EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

Eindhoven University of Technology

MASTER

Measurement of absolute atomic oxygen densities in atmospheric pressure plasma jets

van Grootel, S.C.

Award date:
2013

Link to publication

Disclaimer

This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners

and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain


https://research.tue.nl/en/studentTheses/577442f9-d90b-44c3-9cea-6e4f6090bafd

Eindhoven University of Technology
Department of Applied Physics
Elementary Processes in Gas Discharges (EPG)

Master’s Thesis

Measurement of absolute atomic oxygen
densities in atmospheric pressure plasma
jets

S.C. van Grootel

April 2013 EPG 13-04

Supervisors:
ir. A.F.H. van Gessel
dr. ir. P.J. Bruggeman



11



Abstract

Atmospheric pressure plasma jets (APPJs) are non-equilibrium plasmas with
high reactive species densities at low gas temperature. These plasmas have drawn
considerable attention due to their potential for heat sensitive applications such
as material functionalization and biomedical applications. Reactive species such
as NO, O3 and O are suggested to play a major role in wound treatment, germ
reduction and material functional. To better understand the complicated plasma
induced chemistry, detailed analysis of the reactive components in the efluent of
the APPJ is required. This work focuses on the analysis of the atomic oxygen
density in APPJs.

The absolute atomic oxygen density in atmospheric pressure plasma jets oper-
ated with mixtures of He-air or Ar-air is investigated by two-photon absorption
laser induced fluorescence (TALIF). TALIF allows to measure in situ the O den-
sity, both time and spatially resolved. To obtain absolute densities the fluorescence
signal has to be calibrated. For this a known density of xenon atoms is used, which
have a two-photon resonance spectrally close to the oxygen transition investigated.
Collisional quenching of the fluorescence signal makes it difficult to perform the
Xe calibration measurement at atmospheric pressure. TALIF measurements to de-
termine the quenching rates of predefined Xe mixtures were performed in order to
develop a calibration method which can be applied at atmospheric pressure. The
atomic oxygen TALIF measurements have been performed spatially resolved for
different operating powers and air admixtures of the APPJ, and a comparison is
made of the O production of a microwave jet with He-air, with gas temperatures
of 700-1700K, and a RF jet with Ar-air, with gas temperatures of 400-700K.

Absolute calibrated atomic oxygen densities of microwave plasmas and rf-plasmas
have been obtained using a calibration method which makes it possible to do the
xenon calibration at atmospheric pressure. For the microwave jet, densities of
3.1-10?m ™3 were found in the core of the plasma, close to the pin electrode. The
reproducibility of the measurements is within 20%, the accuracy of the calibrated
O density is however 60%. High atomic oxygen densities at positions where the
electron density is high suggests that the dissociation of Oy by free electrons or
short lived or metastable species has an important contribution to the production
of atomic oxygen in atmospheric pressure plasmas.
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Chapter 1

Introduction

Cold atmospheric pressure plasma jets (APPJs) are a source of non-equilibrium atmo-
spheric pressure plasmas with high reactive species densities at low gas temperature.
These plasmas have drawn considerable attention due to their potential for material
functionalization and biomedical applications. High concentrations of radicals, suitable
for many applications can be provided without the requirement of complicated and expen-
sive vacuum systems. The low gas temperature makes it possible to treat heat sensitive
surfaces like living tissue. Possible biomedical applications are wound and antimicrobial
treatment and dental applications, and it promises an efficient and improved treatment of
infected or chronic wounds [1]. The bacteria killing characteristic of the cold atmospheric
pressure plasma is based on direct interaction of the plasma with micro organisms. Just
UV radiation or heat results in lower reduction rates, which indicates that the interaction
of the chemically active molecules and radicals in the plasma with the bacteria contributes
to the bacteria killing [2].

Atomic oxygen (O) is one of the radicals produced in the plasma jet. O is a highly
reactive element that readily forms compounds with most elements except the noble
gases. Reactive species such as atomic oxygen are supposed to be of major importance
regarding wound treatment and germ reduction [3].

Chemical reactions with atomic oxygen in the plasma contribute to the production
of nitric oxide (NO) and ozone (O3). NO, O3 and O in atmospheric plasmas have been
suggested as important species in biomedical plasma applications [4], [5]. For a thorough
analysis of the interaction of cold atmospheric pressure plasmas with biomedical materials,
a detailed analysis of the reactive components in the efluent of the APPJ is required.

The O density in the plasma can be investigated by optical emission spectroscopy
(OES). In OES, the spectrum of the radiation emitted by the plasma is observed and its
intensity measured as function of the wavelength. These spectra allow conclusions on the
type and number of the excited particles in the plasma and the rotation and vibration
temperatures. In case of non-equilibrium plasmas the so-called excitation temperature
can be derived. OES only allows to identify excited state species present in the plasma.
If absolute calibrated the absolute excited state density could be measured (this is not
the ground state density which is much larger). A different method is mass spectrometry,
which measures positive and negative ions according to their mass to charge ratio and
energy. A disadvantage is that neutral particles have to be ionized before they can be
measured. Atomic oxygen ions can be produced from O, but also Oy, which makes it
necessary to know the appearance potential. The main issues in MS for plasma diagnostics
are however the proper relative and absolute calibration of the MS signal including the



correction of the background signal, and the correct interpretation of the measured data
[6]. An alternative method is two-photon absorption laser induced fluorescence (TALIF).
TALIF is an optical diagnostic method in which a molecule or atom is excited by a tunable
laser. After some time the molecule de-excites and emits a photon. This fluorescence
is detected in a TALIF measurement. TALIF has the advantage over OES that the
ground state is probed directly. Moreover it is possible to measure absolute densities
by performing a calibration measurement, while with OES only relative densities can be
measured.

Recently research about NO in APPJs was performed, presenting absolute density
distributions of NO and temperature distributions in the APPJ [4], [7]. For O absolute
densities are know for APPJ plasmas operated in controlled environments, and for which
the measurements for absolute calibration were performed at low pressure (<10 mbar)
[8]. The use of a controlled environment significantly change the chemistry in the effluent
of the jet, compared to operation in an open environment [1]. Only recent research
presented atomic oxygen densities for a APPJ operating in ambient environment, with
the absolute calibration measurements performed at low pressure [1].

Because the applications of APPJ are in ambient environment the analysis should
also be performed in open environment. Furthermore, it is much more convenient to
have a diagnostic method that calibrates the absolute densities at atmospheric pressure.
In this work an experimental analysis of the absolute O density distribution in APPJs
is investigated by means of TALIF on O. The absolute calibration of the oxygen TALIF
signal will be performed by a comparative TALIF measurement on a known amount of
xenon atoms, which has a two-photon resonance spectrally close to the oxygen transition
investigated. An additional objective is to investigate the possibility of a calibration
method, which can be applied at atmospheric pressure. This research is limited to two
APPJs, a microwave (MW) driven plasma jet operating in helium air mixtures and a
radio frequency (rf) jet operating in argon-air mixtures.

The structure of this thesis is as follows: Chapter 2 gives an overview of the theoret-
ical background, describing TALIF and the involving processes. Furthermore a detailed
description of the calibration method for the absolute oxygen density is given. In chapter
3, the experimental TALIF set-up and its different configurations, such as the microwave
jet and rf-jet are described. The results are presented and discussed in chapter 4. Finally
an overall conclusion is made in chapter 5.



Chapter 2

Theory and background

This chapter starts with background about atmospheric plasmas and plasma sources,
followed by a description of air chemistry in a plasma. After that TALIF and the involving
processes are described. The final part of this chapter is devoted to a detailed description
of the absolute calibration method for the atomic oxygen density in a plasma.

2.1 Atmospheric plasmas

The atmospheric plasmas described in this thesis are generated by electric fields. The
electric fields transmits energy to the free electrons. The electronic energy is then trans-
mitted to the neutral species by collisions. The collisions can be elastic or inelastic [9].

e Elastic collisions do not change the internal energy of the neutral species but slightly
raise their kinetic energy and thus induce gas heating;

e Inelastic collisions modify, when the energy of the electron is high enough, the
electronic structure of the neutral species. It results in the creation of excited
species, dissociation of molecules and even ionization. Thus is the source of the
chemical reactivity and the charged species in these plasmas.

Two main categories for atmospheric pressure plasma can be distinguished:

e Thermal plasmas have a heavy particle temperature in the order of 10.000 K and
a high electron density of the order 10?! - 10%m™=3 [9]. Inelastic collisions between
electrons and heavy particles heat the heavy particles, consuming electron energy,
which results in an electron temperature of the same order as the heavy particle
temperature. The thermal energy is large enough to create reactive species in heavy
particle collisions.

e Non-thermal plasmas (equilibrium) have a heavy particle temperature of 300 -
3000K and a lower time averaged electron density of < 10'%m™=3 [9]. Heavy particles
are less efficiently heated by elastic electron collisions, keeping the electron energy
high and the electron temperature of the order of 10,000 - 100,000K [9]. Inelastic
collisions between electron and heavy particles induce the plasma chemistry.

The two plasma jets investigated in this thesis belong to the category of non-thermal
plasmas.



