.9
2.4 15 0.35 3 0.23 0.8 0.15 0.4
3.5 5 0.6 0.5 0.35 0.5 0.15 0.5
3.5 10 0.7 0.8 0.4 0.4 0.13 0.25
3.5 15 0.75 0.45 0.45 0.35 0.15 0.15

Changes in the gap size or input power do not show a measurable effect on an
electro-magnetic wave traveling through the plasma. Only the frequency has a sig-
nificant impact on the base point impedance, which is again caused by the different
wavelengths. These results also show that another frequency can be chosen to de-
sign an application based on its requirements. It underlines the importance, that
the frequency introduces a degree of freedom. A simple extraction of an equation
based model is not possible.
Inside the circuit simulator, a capacitor with a tunable q-value substitutes the
plasma between the electrodes. It is shown in Fig. 4.40 and consists of a series
capacity with a tunable frequency-dependent q-factor. In the model, it is repre-
sented by a series resistor.
In Tab. 4.4 the overview of the fitted model values of the plasma at all gap sizes,
power levels and frequencies for the FTNP is presented. Since the bands exhibit a
margin of 5%, the center frequencies are shown.
At 1.3GHz the capacitance increases with the power as does the q-factor for all
three gap sizes. By increasing the frequency to 2.4GHz the course of the capac-
itance and the q-factor does not follow a linear path and shows a rather random
behavior. The same situation can be seen for the highest frequency around 3.5GHz
where the capacitance increases for gap sizes of 1 and 2mm but is distributed ran-
domly at 3mm. It appears also for the q-factor.
A simple frequency-dependent trend is visible for some of the fitted parameters:
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Values of the capacity are inversely proportional to the frequency of a fixed gap
size and power. The capacity is reduced at higher frequencies.
For a fixed frequency and power level the capacity is inversely proportional to the
gap size. It follows the same principle as a plate capacitor, which exhibits a reduc-
tion of its capacitance at higher electrode distances.
Values of the q-factor are reduced with an increase of the frequency and a fixed
gap size and input power. It is caused by the change of the energy density, which
is proportional to the frequency.
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4.6.2.2 Fitting of the Transmission Plasma Parameters using a 3D-Model in an
FEM Simulation

A 3D-model of the FTNP is rebuilt in the FEM simulator to determine the conduc-
tivity of the plasma transmission conductivity. This is done to achieve a good 3D-
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Figure 4.41: Overview of the broadband S21 transmission values of the magnitude
and phase for the FTNP from 1GHz to 4GHz. Measurement (dashed line) and

fitting (solid line) are presented.

model of the properties of a microwave plasma.
In Fig. 4.41 the overview of the S21 transmission values of the fitted 3D-model and
the measurement for the FTNP for the frequency range from 1GHz to 4GHz is
shown. An error margin of 8% is calculated for the broadband fitting.
For the representation of the plasma in the 3D-model the cylindrical plasma body
of the jet20 The conductivity of the material is set to a constant value.

20Sec. 4.3.1.2 is utilized for the first approach.
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(a) Single cylinder model of the plasma fit-
ting for the transmission of the FTNP.
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Figure 4.42: Overview of the measurement and the different plasma fitting mod-
els. The single cylinder model is simulated with a diameter of 1mm.

Fig. 4.42 shows the final size of the plasma cylinder for 1.3GHz. The physical dimen-
sions of the cylindric model do not fit the plasma since the diameter is more than
doubled. An exemplary overview of the S21 transmission value phase is presented
in Fig. 4.42b. The phase of both the measurement and the fitting are close to each
other. One aim of the FEM simulations is the reproduction of the correct physical

(a) 1mm gap (b) 2mm gap (c) 3mm gap

Figure 4.43: HFSS plasma models for the different gaps between the electrodes
from 1mm to 3mm. The power is coupled in from the left side.

attributes. The diameter of the cylinder does not match the spatial extensions of
the plasma. Therefore an updated model consisting of a core cylinder and a sur-
rounding cone is introduced (further: core/cone): This model is extracted from
different photographs, where a more light intensive part is located in the middle
of the plasma. Less illuminated parts are represented by the cone.
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The conductivity of the inner core is tapered21. This means that is always higher
than that of the outer cone.
All gaps from 1mm to 3mm of the core/cone model are plotted in Fig. 4.43. Maxi-
mum diameter of the inner core is set to the size of the inner conductors opening,
which is 0.6mm. Size of the core’s diameter is varied to satisfy the spatial exten-
sions of the different frequencies. At 1.3GHz the maximum size is set, while at
3.5GHz a reduction down to 0.3mm is necessary. The size of the cone is fitted
with a parameter sweep. In Fig. 4.42b the fitting results of the core/cone model
are plotted. This emphasizes the correct fitting while maintaining the spatial ex-
tensions of the plasma.
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Figure 4.44: Relative errors for the different power levels of the transmission fit-
ting in the FEM simulator. Fitting is made for a gap of 1mm at 2.4GHz.

21Same approach is used for the jet plasma fitting.
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Simulations are run with a parameter sweep for the following variables:

• inner core: diameter, conductivity and relative permittivity22,

• cone: diameter of the larger side, conductivity, and relative permittivity.

A change of the relative permittivity does not yield any significant changes. There-
fore the conductivities represent the electrical properties of the plasma for the
FTNP. The amount of parameter sweeps is reduced by setting the relative permit-
tivities to a constant value of 1. The results are exported toMatlab, where a custom-
written routine analyzes and visualizes the fitting error. Lowest error is calculated
for S11 and S21. A 3D surface is generated by the routine to show the influence of
the different conductivities. The outputs of the scripts for a frequency of 2.4GHz
at power levels from 5W to 15W are presented in Fig. 4.44.
Both conductivities are plotted on the x- and y-axis, while the absolute error of
the fitted model is located on the z-axis. A lower value on the z-axis corresponds
to a lower absolute error. The sum of the measuring error (Sec. 4.2.5) and the
accuracy of the de-embeddedmodel are required for the margin of the error. With
a minimum source matching of−32dB for a minimal measured matching of−5dB,
the relative error of the measurement is about 1%. The simulation error of the
broadband fitting is about 10%. Therefore the summed relative error is about 11%
for the transmission measurements. The relative error is not plotted in Fig. 4.44
due to visibility reasons.
The iterative process of the parameter sweep is started with a rough spacing of the
conductivities to identify the areas of the lowest error. After this, the granularity
of the spacing is refined which is also visible in the plots where the mesh points
are denser distributed. A shading effect is overlayed for a better visibility.
The combination of three frequencies (1.3, 2.4 and 3.5GHz), four power levels (5,
7.5, 10 and 15W) and three gap sizes (1, 2 and 3mm) is fitted, resulting in a total of
36 data points.

22Exact fitting possible only for transmission measurements
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Figure 4.45: FittedS21 transmission values for the FTNP conductivity of the plasma
body at power levels from 5W to 15W and electrode distance from 1mm to 3mm.

The results of the frequency-dependent fitted conductivity are presented in Fig.
4.45 at the power levels from 5W to 15W. The frequency from 1.3GHz to 2.4GHz
is located on the x-axis, while the y- and z-axis show the conductivities of the
core/cone model. For a better visibility, a single frequency of the three bands is
shown. All other frequencies vary within a 5% margin. For the comparison of the
power levels this value is fixed and the frequency dependency is plotted for all gap
sizes.
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The error bar for each of the conductivities is plotted on each data point. As de-
scribed above the accumulated relative error is about 11%. It would result in a circle
on the yz-plane with a diameter of the measuring error. Due to visibility reasons,
this circle is only indicated with the bars.
Both conductivities increase the power independently from the gap between the
electrodes.
At 1.3GHz the highest value is simulated for the 3mm gap at each power level. Con-
ductivities at 1 and 2mmexhibit almost the amount. Themaximumvalue of 21 Sm−1

for the core and 11 Sm−1 for the cone is simulated for a gap of 3mmat 15W. All other
measurements results are located within a close range.
For the frequencies around 2.4GHz all values are within a 20% margin, but this
band also shows the lowest fitted conductivities. The value of the core plasma
cylinder is almost constant for this band. Maximum values of 11 for the core and
7 Sm−1 for the cone are calculated.
At 3.5GHz the highest spread between the single power levels is simulated. Start-
ing from a constant value for the core conductivity at 5W the distance between the
different fitted points emerges. Highest value is simulated for a gap size of 2mm
at 15W with 15 Sm−1 for the core and 12 Sm−1 for the cone.
The frequency dependency and gap size show a non-monotonic connection, like
the jet. Only the power exhibits an increase in the mean conductivity. The overall
energy level inside the plasma is increased by a higher input power generatingmore
free charge carriers. This leads to a higher conductivity, which is mostly developed
in the core part, which is the shortest connection between the two electrodes and
therefore the area of the highest possible conductivity.

4.6.2.3 Summary of the Modeling of Frequency-Dependent Transmission Mea-
surements for Microwave Argon Plasmas

In this section, the modeling of the microwave plasma transmission parameters is
presented. This analysis has been made for the first time.
Two prototypes are built to determine the boundary conditions of the measure-
ments, while the third prototype (FTNP) is built using the casing of the jet and
the HFD-lamp operation network connected by a screwable interconnection. De-
embedding of the FTNP using a lumped element and 3D-model is presented.
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A simple lumped elementmodel is created to fit the plasma transmission properties
in the circuit simulator. A simple capacitor with a frequency-dependent q-value is
sufficient for this purpose.
Creation of a new 3D core/cone model for the fitting of the plasma in the FEM
simulator is shown. This model matches the physical dimensions of the plasma and
only requires fitting of the conductivity’s real part, while the relative permittivity
is set to a constant value. This underlines the simple, but exact approach.

4.7 Discussion of the Results

In this chapter the frequency dependence from 1.3GHz to 3.5GHz of electrical
properties of microwave plasmas has been investigated and analyzed. All works
have been made during this thesis.
All investigated plasmas, except the jet, exhibit a capacitive dominated impedance.
In the circuit simulation, a series resonance circuit substitutes the frequency-
dependent capacity of the plasma. The simulated capacity is equal to the integral
of the specific capacity of the plasma.
Three different devices have been measured and analyzed based on their S11:
plasma jet, PC-lamp and XHC.
The argon plasma jet at atmospheric pressure shows a strong dependence of the
base point impedance on the frequency. It is shown that a single cylinder is capable
of fitting the plasma’s conductivity in the 3D-model.
Two enclosed microwave plasmas consisting of argon and xenon at low pressures
have been operated with the same RF-network. The fitting of the plasma of both
prototypes is made by a series resonance circuit. Below its resonance frequency
this type of circuit has a capacitive dominated impedance. The inductivity is used
only for the frequency-dependent behavior of the circuit. Both devices show a con-
nection of the conductivity and frequency. In case of the phosphor-coated lamp a
constant of 0.5Sm−1 fits the plasma using the 3D-model.
Analyses on the influence of the plasma on an electro-magnetic wave passing
through are made with a purpose-built transmission network, which is the first of
its kind. A new lumped element model is created to fit the plasma properties in the
circuit simulator. It is shown that a single capacitor with a frequency-dependent
q-value is sufficient to fit the plasma. The creation of a new 3D-model for the
fitting of the plasma properties in an FEM simulator is presented. This new
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tapered core/cone model consists of an inner core and an outer cone, which are
matched to the physical dimensions of the plasma.
The electrical properties of a microwave plasma depend strongly on the frequency
and it is possible to adapt the workflow for the development of a bi-static network
to other microwave frequencies, while adding a new degree of freedom to applica-
tions.
Microwave plasmas have a capacitive dominated impedance for both reflection and
transmission values. New simple lumped elements and 3D-models are created to
fit the plasma in the simulator and exhibit are very good agreement with the mea-
surements.
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Multi-Physical Analysis of the
Microwave Plasma’s Frequency
Dependence

Microwave plasmas exhibit changes in electric properties with a change of the fre-
quencies. This chapter contains the investigation and analysis of themulti-physical
changes and properties of amicrowave plasma. Relative to its change the frequency
has a more significant impact than the input power on all of the measured param-
eters.
Geometrical dimensions of the plasma are extracted from pictures taken with a
CMOS camera by a custom written image registration routine. It is shown, that
the size is inversely proportional to the frequency and proportional to the input
power.
Spectral properties of the plasma are measured and the participating ion species
are analyzed. It is shown that light output is higher at lower frequencies and is
caused by the proportionality of the size to the frequency. By normalizing the light
output to the size, a constant ratio is discovered. Spectral properties of the jet
plasma are analyzed in detail using optical emission spectroscopy (OES).
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The frequency-dependence of the thermal properties is investigated. A strong de-
pendence on the frequency is measured for the two enclosed plasma sources. De-
termination of the jet plasma’s rotational temperature by OES is presented and
values of up to 1350K are measured.

5.1 Numeric Method for the Plasma Size Determina-
tion

This section covers the basics of two Matlab routines analyzing the different mea-
surement data. An image registration and edge detection routine provides informa-
tion on the two-dimensional analysis of the plasma body’s size. A second routine
determines the ion species of a spectral measurement with the help of the NIST
atomic lines database. All routine are developed during the course of this thesis.

5.1.1 Image Registration Routine

The first routine detects the edges of the plasma and extracts information of the
plasma size changes by image registration. Image registration is based on the
Fourier transformation. The picture is transformed by a two-dimensional fast-
fourier transform. Based on this transformation, filters can be applied to detect
changes in brightness and edges. More details on this technique are described in
[118]. The theory is explained in [119]. This routine requires the pictures to be taken

Figure 5.1: Different stages of the Matlab image registration routine.

at the same exposure time and f-stop. Otherwise, changes in brightness could not
be detected correctly.
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As described in Chapter 3, a simple CMOS camera is mounted on a tripod at a fixed
distance and set to manual exposure. The pictures are loaded into by the routine
performing the following actions.
First, the picture is cropped to remove unnecessary parts to avoid the increase
of the computation time. An example can be found in the left image of Fig. 5.1.
Maximum crop size is set by the plasma to the greatest extent. All other images are
cut to these dimensions while the electrode is used as the reference point for the
alignment. The gray-scale image is calculated and then loaded into a matrix with
a value range of 0 for black and 1 for white. It prepares the matrix for the usage of
the Lanczos algorithm, which is a fast linear algorithm to calculate the Eigenvector
and Eigenwerte of a matrix for the edge detection. A custom fixed threshold for all
images is set manually to gain a closed path around the plasma. This track is equal
to the size of the plasma. In the middle image of Fig. 5.1 the detected path around
the plasma is highlighted, which is equal to the detected size.
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(b) PC-Lamp

Figure 5.2: Plasma size at different frequencies and input power levels for the
plasma jet and the PC-lamp.