2.2 Plasma jets

There are various types of atmospheric plasma sources, which can be classified by the
excitation frequency. The excitation frequency is important since it influences the be-
havior of the electrons and ions in the plasma. There are the DC, low frequency AC
discharges, the RF discharges and the microwave discharges. The discharges can be
either in continuous or pulsed mode.

An example of the DC continuous mode is the arc plasma torch, where the pin elec-

trode functions as cathode and the nozzle as anode. The arc is ignited between the
cathode and the anode, ionizing the gas flowing through the nozzle.
The (nanosecond) pulsed DC mode enables the injection of large energy amounts in the
discharge while limiting the temperature increase of the system. Examples are the corona
discharge, where a cathode wire is placed above an anode surface. This results in a mov-
ing ionization front towards the surface (streamers). The duration of the pulses is shorter
than the time necessary to form an arc. A second example is the low frequency AC
discharges which are often dielectric barrier discharges DBD devices, consisting of two
plane parallel metal electrodes, or have a coaxial geometry, with at least one covered by a
dielectric layer. The gap between the electrode is only a few millimeters to ensure stable
operation. Gas flows in the gap. When ignited a multitude of random filaments form
between the two electrodes ionizing the gas, which are quenched by charge accumulation
on the surface. The barrier limits the current and reduces the lifetime of the plasma
filaments which allows to operate it close to room temperature.

In the rf-discharge the electrons are the only ones to follow the oscillations of the
electric field. The ions are influenced by the average temporal local values of the field.
The rf-plasma jet investigated in this work, consists of two concentric electrodes through
which a gas flows. The rf power applied to the inner electrode ionizes the gas, which
flows out through the nozzle. A low power enables a stable discharge and avoids an arc
transition.

In the microwave discharge the behavior of the electrons and ions are similar as the
frequency becomes also large for the e™. The MW-plasma jet in this work produces a
plasma close to an electrode (antenna). Typically MW-plasmas operate at higher gas
temperatures compared to rf-discharges at atmospheric pressure.

Atmospheric pressure plasma sources are widely used for materials processing [8].
Sources like arcs and plasma torches provide thermal plasmas with high temperatures.
Corona discharges and dielectric barrier discharges generate non-equilibrium plasmas with
a low degree of ionization at intermediate gas temperatures. The atmospheric pressure
plasma jet can have high reactive species densities at low gas temperatures, making it fit
for the use on heat sensitive surfaces.

2.3 Plasma chemistry

The high reactive species densities in APPJs result in a complex system of chemical
reactions in which atomic oxygen has an important role. Figure 2.1, as presented by
Eliasson et al [10], presents an example of the chemistry in a DBD filament indicating
the complexity of the chemistry and the many species which can be generated in an
atmospheric pressure plasma in air. The reactive particles which are of great importance
for biomedical applications are NO, O3, and O.
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Figure 2.1: Chemical species generated by a microdischarge in ”air” (80% Ny + 20% Oz, p=1 bar,
T=300K, homogeneous model) [10].

For a pure O, based plasma, the most important reaction path leading to ozone
formation is [10],
Oy +e — 20 +e. (2.3.1)

Followed by a three body reaction,
O+0;+M — O3+ M (2.3.2)

where M is a third collision partner (O9,03 or Ny (in air)). The O, dissociation occurs
by electron energies of 6-9eV. When the discharge becomes too strong the atomic oxygen
concentration reaches a level at which undesired side reaction gain importance [10], such
as

O+0+M— O+ M (2.3.3)

and
O+ O3 — 20,. (2.3.4)

Both reaction cause a decrease in O and Oj concentration, indicating that there is an
optimum discharge strength at which the oxygen and ozone concentrations are the highest.
For air based plasmas nitrogen species add to the complexity of the reaction system. In
addition to the Oy dissociation by electrons, the following reactions have to be taken into
account for the generation of O atoms:

N+0y = NO+O (2.3.5)
N+ NO — N, + 0 (2.3.6)
Ny(A, B,C) + Oy — Ny(X) + 20. (2.3.8)
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Where Ny(A,B,C) are excited Ny species [11]. N is generated by the dissociation of N
by electrons,
Ny +e — 2N +e. (2.3.9)

For low temperature APPJ plasmas reaction 2.3.5 is the most dominant [4]. Reactions
contributing to the recombination of O and the destruction of O3 as a result of strong
discharges are,

O+NO+M — NOy+ M (2.3.10)
O+ NOy — NO + O, (2.3.11)

The presented reactions indicate that atomic oxygen plays an important role in the
generation and destruction of the biomedical interesting species NO, O3 and O and needs
to be studied to understand the plasma induced air chemistry in plasma jets.

2.4 Two-photon laser induced fluorescence (TALIF)

7% - collisional

laser quenching
excitation

= k fluorescence
S
(]
c
()]

stimulated

emission

Figure 2.2: Energy diagram for laser induced fluorescence (LIF).

In laser induced fluorescence (LIF) spectroscopy atoms, molecules or ions are irradiated
with a laser. When the laser photons have the appropriate wavelength corresponding to a
transition of e.g. the molecule, it will excite the ground state to an excited state. Figure
2.2 presents an overview of transitions occurring in a LIF process. Fluorescence refers
to the emission of photons by atoms, molecules or ions as a result of absorbing photons.
The rate of fluorescence is characterized by the natural lifetime of the excited state (79),
which refers to the mean time the e.g. molecule stays in its excited state before emitting a
photon. The amount of spontaneous photon emission is influenced by collisional induced
quenching, section 2.6.

By varying the laser wavelength over a wide range and measuring the fluorescence
photons, an excitation spectrum can be determined. The wavelength of the excitation
photon depends on the energy difference of the lower state and excited state level. For
some transitions (specifically atomic transitions involving the ground state) the excitation
wavelength is located in the vacuum ultra violet (VUV) range. This range, wavelengths
shorter than 200 nm, is strongly blocked by air, making it experimentally difficult to
perform the measurement in open air. This problem can be avoided by two-photon laser
induced fluorescence (TALIF) spectroscopy. By TALIF spectroscopy the excitation is
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made by two photons with double the wavelength of the single photon excitation. Figure
2.3 presents the energy diagram for a TALIF process. After absorption of one photon, an
intermediate ”virtual” energy level is obtained, indicated with a 4 in figure 2.3. If within
the lifetime of the energy level a second photon is absorbed, the atom will be excited.
The energy and lifetime of the ”virtual” level uphold the uncertainty principle,

AEAt > g (2.4.1)

meaning that the energy and lifetime of the ”virtual” state can not both be defined
accurately and the laser wavelength does not need to match exactly an energy level of an
excited state.

A disadvantage of two-photon excitation is that it is considerably less efficient than
single photon excitation. The fluorescence intensity scales linearly with the square of the
laser intensity [12]. This means that in most cases the laser energy has to be increased to
obtain a fluorescence signal, which can be done by focusing the laser beam. Focusing the
laser beam entails increased spatial resolution. However focusing the laser also increases
the possibility of resonantly enhanced multi-photo-ionization (REMPI) and amplified
stimulated emission (ASE), which reduce the fluorescence signal and causes the signal
intensity to deviate from the quadratic dependence on the laser intensity. In TALIF
measurements it is a requirement that the observed fluorescence wavelength differs from
the laser wavelength. It is a requirement because emitted photons with a wavelength
equal to the laser wavelength could be reabsorbed by the ground state atoms, causing
the fluorescence intensity to deviate from the quadratic dependence on the laser intensity.
Furthermore, it is more difficult to measure, the detector needs to make a difference
between the light source and the fluorescence.

A
REMPI

ionization limit

A \‘ collisional

quenching
>
20
o fluorescence 3
[J]
............ 4
two photon‘ (4)
laser
excitation
ASE
1

Figure 2.3: Energy diagrams for two-photon absorption laser diagnostics. Showing the possible tran-
sitions occurring during a TALIF process.



2.5 TALIF on O and Xe
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Figure 2.4: Grotrian diagram of O(I) [13]. The excitation process to determine the atomic oxygen
density used in the TALIF measurement is indicated with solid arrows. A possible LIF transition is
indicated with dotted arrows.

Figure 2.4 presents the Grotrian diagram for atomic oxygen with an indication of the
TALIF process. The figure also indicates a possible LIF transition on O, where the ground
state level 2p* 3 P; is excited to the 2p* 1.S; level, after which spontaneous emission occurs
to the 2p* 1D, level. However the spontaneous emission coefficient for this transition is
very weak (A=1.26s"! compared to A=3.22-107s7! for the TALIF process [13]), which
makes it very difficult to detect, therefore a different transition is needed, which requires
TALIF. A schematic overview of the atomic oxygen and xenon transitions, as used for
the absolute calibration of atomic oxygen, is presented in figure 2.5. The ground state
of atomic oxygen, 2p* 3P;, has three levels with angular momentum quantum number
J =2,1,0, where the J = 2 level has the lowest energy and the J = 0 level the highest.
The splitting of the ground state (227cm™') is comparable to the mean kinetic energy at
room temperature (k,7 =209cm~! for T = 300K). If the ground state exhibits a thermal
population distribution, only a TALIF measurement of one ground state sub-level has to
be performed in order to determine the total ground state population (see section 2.7).
The excitation wavelength of ground state atomic oxygen to the 3p 3P level is in
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the VUV range, so to perform fluorescence measurements in atmospheric pressure air
conditions, TALIF is needed. The excitation of the ground state of atomic oxygen occurs
with a laser wavelength of approximately 225.58nm.