Fig. 5.2 displays the results of the manual threshold fitting by comparing the gen-
erated surfaces for each power level and frequency. Threshold is chosen in a way
that the maximum and minimum extent of the plasma are covered by the conver-
sion. The column on the left shows the images for 2W, in the middle for 5W and
the column on the right for 10W. Each row represents a different frequency.
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A scaling factor is calculated by taking a picture of a caliper and measuring the
pixels forming a millimeter to convert the pixels to metric units. After scaling the
size, a plot of the scaled plasma is plotted. An example of this plot is displayed in
Fig. 5.1 for an example.
The conversion factor is the main influence on the error margin of this method.
Relative error is calculated by summing up the amount of pixels forming a length
of 10mm. The variance is determined by the pixel width of the distance indicators
on the caliper. At the beginning of each section, a comparison of the conversion
factor and the corresponding variance is presented.

5.1.2 Ion Species Analysis Recognition

A plasma radiates electro-magnetic energy. It is caused by the change of energy
levels of electrons and the generation of photons. This interaction of matter and
the electro-magnetic waves allows the determination of the plasma composition.
By varying the frequency in thementioned ranges, the changes of the spectral emis-
sions aremeasured and investigated. Spectral lines of the plasma are recorded. For
the analysis of the spectral lines, the atomic lines database of the NIST is used to
assess the transition probability and the ion species of the gas forming the plasma.
The spectral linewith the highest transition probabilitywill be utilized for the deter-
mination of the ion species since the spectrometer exhibits a measuring accuracy
of 1.5nm. For a more detailed analysis of the plasma properties1 a spectrometer
of a higher resolution is required. Optical emission spectroscopy is described in
[120], [121] and [122].
Argon and xenon are the process gases of the analyzed prototypes. These two
process gases are analyzed with this method. Data is requested from the NIST
using both elements in combination with the lower and upper wavelength.
Spectral lines are extracted by calculating the local extremes. These are compared
to the obtained data within the measuring accuracy of the spectrometer, which
is 1.5% at 850nm. An overlay is plotted on the results to visualize the type of ion
species for each spectral line.
The type of ion species is essential for the analysis of the thermal properties since
the infrared camera detects the temperature between 6µm to 13µm. To ensure

1E.g. vibrational and rotational temperature, electron density
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that the temperature measurements are not disturbed by emissions of the plas-
mas, the determination of the ion species is necessary. For example, in the case of
argon, only ions with an ionization of four and higher are radiating energy in the
wavelength area detected by the IR camera.
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5.2 Frequency Dependence of the Geometrical Expan-
sions

This section covers the influence of the frequency on the microwave plasma’s ge-
ometrical expansions. A CMOS camera in combination with a routine analyzes the
frequency dependence. More details on the routine can be found in Sec. 5.1.
The comparison of the plasma size is presented for each device under test (DUT):
jet, phosphor-coated lamp (PC-Lamp) and xenon-hollow cylinder (XHC). Frequen-
cies around 1.3GHz, 2.4GHz and 3.5GHz at power levels from 2W to 10W were
investigated in the frame of this thesis.

5.2.1 Frequency Dependence of the Plasma Jet’s Geometric Expan-
sion

The plasma jet is operated at atmospheric pressure conditions and argon is used
as the process gas. Results of this section have been published in [116].

Freq. (GHz)

1.3

2.4

3.5

2 W 5 W 10 W

10 mm

Figure 5.3: Gray scale images of different microwave plasmas generated by the
jet at 1.3, 2.4 and 3.5GHz at power levels from 2W to 10W.

An inverted gray-scale image of the plasma for the frequencies at 1.3, 2.4 and
3.5GHz at power levels from 2W to 5W is plotted in Fig. 5.3. The size of the plasma
increases by applying a higher power but decreases inversely proportional to the
frequency. The changes in its extension occur in both, horizontal and vertical,
directions. Areas of lower brightness around a bright inner part of the jet are
visible. These brighter areas correspond to a higher energy density. Depending
on the kind of application different spatial expansions are desired.

141



Chapter 5. Multi-Physical Analysis of Frequency Dependence

Table 5.1: Summary of the settings of the CMOS camera and the resulting calcu-
lated variances of the plasma jet size analysis measurements.

Frequency Exposure
Time

Pixels
per

10mm

Absolute
Variance

Relative
Error

Accumulated
Relative Error

GHz s−1 px % %

1.3 80 128 3 2.7 5.7
2.4 80 130 3 2.3 5.3
3.5 80 106 2 1.8 4.8

Table 5.1 summarizes the properties of the photographs along with information on
the resulting variance resulting from the conversion factor from pixels to mm. The
last column displays the accumulated relative error describing the sum of the sys-
tematic error and the error resulting from the image analysis. A maximum relative
error of 5.7% for the 1.3GHz band is calculated, with a decreasing value at higher
frequencies.
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Figure 5.4: Comparison of the jet’s plasma size at different frequencies and input
power levels.

Results from the image registration routine in Matlab show the influence of the
frequency and the input power level on the jet plasma size. These results are shown
in Fig. 5.4. In this figure, the size is compared to a fixed power level of 10W on the
left side. The right side displays the size for a constant frequency of 1.3GHz with a

142



Chapter 5. Multi-Physical Analysis of Frequency Dependence

varying power. With a maximum length of 12mm the longest horizontal extension
is located at 1.3GHz, followed by 10.5mm at 2.4GHz and 9mm at 3.5GHz. Even by
considering the accumulated relative error of the measurements the differences in
size are still significant.
Within the bands, the size varies by the relative change of the frequency. At 1.3GHz
the horizontal extension ranges from6.5mmat 2W, over 10.5mmat 5W to 12.5mm
at 10W. The vertical extension increases from 2 to 4mm. At 1.3GHz an input power
of 5W results in the same spatial extension when using 10W at 2.4GHz.
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(a) Surface size of a cross-section
through the jet plasma cylinder.

Frequency Input
Power

Relative
Wavelength

Relative
Plasma
Size

GHz W % %

1.3 2, 5, 10 100 100
2 94.3

2.4 5 54.2 82.2
10 49.2
2 54.7

3.5 5 37.1 48.4
10 41.2

(b) Numerical size values of the jet
plasma compared to the size of 1.3GHz.

Figure 5.5: Size of the jet plasma at all measured frequencies, power levels along
with numerical values of the relative size changes compared to the results of the

1.3GHz band.

The size of the jet plasma is approximated with a cylinder, whose height is deter-
mined by the horizontal, the diameter by the vertical extension. In Fig. 5.5 the
calculated size comparison obtained from a cross-section of the plasma cylinder
is shown. At 2W input power, no trend can be determined. By increasing the in-
put power to 5 and 10W the previously described size changes of the plasma are
apparent. This effect persists, when including the variance of the measurements.
Table 5.5b shows the comparison of the measurement changes and the wavelength
about 1.3GHz. Significant changes can be observed for power levels of 5W and
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higher. At these power levels, relative changes converge to the wavelength ratio
within the confidence interval of the measurements.
Changes in the jet plasma size caused by the frequency can only be explained by
the difference in the wavelengths as explained in Chapter 2.4.1. In contrast to the
frequency-dependent effect on a single electron, the size changes are not propor-
tional to the wavelength. This is due to the more complex interaction of particles
inside the plasma.
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5.2.2 Frequency Dependence of the PC-Lamp Plasma

The plasma of the PC-Lamp is enclosed by quartz-glass, which is filled by a low-
pressured argon-mercury mixture. It is coated with phosphor to transform the
UV-light of the mercury into the visible spectrum. Therefore shorter exposure
times of the CMOS camera are possible leading to a better signal-to-noise ratio for
the analysis.
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Figure 5.6: Inverted gray image comparison of the measured frequencies and
power levels for the PC-Lamp plasma. Black represents the areas of highest

brightness.