The 3p 3P state of atomic oxygen also consists of three levels, with J = 1,2, 0 where
the J = 1 level has the lowest energy and the J = 0 level has the highest energy. The
de-excitation of the excited state level occurs by photon emission with a wavelength of
approximately 844.62 nm or collisional quenching. The energy levels of the 3p 3P state
are so close together, that the line profile of the three de-excitation transitions overlap for
typical dye laser line widths used during this research, (see figure 2.5). Figure 2.5 shows
that the population of the three excited levels, 3p *Pj2 is different for each excitation
of the different ground state levels, 2p* ®P5 ;. An explanation for this occurrence has
not been found in literature. However the figure also shows that the peaks for AJ = 0,
are the largest and that only this level and the level direct above or below this level are
populated. So only for J = 2, which is the middle level, are there three levels popu-
lated. From this a possible explanation is that only transitions with AJ = 0 are allowed,
and that the second (and third) peak come from population by e.g. collisional transitions.

The levels involved in the TALIF transitions for xenon are all singlet states, with a
laser excitation occurring with a wavelength of 224.24nm and a fluorescence signal with
a wavelength of 834.68nm.

It has been observed that the excited state level of xenon 6p ?[3/2], quenches strongly
to the 6p [3/2]s level, which has a transition by spontaneous emission to the 6s [3/2]s
level. The emitted photons have a wavelength of 823,16nm. The importance of this will
be made clear further-on.

em™  Atomic Oxygen [em™] Xenon

88631.303 3p°P120 89162356 6p ’[3/2],
88631.146
88630.587 844.62 nm 834.68N 6p [;,’9/221122465
76794.978 3s3s, 77185.041 6s ’[%], 823.16 nm
A A
2x225.58 nm 2%224.24 nm — Pty
2
226.977
158.265 2p* %P, 10 5p° 'S,

0

Figure 2.5: Energy levels and TALIF transitions for atomic oxygen and xenon. The Q mentioned in
the xenon scheme represents a transition by collisional quenching.
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Figure 2.6: Two-photon excitation line profiles of the O(2p*3 P10 — 3p>P1 20) fine structure compo-
nents [8]. The solid curves are fits, consisting of superpositions of Voigt profiles (dotted curves), to the

measuring points. Measured for 705 sccm He and 3.5 sccm O, fluxes at 985 Pa total pressure and 50W
MW power.

2.6 Collisional quenching

There are multiple processes that can de-populate an excited state other than de-excitation
by emitting a photon. Examples are de-excitation through collisions with heavy parti-

11



cles or excitation/ ionization by inelastic electron collisions. These processes reduce the
fluorescence radiation during a TALIF measurement and are referred to by collisional
induced quenching. Figure 2.3 presents an overview of processes that can occur during
TALIF measurements. Collisional quenching is dependent on the pressure, temperature,
and the collision partners. A pressure dependence of the effective quenching rate is linear
for pressures of a few mbar [14]. At these low pressures, the collisional quenching occurs
in two particle reactions for which the effective quenching rate can be expressed as,

Q=Y kn, (2.6.1)

where kél) and n, represent the specific quenching coefficient for two particle reactions
and the number density of the collision partner ¢, respectively.

When the pressure increases three particle quenching may start to occur, which adds
a quadratic term to the effective quenching rate,

Q=> kiVng+k{n (2.6.2)
q

where l{:((f) represent the specific quenching coefficient for three particle reactions.
The quenching coefficients can be derived from a so-called Stern-Volmer plot. This plot
represents the pressure dependence of the effective de-excitation rate (A). The effective
de-excitation rate can be expressed by,

1 1 P P 2
A== == k(D 29 E@ [ 2L 2.6.3
—+Q TO+; { ka+; o\ o (2.6.3)

where 7y is the natural lifetime, which can be determined by extrapolating the curve to
p = 0. The pressure dependence of the effective de-excitation rate can be determined
by measuring the fluorescence decay time constant at different pressures. The parti-
cle quenching coefficients follow from the derivative of the curve in the linear region.
At atmospheric pressures equation 2.6.2 applies. In some cases the quenching rate at
atmospheric pressure becomes so large, that it is impossible to determine the effective
de-excitation rate with a nanosecond pulsed laser measurement (see further).

2.7 Boltzmann distribution

If the ground state of atomic oxygen in the helium-air plasma exhibits a thermal popula-
tion distribution, the total atomic oxygen population in ground state can be determined
from one ground state sub-level with energy E;, by considering the corresponding Boltz-
mann population fraction fo(T'), or Boltzmann factor;

n; (2J + 1)exp(;b—ETJ)
fo(T') = = o (2.7.1)
zj:n‘] ;(QJ + 1) exp (/%—T)
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Equation 2.7.1 can also be used to determine the gas temperature T of the plasma,
by determining the atomic oxygen population in all three sub-levels of the ground state.
This can be obtained by expressing the species density in state J as,

—-F
ny = Cy(2J + 1) exp (—=2). (2.7.2)
kyT
This expresion can be rewritten as,
ny _EJ
In{ —— | = Cs. 2.7.3
n<(2J+1)> Wl 7 (2.7.3)

It shows that the gas temperature can be derived from the slope of the so called Boltzmann
plot,when a log-plot is made from the density reduced by the degeneracy (2J+1) as a
function of F;.

2.8 Principle of TALIF and absolute calibration

For the calibration of the absolute density of the atomic oxygen in a atmospheric
pressure plasma by means of a reference measurement with xenon gas of known concen-
tration, an equation has been derived. This section gives a more detailed description of
the procedure and derivation as is given in the original paper on which the method used
here is based [14]. The derivation describes a general case for which the transitions occur
in a three level system as is presented in figure 2.3, where 1 indicates the ground state,
2 the excited state after absorbing two photons and 3 an intermediate state to which
de-excitation by means of photon emission takes place.

This simplified model applies to xenon for which the ground state and excited state
are singlet states. However, for atomic oxygen the fine structure has to be considered.
Although the ground state and excited state are both triplet states, this model can still
be applied to determine the total atomic oxygen density in the ground state. Because the
excited state sub-levels of atomic oxygen lay close together the signals coming from the
de-excitation of the three levels spectrally overlap, so they contribute all to the total signal
and therefore the excited state of the model can be simplified to one level. The bandwidth
of the laser is small enough to excite the sub-levels of the ground state of atomic oxygen
individually, meaning that the total atomic oxygen density must be determined by three
individual measurements or by assuming a Boltzmann distribution of the three levels.

The derivation of the calibration equation is given below.

When the laser intensities are sufficiently low, a photo-ionization effects of the excited
state population ms(t) can be neglected. The rate of change of the populations of the
first two levels can be expressed by the two-photon excitation rate R(t) and the effective
de-excitation rate Ay [14],

R(t) = GPePg(Av) (I%—g))? (2.8.1)

Ay =7"4Q
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d

EnQ(t) - R(t)nl(t) - A2n2(t) (2.8.2&)
d
%nl(t) = —R(t)n. (1) (2.8.2b)

e G? is the Photon static factor. It account for statistical fluctuations of the laser
intensity and is defined as:

e 0@ is the generalized two photon excitation cross section;

e g(Av) is the normalized ([ g(v)dv = 1) line profile of the two-photon excitation,
which is the convolution of the laser profile g, () with the central frequency vy,
and the absorption line shape of the atom ga(r) with as central wavelength the
two-photon resonance frequency v, according to

g(Av =2, —va) = ga(2v —va) % gr(v —vp) * gr(v — vp); [14]
e [y(t) is the laser intensity in Wem™2;

e hv stands for the photon energy of the absorbed photon;

7 is the natural lifetime of the excited state;

@ is the effective collisional quenching quenching rate.

In the case of measurements on atomic oxygen, the excitation transitions induced by
the laser also occurs due to electron excitation in the plasma, this is the main source of
the background radiation. This background radiation is, in the case of the MW plasma,
constant in time and therefore it is easy to subtract to only obtain the fluorescence as
modeled (see further).

From equation 2.8.2b an expression for n; can be derived,
t
n1(t) = ngexp (—/ R(t")dt"). (2.8.3)
0

When the laser intensities are sufficiently low, a depletion of the ground-state population
can be neglected, n,(t) & ny is constant, where ny = n1(0). This leads to a simplification
of equation 2.8.2a,

dng(t) .
i + Agno(t) = R(t)no. (2.8.4)

Solving this differential equation and noticing that at ¢ = 0 there is no laser excitation,
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so ny(0) = 0, leads to,
t ’
na(t) = no / R(t)e—A2t=0gy (2.8.5)
0

Substituting the two-photon excitation rate R(t), equation 2.8.1, into equation 2.8.5,
describes a convolution integral of the functions y; = aI3(t) and yp = e=42¢

na(t) = (y1 * y2) (%) (2.8.6)

with,
o

(hv)

o = ngG? ——59(Av).