In Fig. 5.6 the gray images of the PC-Lamp plasma at different frequencies and
input powers are shown. Size is proportional to the input power and inversely
proportional to changes of the frequency. This behavior is the same as for the
plasma jet at a different pressure. At 1.3GHz and 10W of input power, the highest
expansion is measured.
The constant threshold is set to cover the highest brightness, which is represented
by the black areas. Lighter areas could not be captured using a constant threshold
to compare the size differences.

Table 5.2: Overview of the photograph properties and resulting systematic rela-
tive error for the PC-Lamp spatial results.

Frequency
Band

Exposure
Time

Pixels
per

10mm

Absolute
Variance

Relative
Error

Accumulated
Relative Error

GHz s−1 px % %

1.3 2500 128 4 3.1 6.1
2.4 2500 126 4 3.1 6.1
3.5 2500 110 3 2.7 5.7
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Figure 5.7: Overview at different frequencies and input power levels for the PC-
Lamp plasma.

To emphasize the influence of the frequency and the input power, a comparison
with a fixed input power and excitation frequency is shown in Fig. 5.7. The gap in
themiddle of the lamp is not completely cropped due to the chosen threshold level.
This threshold level is chosen with a focus on the horizontal expansion.
Table 5.2 displays the photograph properties and the resulting relative error. Com-
pared to the plasma jet, the error is locatedwithin the same regionwith amaximum
at 1.3 and 2.4GHz. The position of the camera at 3.5GHz is more distant from the
object since the amount of pixels is decreased.
The converted absolute cross-section of the PC-Lamp for a fixed frequency with
varying power is plotted in Fig. 5.7a. A fixed power level with varying frequency
is shown in Fig. 5.7b. The maximum size of the PC-Lamp is 115mm, whose size is
sufficient to demonstrate the difference between the frequencies even at higher
power levels.
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(a) Surface size of the plasma of the PC-
Lamp.

Frequency Input
Power

Relative
Wavelength

Relative
Plasma
Size

GHz W % %

1.3 2, 5, 10 100 100
2 87.3

2.4 5 54.2 88.7
10 91.3
2 70.1

3.5 5 37.1 67.8
10 61.1

(b) Numerical values of the PC-Lamp
relative to the size of 1.3GHz.

Figure 5.8: Size of all measured frequencies, power levels, and relative size
changes compared to the results of the 1.3GHz band.

In Fig. 5.8 all measured data are plotted. At 2W a decrease of the size is not distinc-
tive. Increasing the power to 5W shows a more pronounced fall of the size. Error
bars indicate the relative systematic error. Due to a measurement error at 1.3GHz,
a wider confidence interval occurs at 10W. This error results from a change of the
exposure time to 1/3000 s−1.
Tab. 5.8b displays the relative changes of the size to 1.3GHz. For this enclosed
low-pressure plasma the sizes do not converge to the wavelengths even at higher
power levels.
Changes of the size are comparable with the jet and are caused by the change of
the wavelength. Boundary conditions like pressure and the glass surrounding the
plasma do not affect the impact of the frequency dependence since the power is
coupled in capacitively. It is important to notice, that the power at lower frequen-
cies can be lowered to gain the same size of the plasma for the PC-Lamp. This is a
possible increase in the plasma efficiency and leads to another degree of freedom
for the design of enclosed plasma sources.
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5.2.3 Geometrical Expansion of theXenonHollowCylinder Plasma

The XHC is the second enclosed prototype and is filled with xenon. The frequency
dependency of this gas is investigated in this subsection.
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Figure 5.9: Inverted gray image comparison of the XHC plasma size at different
frequencies and power levels.

As explained above, the Matlab routine calculates the inverted gray-scale compari-
son of the different power levels and frequencies. The results are plotted in Fig. 5.9.
At 2W the relative changes are visible by the surface size, while at 5W all frequen-
cies illuminate the whole probe volume. Parts of the volume are illuminated with a
different intensity. By increasing the power up to 10W these parts become more
apparent and show the standing waves of the different frequencies. After enter-
ing the plasma and traveling all the way through the volume, the electro-magnetic
waves are reflected at the end of the glass. The reflected parts are building an inter-
ference pattern inside the plasma. Simulation of the conductivity could be eased
by this effect since the distribution of the electro-magnetic field is made visible by
the plasma inside the XHC’s burner.

Table 5.3: Comparison of the photograph properties and resulting systematic rel-
ative error for the XHC plasma size measurements.

Frequency
Band

Exposure
Time

Pixels
per

10mm

Absolute
Variance

Relative
Error

Accumulated
Relative Error

GHz s−1 px % %

1.3 200 127 4 3.1 6.1
2.4 200 132 4 3.0 6.0
3.5 200 110 3 2.7 5.7

Tab. 5.3 displays the different parameters for the conversion between the pho-
tographs and the spatial properties including the relative errors.
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Figure 5.10: Absolute size of the plasma inside the XHC.

A comparison of the different surface sizes is plotted in Fig. 5.10 and the same
behavior as in the visual comparison is visible. At the power levels from 5W to
10W the size stays constant. This is caused by the size of the plasma filling the
whole volume at these power levels. Therefore the size is assumed to be constant.
Since 90% of the captured images fill the inner cylinder of the XHC, no additional
analysis and size comparison are plotted.
The plot of the absolute sizes is not presented since the cylinder is filled completely
at 10W for all frequencies. The changes of the illumination will be used to explain
the differences. A difference can only bemeasured for an input power of 2W, which
is plotted in Fig. 5.10.
Comparing the spatial expansion of the PC-Lamp and the XHC, a difference in the
spatial expansion is visible. At the same power level the spatial expansion of the
PC-Lamp, which is filled with argon, is smaller. It is influenced by a different pres-
sure of the plasma, which is higher inside the PC-Lamp and caused by the vapor
pressure of the mercury. Another influence is the higher ionization energy (ar-
gon: 1520.8 kJmol−1, xenon: 1170.4 kJmol−1), which reduces the generation of free
charge carriers.
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5.2.4 Summary of the Geometrical Expansion Measurements

In this section, the frequency dependence of microwave plasmas was investigated.
For these purposes an atmospheric plasma jet using argon, a phosphor-coated
lamp filled with argon and mercury and a hollow cylinder cylinder topology filled
with low-pressured xenon are analyzed.
All measured devices under test show the same behavior: the plasma size is pro-
portional to the power and inversely proportional to the frequency. It is possible
to achieve the same plasma size with a lower power at lower frequency. These
observations add a new degree of freedom to the design of microwave plasma ap-
plications.
The measurements have been made during the course of this thesis and are the
first of their kind at these frequencies and power levels.
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5.3 Microwave Plasma Frequency Dependence Analy-
sis by Optical Emission Spectroscopy

In this section, the spectral properties of the devices under test are analyzed.
As described in the previous section, the size of the plasma depends on the applied
excitation frequency and the power. It is expected that an increase in size also
increases the irradiance of the plasma. Therefore a normalization of themeasuring
results is required. For this, the total optical output is set in relation to the size of
the plasma.
For the analysis of the spectral properties, the database of the NIST2 is used. More
details on the used routine can be found in Section 5.1.2.
A more detailed analysis of the jet based on measurement using a monochromator
is presented in this section. Spectral lines are measured and the influence
For all measurements, the spectrometer is positioned in a fixed positioned of
0.30m. As described earlier this adds 1% to the overall relative measuring error
for a total of 5.4% of uncertainty.

5.3.1 Optical Properties and Optical Emission Spectroscopy of the
Plasma Jet

Plasma jet applications like surface treatment and medical disinfection require dif-
ferent kinds of spectral parameters.
In the case of human tissue treatment, low UV-generation is desired to avoid harm-
ful exposure. Industrial applications like surface manipulation may require differ-
ent amounts of the different UV-spectra. For example, priming a surface for better
adhesion requires a high UV-output at certain wavelength, which would react with
the surface.
Infrared-emissions above 780nm can only be used for thermal treatment and may
have to be reduced depending on the application to reduce the thermal stress on
the manipulated material.
More information on different areas of applications for the plasma jet can be found
in [19], [22] and [17].

2National Institute of Standards and Technology
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Figure 5.11: Spectrum and zoomed spectrumof the plasma jet at different frequen-
cies for a constant input power of 10W.

The optical spectrum presented in Fig. 5.11 shows the spectral lines of argon for
the different RF frequencies from 1.3GHz to 3.5GHz at 10W including a zoomed
infrared spectrum.
Most spectral lines are developed below 380nm and above 700nm. At 1.3GHz the
highest irradiance is measured. A decrease in the optical output is shown for a
constant power across the frequencies. For the same frequencies, a non-linear
increase in the irradiance is visible. Within the bands, a 5% margin is measured.
The difference in the irradiance is based on the spatial expansion, which is higher
at lower frequencies and has been explained in Section 5.2.
For further analysis of the participating ion species of the plasma, the Matlab rou-
tine in combination with the NIST database is used. Since the only process gas is
argon, only the ion species of this element is queried.
In Fig. 5.11b the optical spectrum of the jet for a frequency of 2.4GHz at 10W input
power is plotted along with annotated vertical lines. These lines show the closest
match of the NIST database. In addition, the ion species are plotted (Ar I = single
ionization). Most of the lines show single ionization of the argon, but some lines in
the infrared area show a second-degree ionization.
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Figure 5.12: Measured irradiance and resulting ratio of the irradiance to the sur-
face of the jet plasma.

The numerical values of the irradiance are plotted in Fig. 5.12a. At 1.3GHz the
highest values are measured. Irradiance decreases with a mean value of about 20%
from 1.3 to 2.4GHz and about 35% at 3.5GHz. The relative error is indicated via a
bar at every data point. The mean value of the measurements is shown via a fitted
curve. Plots of the variance have been obtained due to lack of visibility. At 1.3GHz
the results at 5 and 10W are switched due to a measuring error. This result is well
within the relative measuring error window. These differences are caused by the
changes of the spatial dimensions since the luminous surface is bigger at lower
frequencies.
The ratio of irradiance and plasma volume is calculated and is plotted in Fig. 5.12b
to visualize the influence of the plasma size on the illuminance. The ratio exhibits
its highest values at the lowest input power. By increasing the power the ratio
decreases. For constant power levels, the proportion is almost constant across
all frequencies within the accumulated systematic error. This error is about 15%.
This nearly constant ratio shows, that the frequency does not have an impact on the
amount of power coupled into the plasma. If the ratio would decrease for certain
frequencies, less power would be coupled into the plasma. For the jet, another
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frequency range can be selected to adapt the plasma size to the desired application
without sacrificing efficiency.
In the next section, the in-depth analysis of the plasma jet using optical emission
spectroscopy is presented.

5.3.1.1 Optical Emission Spectroscopy of the Plasma Jet

In this sub-section the influence of the frequency, power, gas flow and gas compo-
sition on the size of different spectral bands of the plasma. All images have been
scaled to the same size to allow a direct visual comparison of the effects.
The differences of a pure argon plasma generated by the jet is shown in Fig. 5.13.
It displays the influence of the frequency and the power on the size of the plasma.
All pictures are taken with a constant gas flow of 2 Lmin−1. The size of the plasma
increases with the input power and decreases with the frequency. Largest spa-
tial extension is shown for 1.3GHz and 15W of input power. All pictures exhibit a
corona-like effect around the plasma with an core of higher light intensity.
A size comparison of a pure argon plasma for the spectral bands around 310 (OH),
370 (N2), 696 (Ar) and 777 nm is shown. All images are taken with a constant in-
put power of 10W, a constant gas flow of 4 Lmin−1 at frequencies from 1.3GHz to
3.5GHz.
The corona-like effect of less light intensity is visible only for the OH-line around
310nm and O-line at 777 nm. All other spectral images exhibit the area of higher
light output in the core of the plasma. The color of the corona in Fig. 5.13 suggests
other bands inside the visible area since the OH-line is located in the UV-range. At
the time of themeasurements, no other filters for additional measurement at other
oxygen band was available.
The influence of the gas flow and different spectral ranges on the OH-band is pre-
sented in Fig. 5.15 for a constant input power of 10W. Gas flow is swept from
1Lmin−1 to 4 Lmin−1 and frequency from 1.3GHz to 3.5GHz. The plots of 4 Lmin−1

have been added to ease to comparison of the pictures.
At 1 Lmin−1 size of the plasma is almost constant in horizontal direction and ex-
tension only changes vertically. Almost no inner core is visible at this gas flow.
By increasing the flow to 2Lmin−1 the horizontal extent increases at all frequency
while the vertical extent is decreased. At the end of the plasma, an area of increased
brightness is recorded, which is connected via a slightly visible inner core to the
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Figure 5.13: Plasma at different frequencies and input powers from 1.3GHz to
3.5GHz and 2W to 10W input power using pure argon as process gas.
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beginning of the plasma at the electrode. This area is also visible for the lower gas
flows.
Another increase of the flow to 4Lmin−1 leads to an increase of the horizontal
size. At this gas flow, the vertical extent is the smallest, too. The brightness of the
area at the end of the plasma is decreased but the core of the plasma is now more
pronounced.
Fig. 5.16 displays the comparison of an argon-nitrogen mixture with an N2 content
of 0.0% to 2.0% at frequencies from 1.3GHz to 3.5GHz. All pictures are taken us-
ing an input power of 10W and a gas flow of 4 Lmin−1. The amount of argon and
nitrogen has been adjusted for all relative compositions.
The longest elongation of the plasma is measured for pure argon. Vertical exten-
sion of the plasma is almost constant across all swept measurement parameters.
Increasing the nitrogen percentage in the mixture leads to a reduction of the hor-
izontal extent. The frequency-dependent reduction of the plasma size is also ap-
parent for all combination of argon and nitrogen. Areas of higher light intensity
are visible at the tip of the electrode where the electrical field is the highest. The
brightness of this area increases with the decrease of the plasma size. Size is de-
creased with an of both frequency and nitrogen amount.
Size reduction of pure argon is mainly caused among other things by the
lower wavelengths at higher frequencies ([116]). An ionization energy level of
1502.8 kJmol−1 is required for pure argon. A single nitrogen atom has an ionization
level of 1402.3 kJmol−1 but this element mainly exists as dinitrogen ( N2). An
additional energy amount of 945 kJmol−1 is needed as bond-dissociation energy.
Therefore the size of the plasma is reduced.
To counteract this effect, the input power signal could be superimposed by a mod-
ulated signal to improve themixing of the gas. This has been presented in [32]. The
efficacy of the lamp was improved by superimposing an amplitude modulated sig-
nal. More details on this can be found in [36]. Further investigations are therefore
planned to characterize possible influences of amodulated signal on the frequency-
dependence of a plasma and the gas mixture.
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5.3.2 Frequency Dependency of the PC-Lamp’s Optical Properties