The number of fluorescence photons emitted per unit volume in the fluorescence channel,
ng, can be found by:

0

By using the mathematical property that states that the area under a convolution of
two functions is the product of the areas of the two functions [15], equation 2.8.7 can be
simplified to,

np = n0a23G(2)—2

g(Av) /OOO I2(t)dt. (2.8.8)

In which ags = As3/A, is the optical branching ratio. Integration of equation 2.8.7 over
the two-photon resonance A, and the observed excitation volume Vp, taking the detector
sensitivity and collection efficiency into account, results in the time and spectrally inte-
grated photomultiplier signal Spyr,

SPMT = —T’I]GBQRL/ / nge ’F)dVdV (289)
r VO

AS? stands for the solid angle of detection;

T is the transmission of the detection optics;

7 is the quantum efficiency of the photomultiplier;

G is the amplification of the photomultiplier;

eo stands for the elementary charge;

Ry is the load resistor of the photomultiplier.
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A normalized fluorescence signal Ir can be obtained by:

SPMT

Ir = )
" T TR Ddtdv

(2.8.10)

By combining equations 2.8.8, 2.8.9 and 2.8.10 the following expression for I is obtained,

AQ fffng”ﬂ )dtdV dv

Ip = 4_T77G60RLn0a23G ff[2 ,f*)dth

(2.8.11)

This equation relates the ground state density to the fluorescence intensity.

Relative densities are easy but for absolute values several unknowns need to be deter-
mined (such as angle of detection, quantum efficiency of the photomultiplier, detection
volume, etc), see equation 2.8.11. An alternative is to calibrate with xenon gas, which has
a known ground state density and an excitation at approximately the same wavelength
as O, as was discussed in section 2.5. The expression for the atomic oxygen density can
be derived by dividing I for xenon by I for atomic oxygen. If for both cases, described
by figure 2.5, the TALIF excitations are performed with identical spatial, spectral, and
temporal intensity distribution of the laser radiation, only the following terms will re-
main':

Ik xe . ”g(e a’Xe Ug{é < hvo )2

o 23
IF,O nO an 0—02 hl/Xe

Furthermore, equation 2.8.10 can be expressed as,

SPMT
E2

Ip = (2.8.12)

where F is the laser energy in Joule. After rearranging the parameters, the equation for
calibrating the absolute atomic oxygen density is obtained,

(2) 2
UXeaXe IFO (hVO>
no = : Nxe- 2.8.13

© 0(02) ao IF,Xe hvxe * ( )

!The calibration equation derived in [14] includes the ratio of the detection sensitivities for the ob-
served fluorescence wavelengths. Because the two-photon resonances in this project are spectrally closer
together than the ones used in [14], AX =10nm compared to A\ =380nm, this term can be considered
to be one in this work.
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Chapter 3

Experimental setup and calibration
method

In this chapter the experimental setup is described. First the general TALIF setup
followed by the description of two plasma jets and the vacuum system.

3.1 TALIF setup

The experimental setup for the TALIF measurements with the microwave plasma jet is
presented in figure 3.1.

The excitation of the ground state atoms (O, Xe) is realized with a Sirah cobra dye
laser, which is pumped with a YAG laser at 355 nm. To create the UV necessary for
excitation of the ground state atoms the dye laser uses a Coumarin 2 dye and the produced
radiation at 442-454nm is frequency doubled by a BBO crystal, resulting in a tunable
laser range of about 221-227nm. The bandwidth of the laser light before doubling by the
BBO crystal is 1.4 pm, which is reported as a specification of the laser. The laser is pulsed
with frequencies of 1000 Hz, 2000Hz or 4000 Hz, depending on the desirable laser energy
per pulse, since a lower frequency results in a higher laser energy per laser pulse. The laser
beam is focused with a quartz lens with a focal length of 250mm, to increase the laser
energy per unit area. The focal point of the lens is located above the center of the jet.
The laser energy is measured by an Ophir photo-diode energy sensor. The fluorescence
photons are collected perpendicularly to the laser beam by two quartz lenses with focal
lengths of 200mm each. The focal point of the first lens collides with the focal point of the
focused laser beam. The second lens projects the fluorescence photons on the entrance slit
of a Jarrell-Ash 82025 monochromator with 0.5m focal length and a blaze of 300 nm. The
monochromator is used to measure the fluorescence signal corresponding to the excitation
of one ground state level. The wavelength setting of the monochromator is set so that
the signal is at its maximum. A photomultiplier (Hamamatsu R666) is connected to the
exit of the monochromator. The photomultiplier operates in photon counting mode. The
pulses from the photomultiplier are amplified and counted by a computer with a Fast
Comtec P7888 time digitizer. The time resolution of the time digitizer is 1ns. A photo
of the experimental setup concerning the detection of the fluorescence signal is presented
in figure 3.2.

A measurement is performed by scanning the dye laser with constant velocity over
the wavelength range of the fluorescence spectrum. For each step in wavelength a time
resolved histogram of counts is accumulated over a set number of laser shots. This way
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Figure 3.1: Experimental setup for the TALIF measurements, with the microwave jet as plasma source.

monochromator

slit

photomultiplier

Figure 3.2: Photo of the detection part of the experimental setup for TALIF measurements with the
microwave jet as plasma source, concerning detection of the fluorescence signal.
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it is possible to measure both time resolved and wavelength resolved at the same time.
A result of a TALIF measurement is presented in figure 3.3; On the horizontal axis the
wavelength of the laser is plotted, the measured time per pulse is plotted on the vertical
axis, and the TALIF intensity is given in counts. The number of counts is dependent on
the number of shots per step in wavelength.

The number of laser shots per point, the measurement duration, and the scan range
of the laser wavelength can be set manually. Because the velocity of the scan is constant,
the accuracy of a measurement can by increased by increasing the measurement duration
and/or the amount of shots per point.

intensity [counts]

250

225.56 225.565 225.57

excitation wavelength [nm)]

Figure 3.3: Time and wavelength resolved atomic oxygen TALIF signal for a MW plasma with a gas
flow of 6slm helium with 3.2% air. The ground state J = 2 was used for a measurement with a duration
of 90s, a laser frequency of 2000Hz, 4000 shots per point, and scanned over a wavelength range of 225.560
- 225.575nm.

For each step in wavelength the TALIF signal is corrected for background, which
is determined by taking the mean of the signal over the time range where there is no
TALIF signal. By integrating the background corrected measurement result over time,
a wavelength resolved TALIF signal or spectrum can be obtained. Integrating over the
wavelength gives the time resolved TALIF signal. Figure 3.4 presents the wavelength
resolved TALIF signal and the time resolved TALIF signal obtained from figure 3.3. The
time resolved signal can be used to determine the effective de-excitation rate of the TALIF
intensity, by fitting a convolution of the square of the laser profile and an exponential
curve, equation 2.8.6, through the data points. The laser profile was determined by
Rayleigh scattering. Figure 3.5 (left) shows the laser profile, figure 3.5 (right) presents a
fit with a time constant 7 of 4.5ns, which yields a de-excitation rate of Ay = 2.2 - 1087 .
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Figure 3.4: Time integrated TALIF signal (left) and the wavelength integrated TALIF signal (right)
obtained from the measurement results presented in figure 3.3.
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Figure 3.5: Left: Laser profile measured with Rayleigh scattering on argon with a laser wavelength of
226nm. Fit of a wavelength integrated TALIF signal using the convolution of the laser profile squared
and an exponential function.

3.2 Microwave plasma jet

An overview of the microwave plasma jet setup is presented in figure 3.6. The microwave
plasma jet (see also Hrycak et al [16]) consist of a metal tube with an inner diameter of
12 mm and in the center a pin electrode connected with coaxial cables and a circulator
to a Microtron 200 microwave power generator (2.45GHz). The outer tube electrode
is grounded. The microwave jet operates in open air and was mounted on a motorized
stage, which can move in the plane perpendicular to the laser beam. At the zero position,
both radial and axial position are zero, the laser is focused above the center of the jet
and passes the top of the jet as close as possible, without decreasing the measured laser
energy.
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Figure 3.6: Experimental setup for the microwave jet.

In case of a plasma, a gas flow of 6slm He plus 0 - 0.4slm (0 - 6%) dry air was flow-
ing through the tube with a flow speed of 0.9ms™!. The plasma power was determined
by subtracting the reflected microwave power from the forward microwave power. The
forward and reflected microwave powers were measured with two thermal head detectors
connected to a directional coupler. The plasma power was varied between 20-56W. Mea-
surements were performed at radial positions ranging from -4mm up to +4mm and axial
positions ranging from 0.1mm up to 16mm.

The microwave plasma looks like a small ball located on the top of the pin electrode,
as is shown in figure 3.7. The gas temperature in the center of the plasma is typically
between 1200K and 1800K [4].

Figure 3.7: Photos of a 30W microwave plasma, with a gas flow of 6slm He plus 3.2% air. Left: A view
of the whole plasma. Right: A sideview of the jet, from which can be derived that at the zero position
the laser goes through the center of the plasma.