Investigation on the differences of the optical properties is important for lighting
applications since it is the main purpose of this type of plasma. In this section, the
frequency-dependent optical properties of the PC-Lamp are presented.
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Figure 5.17: Spectrum and annotated spectrum at 10W input power.

The typical spectrum of the PC-Lamp can be found in Fig. 5.17a. Most spectral lines
are located in the visible area from 380nm to 780nmwith an additional continuum
around 600nm. Parts of the energy are lost in radiation above 780nm, but can
be utilized to determine the ion species of the contained argon and mercury. The
spectrum is generated by a phosphor coating on the inside of the lamp. This coat-
ing is used to convert the UV-spectrum of the mercury into the visible area above
380nm. More information about the conversion process fromUV-light using phos-
phor coatings can be found in [123]. The different spectra exhibit changes in all
parts of the spectrum. Lowering the frequency increases the peaks of the spectra.
At lower power levels the absolute values are lower with comparable changes of
the spectral values.
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Phosphor coatings cannot convert all wavelength into visible light. Close to the in-
frared spectrum (near-IR, NIR3) spectral lines of the plasma are able to pass through
the coating and thus be detected. Therefore only the spectral lines close to the IR
range have been annotated in Fig. 5.17b for mercury, which is the main generator
of spectral lines inside the PC-Lamp. In this plot single ionized ions including some
HgII ions are visible.
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Figure 5.18: Comparison of optical measurement results for the PC-Lamp.

To compare the absolute irradiances, the measured results are plotted in Fig. 5.18a.
At 1.3GHz the highest values for all power levels are recorded. When switching
the frequency to the 2.4GHz band, the relative decrease is about 15%. By another
increase to the band around 3.5GHz another drop of around 20% compared to the
frequencies around 2.4GHz becomes visible.
As an indicator of the efficacy of the lamp, the irradiance output of the lampnormal-
ized by the plasma size is calculated. It should identify possible influences of the
chosen frequency on the efficacy of the lamp. A comparison of all frequencies and
power levels is presented in Fig. 5.18b. The bands at 1.3 and 2.4GHz exhibit an al-
most equal efficacy for all power levels. At 3.5GHz the efficacy is slightly decreased

3The infrared spectrum starts at about 780nm
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by about 20% for a power level of 10W. At lower power levels at this frequency, the
efficacy is comparable to the lower bands.
The ratio of the irradiance and the surface show a better performance of the lamp
at lower frequencies. Since the lamp is the biggest DUT in this thesis, the bigger
spatial expansions of the lower frequencies are favored. By scaling the lamp to a
smaller size, the efficacy at higher frequencies would increase.
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5.3.3 Frequency Dependency of the Xenon Hollow Cylinder’s Op-
tical Properties

In this section, the frequency-dependent optical properties of the XHC prototype
are analyzed. In contrast to the jet and the PC-Lamp, xenon is used as the plasma
gas.
For the determination of the XHC’s optical properties, the sampling time has to be
increased since the optical output is lower compared to the PC-Lamp.
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Figure 5.19: Spectra at different frequencies and spectrum with annotated ion
species for the XHC.

The resulting zoomed optical spectra from 750nm to 850nmare shown in Fig. 5.19a
using an input power of 10W.
Most of the spectral lines are developed above 750nm with an increased output at
lower frequencies. The most prominent lines are located around 830nm. All spec-
tra exhibit a low-pressure spectra with single spectral lines and no continuum. At
1.3GHz the highest peaks are recorded, followed by 2.4 and 3.5GHz with a relative
change of 15% from 1.3GHz to 2.4GHz and 29.5% from 1.3GHz to 3.5GHz.
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Only single ionized ions are visible on the spectrum as visualized in Fig. 5.19b. This
indicates a low energy level of the xenon ions, which is also visible by the low irra-
diance of the device itself.
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Figure 5.20: Irradiance and irradiance per surface ratio.

Irradiance is calculated from the measured spectra. A comparison of all data at all
measured power levels and frequencies is shown in Fig. 5.20a. Again the highest
peaks are located in the 1.3GHz band. Since the recorded results exhibit a variation
in which the power levels overlap, no proportional factor can be calculated. This
is caused by the interference pattern inside the XHC burner. For all bands, the
illuminances vary from 4 to a maximum of 14. Fig. 5.9 shows a possible reason for
the higher optical output at 3.5GHz since the amount of more intense light output
increases with the frequency.
Combining the spectral measurements shows no proportional factor for different
frequencies. In Fig. 5.20b the ratio of the optical output and the size of the plasma
is plotted. As described in Sec. 5.2.3, the volume of the XHC is too small to allow
any size comparison at input power levels above 2W. At higher input power levels
the electro-magnetic wave is reflected at the end of the volume resulting in an
interference pattern, which depends on the size of the plasma itself. At 1.3 and
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2.4GHz the ratio of irradiance to the surface is almost constant. At 3.5GHz it is
nearly tripled at the same input power.
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5.3.4 Summary of the Optical Properties Measurements

In this section, the frequency dependency of the optical properties for microwave
plasma has been investigated and analyzed.
For all three devices under test, a dependency on the frequency has been observed.
Like the spatial properties, the optical outputs are inversely proportional to the
frequency and proportional to the power. To determine possible changes of the
efficacy the optical outputs are normalized by the calculated spatial expansion of
the plasma. For all devices an almost constant ratio resulting in a constant efficacy
for all of the plasmas.
Optical emission spectroscopy measurements have been conducted for the
plasma jet to show on single spectral areas. A monochromator in combination
with dichroic has been used to measure the spectral lines of OH, N2, Ar, and N2.
The influence of the gas mixture has been investigated. All spectral lines exhibit a
frequency-dependent behavior.
All measurements and analysis in this section have been made during the work on
this thesis.