For the calibration measurements with xenon the microwave generator was turned
off, so that the jet only functioned as a gas outlet. The xenon measurements, needed
to calibrate the atomic oxygen density for the O measurements performed on both the
MW-jet and the RF-jet, were performed with the tube of the MW-jet. For the calibration
measurements for the MW-jet a gas flow of 2.5slm argon plus 0.2% xenon was flowing
through the tube, with a flow speed of 0.4ms™!. For the calibration measurements for
the rf-jet a gas flow of 5slm argon plus 0.2% xenon was flowing through the tube, with
a flow speed of 0.7ms™!. All xenon measurements were performed at a radial position of

Omm and an axial position of 0.5mm.
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3.3 RF-plasma jet

-~ signal
generator

matching box

Figure 3.8: Experimental setup of the rf-jet [7].

The rf-plasma jet is like the microwave jet an atmospheric pressure plasma jet, which
operates in open air. However, while the microwave jet operates in continues mode, the
rf-jet is time modulated. By operating the rf-jet in pulsed mode, lower gas temperatures
are obtained, which are more suitable for e.g. wound treatments.

The rf-jet consists of a glass tube with an inner diameter of 1.7mm attached to a
plastic holder. The glass tube contains a needle electrode with at diameter of 1mm,
which is connected to an E&I A075 RF amplifier driven at 13.9MHz via a homemade
matching box. The matching box consisting of a coil and matches the impedance of the
plasma with the power supply. Figure 3.8 presents an overview of the rf-jet setup. Two
types of grounded electrodes were used for two different configurations, a ring or a plate.
The ring is placed around the glass tube, while the plate, with a thickness of 0.5mm and
an opening of 5.0mm in the middle, is mounted above the glass tube. In figure 3.9 a
schematic of the top of the rf-jet is presented with both the ring electrode configuration
and the plate electrode configuration.

L 3.0mm

- 3.0mm
B Jesmm 35

| 1
N

VRN

Figure 3.9: Schematic of the top of the rf-jet with left the ring electrode configuration and right the
plate electrode configuration. The needle is the rf driven electrode.

A gas flow of 1slm Ar with a varying amount of 0 - 42scem (0 - 4%) of either dry air,
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oxygen or nitrogen was flown through the glass tube. The 13.9MHz at which the plasma
is operated is generated by a HP 8116A signal generator and time modulated at 20kHz
with 20% duty cycle by a BNC 575 pulse/delay generator. This time modulated signal is
amplified by the E&I RF amplifier. A representation of the operating signal is presented
in figure 3.10.

The power dissipated by the plasma was determined from measurements of the forward
and reflected RF power coming from and going to the amplifier. These powers were
measured by using an Amplifier Research PM2002 with PH2000 dual diode power heads
connected to a directional coupler. Like the microwave jet, the rf-jet is mounted on a
motorized stage so that the rf-jet can be positioned in both radial and axial direction
with an accuracy of 10pum. In the zero position the laser is focused above the center of
the glass tube and passes the top as close as possible, without decreasing the laser energy
measured.

139MHz 20 s

50 ps

>
10 ps

<

v

Figure 3.10: Operating signal for the rf-jet. The 20s line indicates the moment in the cycle at which
the measurements where performed, unless otherwise indicated.

Figure 3.11 presents photos of the rf-plasma for both the ring electrode and the plate
electrode configuration. The rf-plasma is, compared to the MW-plasma, long and thin.
This is especially the case for the plate configuration, because the electric field lines are
parallel to the gas flow, while for the ring electrode they are perpendicular to the gas
flow. The temperatures in the center of the rf-plasma are typically between 450K and
550K [7].

\

Figure 3.11: Photos of rf-plasmas, with a gas flow of 1slm He plus 2% air. Left: The ring electrode
configuration. Right: The plate electrode configuration.
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3.3.1 Power measurements

The power (forward minus reflected) dissipated by the plasma is calculated by subtracting
the power dissipated in the matching box from the total power at constant current, see
also Hofmann et al [17]. It is assumed that at constant RMS current (Igarg) the power
dissipation in the matching box remains unchanged. The current can be adjusted man-
ually with the signal generator. The power dissipated in the matching box at a certain
RMS value of the current (P,), is the power determined when there is power applied to
the system in the absence of a gas flow (no plasma). The total dissipated power (P,y) is
obtained by adding a gas flow, so that a plasma is formed. The power dissipated by the
plasma (Ppiasma) i given by,

Pplasma(IRMS> = Ptot(IRMS) _Poff(IRMS> (331)

Figure 3.12 shows an example of power measurements for the ring electrode. The error
margin of the obtained power is estimated to be +0.1W.

50

T
—&—plasma off
—&—plasma on

401

0 ) L Lt L L L
300 400 500 600 700 800 900
current [mA]

Figure 3.12: An example of power measurements for the ring electrode. Plasma off indicates the power
dissipation of the matchbox and plasma indicates the power dissipation when the plasma is on, so the
total power dissipation.

3.4 Vacuum system

Low pressure measurements of TALIF on Xe where required to calibrate the quenching
rate of xenon at atmospheric pressure, see section 4.1.4. Therefore a vacuum system was
constructed. The vacuum system is shown in figure 3.13. When performing measurements
for the Xe quenching rate calibration, the vacuum system is placed in the position of the
MW-plasma jet in figure 3.1.
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Figure 3.13: Vacuum system for low pressure measurements, with indication of the path of the laser
beam and fluorescence photons.

The system was build with KF vacuum parts. It contains three quarts windows,
two for the laser beam to pass, positioned under Brewster’s angle to optimize the laser
transmission, and one for the fluorescence signal. The pressure inside the vacuum vessel
was measured with a Pfeiffer CMR271 pressure gauge or a Pfeiffer CMR363 pressure
gauge with ranges up to 1000mbar and 1lmbar respectively, this allowed to measure
accurately the full pressure range from Imbar up to 1bar. The gas inlet was kept constant
during the measurements and was set with Brooks mass flow controllers. The pressure
inside the vacuum vessel was kept constant by changing the pumping speed. This was
done by means of a control valve between the vacuum vessel and the vacuum pump. The
vacuum pump was a Pfeiffer Balzers Duo 016B, with a pumping speed of 16m3/h. A
Pfeiffer RVC 300 pressure control unit was used to regulate the control valve with the
pressure gauge measurement as input.

A leakdown test was performed to ensure there were no major holes in the vessel.
Before gas was let in the vacuum vessel the control valve was opened maximal, resulting
in a minimum pressure in the vacuum vessel of about 10~'mbar. The gas density is
assumed to be homogeneous in the vacuum vessel. The composition of the gas was set
by the ratio of the inlet rate of the different gases.
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Chapter 4

Results and discussion

This chapter is split in a microwave part and a rf part. All measurements needed for the
development of the calibration method were performed with the MW-jet and the vacuum
vessel, and are described in the first part. However, the part about the description of the
absolute calibration, section 4.1.5, is also valid for the rf-jet.

4.1 MW-jet

In this section, a detailed description of the measurements leading up to the O-density re-
sults for the microwave jet is given. Including the low pressure measurements to determine
collisional quenching rates of xenon and a description of the method which calibrates the
quenching rate of xenon at atmospheric pressure, making it possible to do the calibration
at atmospheric pressure.

4.1.1 Saturation

In order to measure atomic oxygen densities, saturation of the TALIF signal had to be
prevented. Meaning that ny < n;, where the indexes 1 and 2 represent the ground state
and excited state respectively. To check for saturation the TALIF intensity is measured
as a function of the laser energy. When the TALIF intensity is proportional to the square
of the laser energy there is no saturation. This also means that REMPI and ASE can be
neglected. The first TALIF measurements were performed with an optical filter (with a
center at 850nm and a full width half maximum (FWHM) of 25nm) in front of the photo-
multiplier, instead of a monochromator as presented in figure 3.1. In figure 4.1 (left)
the fluorescence signal has been plotted as function of the square of the laser energy for
the transitions O(2p* *P; —3p 3P ;). The transition from the 2p* 3P, level seems to
saturate at approximately 35(uJ)?. However repeating the measurement with a neutral
density filter installed in front of the photomultiplier, concludes that the non-linearity is
the result of the saturation of the detection system and not of the transition. So by keep-
ing the laser energy below 9uJ the TALIF intensity of the atomic oxygen measurement is
linear with the square of the laser energy under the present experimental conditions. In
figure 4.1 (right) the results of the TALIF measurements with varying laser energies are
presented for xenon. The results show that there is, without the use of a neutral density
filter, linearity up to laser energies of 2uJ.
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A measurement with the monochromator of the xenon spectrum indicated that with
the optical filter multiple lines were measured,to the wavelength of the transition with a
spectral resolution of figure 4.2. Therefore the measurements performed with the optical
filter cannot be used for determining the atomic oxygen density in the plasma. The
following results presented in this report are all performed with the monochromator.
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Figure 4.1: Left: Results of O-TALIF measurements on a 30W plasma with a gas flow of 6slm helium
+ 3.2% air, at 6mm above the top of the jet. Showing the fluorescence signal versus the squared laser
energy, for the three O(2p* 3P; — 3s 3S;) transitions. Right: Fluorescence signal as function of the
laser energy squared for the Xe( 5p1Sy — 6p’[3/2]2) transition. The figure shows that the fluorescence
signal is only linear with the squared laser energy for low energy levels.
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Figure 4.2: Spectrum of pure xenon at 10mbar made by a scan over the monochromator wavelength,
while exciting the 5p® 1Sy level to the 6p 2[3/2], level. The Gaussian curve represents the optical filter
used for the first TALIF measurements, indicating that multiple lines where measured.

4.1.2 Gas temperature

The gas temperature of the plasma is related to the position inside the plasma. For a
more accurate calibration of the atomic oxygen density, a gas temperature profile of the
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plasma is needed. A gas temperature profile for the 6slm helium + 3.2% air plasma
has been obtained by performing measurements on the three transitions from the ground
state of atomic oxygen. The results of these measurements are presented in figure 4.3
(left).

0.016 ‘ ‘ ‘ 10

. o J=2 o Jj=2

[ o J =1 ° m J=1
— 0.014 e J—0 : ¢ J=0
= gg t ¢ 1
3 0.012 e
~ ° ¢ ®
= - : .
L 001} R S e ]
= g ot ¢
& 0.008} ° 3 .
g
=} [ % L
2.0.006} g 4
& " . ~
‘% 0.004}
g 0.00 . ol
= 0.002(*, =

¢ n
0 203 8 0 0 s 0 ‘ ‘ ‘
0 5 10 15 20 0 2 4 6 8
axial position [mm] axial position [mm]

Figure 4.3: Results of O-TALIF measurements on a 30W plasma with a gas flow of 6slm helium +
3.2% air, determined at different axial positions inside the plasma. Left: Normalized fluorescence signals
resulting from excitation of the three ground state levels of atomic oxygen (2p* P, with J =0,1 or 2
(index)). Right: The decay times of the three signals.

The gas temperature profile for the plasma can be approached by means of the Boltz-
mann population fraction, as mentioned in section 2.7.

From the calibration equation, equation 2.8.13, it follows that the differences in n; for
J =0,1,2 are the result of differences in I, ag), and ap. By Saxon et al. [18], there is

shown that 0(02 ) for the transitions from the three ground state oxygen levels are equal
(see also section 4.1.5). The branching ratio ap can be expressed as Ass/As, where Aag is
the spontaneous emission rate of the excited level to the intermediate level and A, is the
effective de-excitation rate. The value of Aa3 is known to be equal for all three levels [13].
The values for A, is the reciprocal of the decay times of the measurements (figure 4.3
(right)), thus being approximately equal for all three levels. The other parameters from
the calibration equation are approximately constant for the three levels and only shift the
total graph in vertical direction, thus having no contribution to the slope of the curve.
Because of the above, the density for the three ground state levels n; is proportional to
Ir 7, so equation 2.7.3 can be used as follows,

In ((IF—")) _ L g (4.1.1)

Figure 4.4 (left) presents an example of a Boltzmann plot from which the gas temperature
can be derived. The graph on the right gives the gas temperature profile as follows from
the curves of figure 4.3. The error bars are the result of the error in the fit through the
three data points.
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Figure 4.4: The results are obtained by using the results presented in figure 4.3. Left: linear fit through
Ir y with J =0,1,2, to determine the gas temperature at an axial position of 5.0mm above the jet. Right:
gas temperature determined for several different axial positions.

LIF measurements on NO were performed for the same MW-jet and plasma conditions
by Gessel et al [4]. The gas temperatures determent from these measurements are also
presented in figure 4.4, to compare with the data obtained from O. The gas temperatures
correspond within experimental accuracy. For convenience the gas temperatures from
the NO measurements were used for the absolute calibration of the oxygen density. In
figure 4.5 the gas temperatures obtained by NO measurements are presented for different
plasma powers. The temperatures needed for the calibration of the atomic oxygen density
in the plasma are derived from figure 4.5, with an estimated accuracy of 100K.
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Figure 4.5: Gas temperatures as function of the axial position for the MW-jet for different plasma
powers, determined by means of LIF measurements on NO by Gessel et al [4]. A gasflow of 6slm He +
3.2% air was used.

4.1.3 Boltzmann factor

By applying equation 2.7.1 to the calibration, equation 2.8.13, the total atomic oxygen
population can be determined by only measuring one spectral line, according to
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where the Boltzmann factor fo(T') is dependent on the gas temperature and is therefore a
function of position and plasma power. Figure 4.6 shows the Boltzmann-factor versus the
gas temperature for the J=2 ground state level of atomic oxygen. The figure indicates
that in the temperature range of the microwave plasma the inaccuracy of the tempera-
ture profile results in a maximum inaccuracy in the Boltzmann factor of 3%. Although
the sensitivity increases for lower temperatures, the accuracy of the temperature also
increases, keeping the uncertainty in the Boltzmann-factor limited.
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Figure 4.6: Boltzmann-factor for the J=2 ground state level of oxygen. Dashed lines indicate the gas
temperature range of the microwave plasma.
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Figure 4.7: Comparison of the total atomic oxygen density calculated from the sum of the three signals

presented in figure 4.3(left) and the density calculated from only the J=2 signal (figure 4.3(left)) and
the corresponding Boltzmann-factor.

By using the measurement results from figure 4.3 it was already shown that the gas
temperature, which was derived by means of the Boltzmann plot, was consistent with

32



the gas temperature determined by the LIF measurements on NO, section 4.1.2. Fur-
thermore the same measurement results can be used to compare the total fluorescence
intensity from the ground state atomic oxygen, by adding the three fluorescence signals
from J=0,1,2, with the total intensity from only the J=2 signal and corrected with the
Boltzmann-factor, figure 4.7. These results show that the ground state atomic oxygen
in the helium-air plasma does exhibit a thermal population distribution, and therefore
measuring only the J=2 transition is sufficient to determine the total O density with a
good accuracy.

4.1.4 Collisional quenching rates

To determine the quenching rate of atomic oxygen and xenon, knowledge of the natural
lifetimes and quenching coefficients for the significant species are necessary (equation
2.6.1). The natural lifetimes and quenching coefficients relevant to this report are listed
in table 4.1 and table 4.2 respectively.

Table 4.1: Natural lifetimes for O(3p®P ;) atoms and Xe(6p’[3/2]2) atoms.
Excited state Natural lifetime [ns]
O(3p°Py) 34.7+ 1.7 [§]
Xe(6p’[3/2]2) 40.8 £2.0 [§]

Table 4.2: Two-particle quenching coefficients for O(3p3P ;) atoms (left) and Xe(6p’[3/2]2) atoms
(right).

Reagent Quenching coefficient Reagent Quenching coefficient
[1071%cm3s™] [1071%cm3s™]

He 0.017 4+ 0.002 [§] He 5.7 £ 0.6 [20]
No 5.9+ 0.6 [19] Ar 2.5 £ 0.3 [20]
O, 9.440.5 [8] Xe 3.640.4 [8]

The number densities of a gas component 7 necessary to calculate the quenching rate
are obtained according to Dalton’s law

Mot = 0
t Otot kT’

Prot

n; =

where ¢ denotes the gas flow and k;, is the Boltzmann constant.
The pure optical branching ratios (A;;/A;, @; = 0) for the atomic oxygen transition
and for the xenon transition are given by Niemi et al. [8], and are 1 and 0.733 respectively.

Collisional quenching rates O

The effective branching ratio, ap, can be expressed by equation 4.1.4,

Agg _ A
Ay 70—1 +Q

ag3 = (414)
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The effective de-excitation rate A, can be determined by means of a fit of the intensity
decay as was presented in figure 3.5, which yielded A5=2.2-10%s71. With A3 = 3.22 -
10”s™! the branching ratio ao is 0.14.

The quenching rate and effective de-excitation rate for oxygen can also be calculated
using equations 2.6.1 and 2.6.3, by using the values for 7y and k:l(l) listed in tables 4.1
and 4.2 respectively. For the atomic oxygen measurements the helium and air densities
are calculated by applying the temperature function as described in section 4.1.2. The
Oy and N, densities are found by multiplying the air density with the corresponding
fraction of that component in air (1 represents 100%), which are 0.21 and 0.78 respec-
tively. Calculating the branching ratio for the same measurement for which the A, was
determined by means of a fit (6slm He + 3.2% air), a value for a of 0.14 can be found. So
two different methods can be used to determine the branching ratio for atomic oxygen.

Collisional quenching rates Xe

The calculated de-excitation rate for xenon does not match with the de-excitation rate
measured at atmospheric pressure due to three body quenching, as will be indicated later-
on. To check the quenching coefficients for xenon as presented in table 4.2, low pressure
TALIF measurements were performed for different gas compositions. The low pressure
measurements were performed with the vacuum vessel as described in section 3.4. The
resulting Stern-Volmer plot is presented in figure 4.10 and the corresponding quenching
coefficients are presented in table 4.3.
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Figure 4.8: Stern-Volmer plot for the gases pure xenon, Xe+He mixture and Xe+Ar mixture.
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Figure 4.9: Gas flows (¢) during low pressure TALIF measurements to determine two particle quenching
coefficients. The gas flows were controlled by mass flow controllers.