163



Chapter 5. Multi-Physical Analysis of Frequency Dependence

5.4 Frequency Dependence ofMicrowave Plasma Ther-
mal Properties

In this section, the thermal properties of microwave plasma are analyzed concern-
ing their frequency-dependent characteristics.
It is important to know how the different frequencies influence the temperature,
because of the different applications of the plasma. A plasma jet used as a cutting
tool requires a higher temperature than a jet that is used for disinfecting human
tissue. Other applications such as lamps benefit from different temperatures. For
example, a lower electrode temperature in high pressured lamps is desired to pro-
long the lifetime. The work of [38] presents a new capacitively coupled microwave
excited diffuse mode that profits from a lower electrode temperature. Thermal
measurements of a microwave plasma in the GHz-region can be found in [124],
[125] and [126].
The emission coefficient has to be set according to the material to measure the
absolute temperature. This coefficient describes how much thermal radiation a
body is emitting compared to an ideal thermal radiator. The emission coefficient
of the camera was set to 0.72, corresponding to the emission of a copper surface at
a temperature of 1000K. For the enclosed plasma source the emission coefficient
is set to 0.97, the coefficient of quartz glass.
Thermal properties are an indicator of howmuch power is coupled into the plasma.
Thermal cameras make use of wavelengths in the infrared region to measure the
temperature of an object. As explained in Section 5.1.2 none of the investigated
plasma emits energy in the infrared area of the infrared camera.
There are several possibilities to determine the temperature of the plasma such
as the Boltzmann plot method. It allows the calculation of plasma pressure and
temperature using the emission coefficients of the process gas. These calibrated
emission factors are available through the NIST atomic database. In [127] the Boltz-
mann method is described to determine the plasma properties of a high-pressure
xenon lamp in an iterative way. The rotational temperature of the plasma jet is de-
termined using optical emission spectroscopy of the hydroxyl line at 310nm. For
all other devices, the FLIR camera was the only measuring device, that could detect
spectral data in the desired wavelength. This camera is not able to output discrete
values at wavelengths necessary for the Boltzmann method.
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Another approachmakes use of a type K thermocouple, which would be positioned
inside the plasma. Due to the small expansion of the plasma, it is not possible to
measure the plasma’s temperature. It is because of the interaction of the probe
and the plasma, which would result in a distortion of the measurement. Former
experiments showed a deviation when a metallic object is moved near the plasma
torch. Moving a thermocouple into the enclosed plasma sources is also not possible.
Another approach is to use a millimeter wave interferometer, which is explained in
[128].
The systematic error of this measurement method4 is determined by the inaccu-
racy of the camera itself, which is ± 2%.
All the measurements have been made during the works on this thesis.

4Thermal measurements using an IR-camera to monitor the surface contacting the plasma.
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5.4.1 Frequency-Dependent Thermal Properties of the Plasma Jet

For a relative comparison of the thermal effects caused by the different powers and
frequencies, the surface temperature of the inner conductor is measured. Since
the power levels and gas flow for operating the plasma are absolute for each mea-
surement, a direct comparison of the measurements is possible.
In addition the rotational temperature of the plasma jet at different frequencies and
power levels is determined by fitting the OH line at 310nm using the Boltzmann
plot.
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Figure 5.21: Recorded temperature of the jet’s inner brass conductor for all mea-
sured frequencies and power levels.

Results of the jet’s inner conductor temperature are plotted in Fig. 5.21. The ther-
mal stress of the electrode is relatively low, with amaximum temperature of 318K at
1.3GHz and 10W. By increasing the frequency to 3.7GHz at the same level the tem-
perature is reduced by about 8K. This change in the thermal stress may be caused
by the reduced plasma size at the higher frequencies. The smaller plasma exhibits
a decreased thermal load and thus leading to lower temperatures. The thermal
stress of the inner electrode for each power level and frequency are recorded at
298K room temperature.
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Figure 5.22: Measured and fitted OH-band around 310nm to determine the rota-
tional temperature TRot. Residuals display the difference between the measured

and the fitted results.

By taking the measuring accuracy into account, an overlap of the power levels is
visible. Themeasured values are too close to show a significant influence of the fre-
quency or the power level. Therefore the only common property is the low thermal
stress on the electrode. In addition the surface of the electrode is also cooled via
the mass current of the argon.
Since the temperature is at about room temperature, most of the energy is coupled
into the plasma, and the losses of the jet can be neglected.

5.4.1.1 Frequency-Dependence of the Rotational Temperature of the Plasma Jet

This sub-section describes the determination of the rotational temperature based
on a fitting for the OH-band around 310nm.
Fig. 5.22 the comparison of the measured spectra from 306nm to 312 nm is plotted
along with the fitted result for the rotational temperature TRot. This spectrum is
recorded at 2.4GHz and an input power of 10W. Difference of the measurement to
the fitting is presented, too. A maximum absolute different 0.2× 109. The relative
error across the whole band is about 3%. As mentioned above the accumulated
measuring error is about 5% resulting in a combined relative error of 8% for the
determination of the temperature.
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Figure 5.23: Fitted temperature for frequencies from 1.3GHz to 3.5GHz and input
powers from 5W to 15W for a constant pure argon gas flow. Upper plot shows
the results for a gas flow of 2 Lmin−1, the lower plot for 4 Lmin−1. Measuring

accuracy of the input power is within a 5% window.

In Fig. 5.23 the determined rotational temperature at frequencies from 1.3GHz to
3.5GHz and power levels from 5W to 15W are presented. A constant gas flow of
2 Lmin−1 is plotted in the upper image, while the lower figure displays the results
for a gas flow of 4 Lmin−1.
At 1.3GHz and 15Wof input power, themaximum temperature of 1350K is recorded.
For both pictures the temperature increased with the input power. Temperature
does not show a monotonic connection to the frequency.
Within the relative measuring accuracy of 8% a slight increase of the temperature
towards higher frequencies is visible at the higher gas flow. A lower gas flow shows
the reverse effect.
Higher temperatures are measured for the lower gas flow. This is due to the higher
convection cooling by which the plasma is cooled down. At 4 Lmin−1 the tempera-
tures are reduced by about 100K.
The almost constant rotational temperature for a constant gas flow supports the
assumption of a higher energy density at higher frequencies. This assumption is
made in [116] and was based on the observation, that the size of the plasma de-
creases with frequency as well as the illuminance. The illuminance was normalized
to the spatial extension of the plasma and it showed an almost constant ratio.
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5.4.2 Frequency Dependency of the PC-Lamp’s Thermal Proper-
ties

In a PC-Lamp, the mercury or an amalgam containing mercury require a minimum
temperature for an efficient operation. This temperature is usually located around
370K, but may not exceed 450K due to the chemical resistance of the illuminants.
Since the plasma of the PC-Lamp is maintained in an enclosed environment, the
temperature can be read indirectly by the heating of the glass. To compare the dif-
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Figure 5.24: Comparison of the PC-Lamp glass surface temperature from 1.3GHz
to 3.5GHz at power levels from 2W to 10W.

ferent temperatures a settling period of about 5min is applied before each thermal
measurement.
In Fig. 5.24 the comparison of all power levels and frequencies is visualized. The
plot displays the maximum surface temperature of the glass. Temperature is pro-
portional to both frequency and power. By changing the frequency from 1.3GHz
to 2.4GHz the absolute temperature rises by 40K. Another increase from 2.4GHz
to 3.5GHz increases the temperature by 20K. Within the frequency bands, the
relative variance of the maximum temperature is less than 5%. One reason for the
increased temperatures is the spatial dimension which is described in Sec. 5.2.2. In
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combination with the higher total temperature, an increase in the energy density
towards higher frequencies is shown.
Regarding power, the indicated error bars show significant differences for tem-
peratures above 2W. At lower frequencies, the significance also exists, while at
2.4GHz and 3.5GHz the measuring accuracies overlap each other. But a general
trend to a higher maximum temperature at higher frequencies is visible.
The surface size is reduced by an increase in the frequency. An increase in the
temperature at higher frequencies shows, that the energy density is increased at
higher frequencies. The same energy is coupled into the plasma but requires less
space.
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5.4.3 Frequency-Dependent Thermal Properties of the XHC

The XHC probe’s temperature is also measured indirectly by recording the glass
surface temperature. It exhibits a raise of the temperature with increased fre-
quency.
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Figure 5.25: Temperature of the XHC device for all frequencies and power levels
ranging from 320K to 390K.