During the pure xenon measurements the pressure inside the vacuum vessel was in-
creased by letting more xenon in the vessel. The xenon self-quenching coefficient kx,
follows from the derivative of the equation for the effective de-excitation rate, equation
2.6.3, applied to pure xenon quenching,

dA  kx.

= 4.1.
dp l{?bT ( 5)

The quenching coefficient k; of the xenon quenching with gas i (Ar or He) is not
determined in the same manner as the xenon self-quenching coefficient. During the
measurements the pressure inside the vacuum vessel was increased by increasing the flow
of gas i(as is indicated in figure 4.9), keeping the number density of xenon inside the
vacuum vessel constant, according to

Oxe b
- s 4.1.6
e Oxe+ i kT ( )
Which can be simplified to
p
=C 4.1.7
¢tot ( )

Where ¢;0; = ¢pxe+¢; and C' is a known constant with unit [Pa- min-cm~3]. By doing this
the xenon partial pressure, and thus the xenon self-quenching, is constant. This means
that the decrease in the measured decay time is only due to the quenching with gas i.

The equation for the decay rate of xenon becomes,

1 eke zkz
pOxekxe | & K (4.1.8)

A=
(btot kap ¢tot ka

To

The quenching coefficient can be determined by taking the derivative of equation

4.1.8, what leads to,
dA K
dp kT

(4.1.9)
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Note that extrapolations of the linear fits in figure 4.10 to a pressure of Ombar only yields
the natural lifetime of xenon for the measurement with pure xenon.

Table 4.3: Two-particle quenching coefficients for Xe(6p’[3/2]2) atoms determined by low pressure
TALIF measurements in the vacuum vessel.
Reagent Quenching coefficient

[10~Ycm3s™|

He 5.4+0.6
Ar 1.8£04
Xe 41+04

The quenching coefficients presented in table 4.3 correspond to the quenching coeffi-
cients presented in table 4.2 within experimental accuracy. The natural lifetime for xenon
which follows from the Stern-Volmer plot, (30 £ 5)ns, does not correspond to the natural
lifetime presented in table 4.1. A possible explanation is that there is a systematic error
in the pressure, which would shift the curve effecting the natural lifetime, but would not
influence the slope of the curve effecting the quenching coefficient. The quenching coef-
ficient for argon is lower than the quenching coefficient for helium, because the TALIF
intensity will be higher when the quenching is lower, the calibration measurements with
xenon are performed in argon. The use of argon for the xenon measurements has no
influence on the calibration of the helium-air plasma, because the calibration equation
takes collisional quenching into account.

The calculated de-excitation times do not correspond with the measured de-excitation
times at atmospheric pressure, because the quenching coefficients were determined for
pressures below 10mbar, for which there is only two particle quenching. Figure 4.10
presents relative effective de-excitation rates determined by intensity measurements, in-
dicating that at atmospheric pressure three particle quenching occurs. Thus resulting in
a higher quenching rate and a lower effective de-excitation rate. Because the quenching
rate at atmospheric pressure could not be determined by means of an exponential fit, an
alternative method has been investigated, section 4.1.4.
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Figure 4.10: Stern-Volmer plot presenting a non-linear relation for higher pressures. Xe+He gas
mixture with a constant helium flow of 4sccm and a constant xenon flow of 1scem.
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The relation between the de-excitation rate and the pressure as presented in figure
4.10 was derived from equation 2.8.11. By realizing that for a constant gas flow into the
vacuum vessel the variation in intensity Iz is only dependent on the density ng, through
the pressure, and the branching ratio as3, through the de-excitation rate A, the following
relation can be derived,

A= 7% (4.1.10)

where 7 is an unknown constant. The results presented in figure 4.10 are the values
for p/IF.

Calibration branching ratio xenon at atmospheric pressure

The branching ratio of xenon ax. needed for the absolute O density calibration is de-
pendent on the unknown collisional quenching rate of xenon at atmospheric pressure.
Because this collisional quenching rate is not known, ax. at atmospheric pressure is de-
termined by means of the signal intensity. For this approach equation 4.1.11 has been
derived in the same manner as equation 4.1.10, but it is independent on the pressure
because the partial pressure of xenon was kept constant. ¢ Is a constant composed of
atomic and experimental constants and is independent on the pressure.

Irxe=c-ax. (4.1.11)

The calibration of the branching ratio at atmospheric pressure needs two intensity mea-
surements. One at low pressure, for which the decay time and thus the de-excitation
rate and branching ratio can be determined, and a second measurement at atmospheric
pressure. Dividing equation 4.1.11 for atmospheric pressure with the same equation for
low pressure, yields the following relation,

1000mbar
1000mbar __ " F,Xe 2mbar
Axe = W Ay, (4112)
F,Xe

This method can be applied to the 834.68nm transition, but it can also be applied to
the 823.16nm transition, which occurs after quenching of the 6p 2[3/2], level to the 6s
[3/2]2 level. The advantage of this transition is that it has a higher intensity at atmo-
spheric pressure than the intensity from the 834.68nm transition, as a result of the strong
quenching rate at atmospheric pressure. Because the spontaneous emission coefficient of
this transition is not known, the low pressure calibration has to be performed with the
834.68nm transition.
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Figure 4.11: Left: Time and wavelength resolved TALIF signal of a pure xenon gas at 2mbar, inside
a vacuum vessel. Right: Time integrated signal to determine Ip.

The two measurements for the 834.68nm transition were performed immediately after
each other, to minimize the effect of varying parameters on the measured values. The re-
sult of the measurement at 2mbar is presented in figure 4.11 (left). I x. is determined by
integrating the wavelength resolved signal, figure 4.11 (right). The effective de-excitation
rate Ay is obtained from a fit (as described in section 3.1) through the time resolved
signal, figure 4.12. For this measurement a de-excitation rate of (7.0 4+ 0.3)-107s™! was
obtained. A value for Az of 1.80 - 107s™! can be found by dividing the pure optical
branching ratio for xenon, 0.733 [8], by the natural lifetime of xenon, table 4.1. This
yields a branching ratio for xenon at 2mbar for the 834.68nm transition of 0.26 + 0.02
(note that the branching ratio has no unit).
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Figure 4.12: Wavelength integrated TALIF signal, with fit to determine the effective de-excitation rate
of xenon at 2mbar.
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Figure 4.13: Left: Time and wavelength resolved TALIF signal of argon plus xenon gas mixture at
1000mbar, inside a vacuum vessel. Right: Fit through the time integrated signal to determine Ir.

The results for the measurement for the 834.68nm transition at 1000mbar are pre-
sented in figure 4.13, again I x. has been determined by integrating the wavelength
resolved signal. Comparing figures 4.11 (right) and 4.13 (right) shows the broadening of
the signal as a result of an increase in pressure.

Equation 4.1.12 gives an effective branching ratio for the xenon transition of 834.68nm
at atmospheric pressure, ax., of (8 & 2)-1073. Applying the method to the 823.16nm
transition results in an branching ratio a%, of (13 #+ 6)-10~3. These values for the branch-
ing ratios are only valid as long as the argon-xenon gas mixture is used in the proportion
500:1 scem respectively.

4.1.5 Absolute calibration

In this section the absolute calibration of the atomic oxygen density is described by means
of an example. The data which is used in this example was obtained from a measurement
performed on a 30W microwave jet plasma, 6slm He + 3.2% air, at an axial position of
bmm above the jet. The estimated gas temperature at 5.0mm above a 30W microwave
jet is (940+50)K.

In the following subsections the methods in which the parameters of the calibration
equation, equation 4.1.2, were obtained are described.

The error in the atomic oxygen density was determined by means of the general equa-
tion

0 0

T

where x1, 2o, ..., x,, are the measured parameters with uncertainties dxy, dxo, ..., dx,, and
q= f(x1, T2, ..., Tp).
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Number density n

The number densities of a gas component ¢ are obtained according to Dalton’s law
4.1.3. For the plasma measurements the helium and air densities are calculated as dis-
cribed in section 4.1.4. The densities for the three components at an axial position of
5.0mm are listed in table 4.4.

Table 4.4: Number densities for a 30W helium + 3.2% air plasma at 5.0mm above the center of the
jet.

Reagent Number density [10%'m~?]

He 7.5£0.9
N, 0.19£+0.03
O, 0.050 £ 0.007

For the xenon measurements at atmospheric pressure, a pressure of (1.0 £ 0.05)bar
and a temperature of (300 + 3)K were used. With a xenon flow of (5.0 £ 0.1)sccm and
an argon flow of (2.5 + 0.3)slm equation 4.1.3 yields a nx. of (4.8 &+ 0.6)-10**m 3.

Two-photon excitation cross section

The work of Niemi et al. [8] gives a value of 1.9 for the fraction ag?i / 0(02 ) with an
estimated uncertainty of ~ 20%. Furthermore Saxon et al. [18] gives calculated values
for the two-photon absorption cross sections for transitions from the O(® P) ground state.
The, for this research interesting, cross sections for atomic oxygen are presented in table
4.5, where 032}, is the fine-structure cross sections for two-photon absorption.