As plotted in Fig. 5.25, the temperature is constant for each power level across
the measured frequency spectrum, even by taking the error of the thermal camera
into account. At 2W the temperature differs from 320K to 340K, reaches values
between 340K to 360K for 5W and exhibits the highest values of 375K to 395K for
10W. No proportional relative increase is measured so that the temperature within
the system (plasma and network) is almost constant.
Compared to the PC-Lamp the temperature is linear for almost all power levels.
Therefore the vaporized metal inside the PC-Lamp is causing more thermal stress
on the glass. A higher temperature indicates a higher pressure inside the burner.
By only using a single gas the pressure and the resulting temperature inside the
device stay constant.
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5.4.4 Summary of the Frequency-Dependent Thermal Measure-
ment Results

In this section, the frequency-dependent thermal properties of three different mi-
crowave plasma sources have been investigated and analyzed.
It is shown, that the thermal stress on the plasma jet’s electrode is low, indicating
that most of the power is coupled into the plasma. This shows again the low losses
of the coaxial networks.
Temperature of the phosphor-coated lamp is proportional to the frequency and
power. Taking into account, that the spatial extension of the plasma is reduced at
higher frequencies, the energy density increases with the frequency. Along with
the observation, that the efficacy of the lamp is not reduced at higher frequencies
this adds the possibilities to use higher frequencies for smaller lamps. Since the
energy density is proportional to the frequency, higher frequencies are more rec-
ommended for smaller plasma lighting applications. A bigger size correlates with
the usage of a lower frequency.
For the XHC no direct connection between the temperature and the frequency can
be found. As expected the temperature is proportional to the input power.
In addition, the rotational temperature of the atmospheric pressure plasma jet us-
ing different process gases has been presented. Temperature of up to 1350K hass
been fitted to the measurements using the OH line at 310nm. An increased gas
flow cools the microwave plasma by about 150K.
These first of this kind of measurements were made during this thesis.
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5.5 Discussion of the Measurement Results

In this chapter, the spatial, optical and thermal properties of different microwave
plasmas at various frequencies and power up to 15W are investigated.
Using the custom written image registration routine in Matlab, the spatial prop-
erties of the different frequencies and power levels are analyzed and a significant
change of the size is observed. The size is inversely proportional to the frequency,
which means that the size is reduced at higher frequencies at the same power
level. This behavior is caused by the change of the wavelength, which has been
explained in Chapter 2. Relative changes of the size converge to the relative wave-
length change.
A proportionality of the size and the power is observed resulting in an increase
of the plasma size at higher input power levels. The energy level in the plasma is
raised along with the power and thus generating more free charge carriers. This
leads to an increase of the geometrical expansion. Comparisons of different sizes
reveal that it is possible to achieve the same plasma size with a lower power at
lower frequency, too.
Optical measurements have been conducted to analyze the involving species of the
plasma. Spectral data are recorded and the involved ion species are determined.
A maximum ionization level of three is recorded for the argon plasma of the jet.
A significant frequency dependence of the optical properties is discovered. The
amount of light output is proportional to the frequency. By normalizing the light
output to the size of the plasma a constant ratio is found for the jet and the PC-
Lamp.
An in-depth analysis of the jet’s spectral properties using OES is presented includ-
ing a visualization of the frequency dependence of the several spectral lines. The
dependency on the gas flow, power and gas mixture has been analyzed, too. It is
shown, that the frequency dependence persists for all variations.
For the thermal measurements, the amount and species of the ions is necessary,
since the plasma could emit spectral lines inside the thermal cameras detector
range. Since all ionization levels are below the ions emitting in the area of interest,
the thermal measurements are not disturbed. No real changes of the temperatures
are recorded for the jet. Significant changes are caused by the frequency and the
power of the PC-Lamp. At input power levels above 5W the temperature of the
PC-Lamp increases to its highest values at 3.5GHz and 10W. The XHC shows a
constant temperature over the frequency.
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Rotational temperature of the plasma jet is fitted based on measurements using
the OH line at 310nm. Results are fitted and values of up 1350K as well as a strong
dependence on the frequency are discovered.
These results show a significant influence of the frequency on the size. In combi-
nation with the optical and thermal measurements, a constant normalized light
output is calculated. The same power is coupled into the plasma at each frequency.
Therefore the energy density of the plasma is increased at higher frequencies,
which is supported by the thermal measurements The measurements and analyses
presented in this chapter were all made during the work on this thesis and are the
first of their kind.
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Chapter 6

Conclusion

In this thesis the frequency-dependence ofmulti-physical microwave plasma prop-
erties has been investigated and analyzed.
For the first time the development workflow of bi-static networks for two
electrode-less high-pressure lamps is presented. The main states of plasmas have
been explained in detail along with the requirements for each of the states for
the RF-network design. The electrode-less UV-Lamp has achieved high-pressure
using a custom-built design, while the domestic high-pressure lamp has exhibited
an efficacy of 135 lmW−1, which exceeds the efficacy of most of the LEDs.
The analyses of the frequency-dependent electrical effects on a plasma jet, a
phosphor-coated lamp and a hollow cylinder filled with xenon have been shown.
A capacitive dominated base point impedance is discovered, which has led to
the introduction of a new lumped element and 3D-model for the fitting of the
microwave plasma. The lumped element model consists of a lossy series reso-
nance circuit, while the 3D-model has been capable of fitting the plasma only
by the conductivity. Transmission parameters of an argon microwave plasma at
atmospheric pressure have been determined and analyzed for the first time. For
these measurements a single lossy capacitor has fitted the transmission values
of S21, while a new 3D-core/cone models has fitted the electrical and spatial
properties of the plasma in the FEM simulator.
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An investigation of the spatial, optical and thermal properties has been conducted
for the first time. A simple CMOS camera and a custom image registration rou-
tine have revealed a significant influence of the frequency on the plasma spatial
properties for all prototypes. The plasma size has been smaller at higher frequen-
cies. In combination with the optical measurement results it has shown, that the
energy has been proportional to the frequency. This has been supported by the
optical emission spectroscopy measurement of the plasma jet, which has been in-
vestigated to determine the impact of the frequency on single spectral lines. Ther-
mal properties have been analyzed along with the determination of the rotational
temperature of the plasma jet and the influence of the frequency, power, gas flow
and gas mixture. Temperatures of up to 1350K are measured at only 15W.
Summarizing the above, a strong frequency-dependence for all of the investigated
multi-physical parameters has been measured and analyzed. High-pressure has
been achieved for the first of its kind electrode-less UV-Lamp as well as a very
good efficacy of a newly developed high-pressure lamp. New and simple lumped
elements and 3D-models for the fitting of the electrical properties have been in-
troduced and verified.
The analyses of the frequency-dependent effects have been performed in this the-
sis. These effects have revealed a strong dependence of the plasma properties on
the frequency. Hence it has been shown, that a new degree of freedom has been
added by choosing the frequency based on the application needs. This has been
supported by the multi-physical investigations.
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