The two-photon excitation cross section for the three transitions from ground state
can be calculated by,

(2) 2
J!
@ @

This yields a oy 7,0,” and aég) of 23.9-107*7cm®*s. So according to this work, they are
equal for all three transitions.

Table 4.5: 032}, in units of 10~*"cm?s.

Jinitial J }inal 3]?3 P Jinitial J }mal 3]?3 P Jinitial J }inal 3173 P
0 0 13.415 1 0 2 0 2.101
0 1 1 1 16.042 2 1 4.738
0 2 10.507 1 2 7.880 2 2 17.093
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Figure 4.14: Time and wavelength resolved TALIF signal of a microwave jet plasma; 6slm He + 3.2%
air, 30W microwave power, measured at an axial position of 5.0mm above the jet.

Figure 4.14 presents the time and wavelength resolved TALIF signal which is the re-
sult of excitation of the J = 2 ground state level of atomic oxygen. The time and spectral
integrated photomultiplier signal, Spy;r, is obtained by integration of the wavelength re-
solved TALIF signal.

The normalized fluorescence signal I is obtained by dividing Spysr by the mean of the
square of the laser energy. For this measurement a Spyr of (0.57 £ 0.05) counts-shot ™!
is obtained, which results, with a mean laser energy of (14 £ 2) uJ, in an Iy of (29 +
7) - 10~* counts-shot™! - (uJ) 2.

The normalized fluorescence signals for the xenon measurements, /g x., is obtained
in the same way as that of atomic oxygen. For this measurement an Ir x. of (48 £ 6)-
10~* counts-shot™!-(uJ) ™2 is obtained for the 823.16nm transition, resulting from a laser
energy of (11 £ 1) uJ. The error in Ir follows from the repeatability of three identical
measurements.
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Figure 4.15: Left: The time and wavelength resolved TALIF signal for a xenon calibration measure-
ment; 2.5slm Ar + 5sccm Xe, measured at an axial position of 0.5mm above the jet. Right: time
integrated TALIF signal.

Atomic oxygen density np

The remaning parameters are the Boltzmann-factor for a temperature of 940K, which
is (0.62 £ 0.01), the photon energy for the laser excitation of the O and Xe transitions
which can be derived from figure 2.5, and the branching ratios for O and Xe as described
by section 4.1.4, which gives an ap of (0.14=0.04) and a a%, of (13 £ 6)-1073. Filling in
all parameters in equation 4.1.2 gives a total atomic oxygen density of 4.9 - 10?'m~2 with
an uncertainty of 60%.

4.1.6 Spatial resolved O-density

A spatially resolved O-density profile of the MW-plasma, as presented in figure 4.16,
can be obtained by moving the MW-jet both in radial and axial direction. The profile
consists of 108 measurement point, nine in radial direction at 0, 1, 2, +3 and +4mm
and twelve in axial direction at 0.1, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 8.0, 10.0, 13.0 and
16.0mm.

The 2D plasma profile of the O-density shows that the O production is focused in the
center of the plasma close to the pin electrode, where the electric field line density and
thus the electron density are the highest. This could be an indicates that reaction 2.3.1:

02+6—>20+6

is indeed the most dominant reaction for the production of atomic oxygen in the mi-
crowave plasma.

Atomic oxygen densities of 3.1-10%2m 3 are reached in the core of the plasma. The
concentration of molecular oxygen O, in a 6slm helium flow + 3.2% air at atmospheric
pressure and a temperature of 300K is approximately 1.6-10%>m=3. So at least 10% of
the O, in de gas flow is dissipated in the core of the plasma; Note the many chemical

3
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reaction mentioned in section 2.3 which influence the atomic oxygen concentration, thus
the 10% O, dissipation must be an absolute minimum. Reuter et al [1] measured O
densities in the effluent of a kINPen just above the nozzle of the jet of 2.75-10%'m™3,
using the same diagnostic method. An argon flow of 5slm + 1% pure O, was used and
the rf-jet was operated in open air. There are many differences and the plasma power of
the kINPen plasma is not known, but it gives an indication that the O-densities found
for the microwave jet are of the right order.
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Figure 4.16: Radial and axial plasma profile for a 30W, 6slm helium + 3.2% air plasma.

4.1.7 O-density dependence on air concentration and plasma
power

To investigate the influence of the air concentration added to the gas flow on the atomic
oxygen density in the plasma, several measurement series where performed with different
added air concentrations (0.0 - 6.3%) for different axial positions; the radial position was
zero. For each of these measurement series the plasma power was adjusted to 30W. In
figure 4.17 the fluorescence intensity is presented for a measurement for which no air
was added to the gas flow. Because an intensity was measured, there must be atomic
oxygen present. This can only be the result of entrainment of the surrounding air, with a
maximum entrainment at 2mm above the jet. A change in air concentration in the plasma
would influence the calculation of the oxygen branching ratio, changing the calibrated
O-density. However, the O-density calculated from this pure helium signal is negligible
small compared to the O-density measurements with higher concentration, figure 4.17.
Furthermore in section 4.1.4 it was shown that hte measured and calculated ap was the
same, this would not be the case if air entrainment played an important role. Reuter
et al [1] also mentioned that although the air entrainment is detectible, it is irrelevant
for most applications. The air entrainment is assumed to be irrelevant for the MW-jet
measurements.
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Figure 4.17: TALIF intensity for a 30W helium plasma with a helium flow of 6slm. The 0.0% in the
legend indicates that there was no air added to the gasflow.

Figure 4.18 shows that there are two changes to the plasma when the added air
concentration increases. First the O-density in the core of the plasma increases, possibly
because the reaction probability of the free electrons with O, and Ny increases, because
of an increase in Oy and Ny concentrations. This would also explain the shrinking of the
plasma, which would be the result of the drop in energetic free electrons further away
from the nozzle.
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Figure 4.18: Oxygen density for several different air concentrations added to the 6 slm helium plasma.
The plasma power was adjusted to 30W for each added air concentration.

The influence of the plasma power on the O-density in the plasma was investigated
by performing TALIF measurements on plasmas with different powers in the range of
20-56W, while keeping the added air concentration constant on 3.2%. The results are
presented in figure 4.19. With an increase in plasma power from 20W to 56W the O-
density in the core of the plasma increases only slightly, while the plasma size increases
approximately 3mm in the axial direction. Possible explanation is that the O, molecules
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are almost all dissociated, as a result of which the mean free path of the free electrons
becomes larger, increasing the plasma size. A different explanation could be that there
is an equilibrium between reactions producing oxygen and reactions consuming oxygen.

Comparing the 31W measurement from figure 4.19, the 3.2% air measurement from
figure 4.18, and the O-densities presented on the axial axis in figure 4.16, which have
approximately the same measurement conditions but were performed on different days,
indicates that the reproducibility of the measurement method is within approximately
20%.
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Figure 4.19: Oxygen density for several different plasma powers of a 6slm helium + 3.2% air plasma.

4.1.8 Conclusion MW-measurements

A 2-dimensional profile of the O-density of the microwave plasma has been obtained.
Maximum atomic oxygen densities are obtained in the core of the plasma, where the
electron density is the largest. The maximum densities for standard conditions used in
this work (30W, 6slm He+3.2% air) is 3.0-10*>m 3. Increasing air concentration leads to
increasing O densities in the core of the plasma. Increasing power rather increases the O
density in the far efluent compared to the core of the density. A dissociation degree of
50% can be found for a gas temperature in the core of 1500K.

The TALIF measurements are reproducible within 20%, the uncertainty in the atomic
oxygen density, determined by calculating the oxygen branching ratio, is however 60% as
a result of the uncertainties in the many variables used for the calibration. Because of
the high gas ow through the microwave jet, the air entrainment of ambient air into the
plasma is low and can be neglected.

4.2 RF-jet

In this section the results of the atomic oxygen densities of both the ring and plate
configurations are presented. The xenon measurements for calibration of the atomic
oxygen density in the rf plasma were done in the same manner as the measurements for
the microwave jet. So the xenon measurements where performed using the tube of the
microwave jet, as is described in section 3.2.
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In the previous sections there was described how the effective de-excitation rate A, can
be determined in two different ways, by fitting the decay of the wavelength integrated
TALIF signal and by calculation using quenching coefficients. It was also shown that
both methods give approximately the same result for the microwave jet. For the rf-
jet the TALIF signal is much weaker than the signal for the microwave at equal axial
positions and can not be fitted accurately to obtain A, so effective de-excitation rate for
the rf-jet can only be determined through calculation.

The plasma power measurements deviates a bit from previous performed power mea-
surements on the same jet. The cause of this was most likely a damaged wire between the
jet and the matchingbox. Although the power measurements were stable, the calculated
plasma power is most likely not the absolute plasma power. However, the plasma powers
are assumed to be relatively correct, meaning that an increase in calculated power is
indeed an increase in actual power and that equal powers for different plasma conditions
are indeed equal.

4.2.1 Background

One of the differences with the microwave jet is that the background of a rf-plasma is
not ”constant”. The background radiation with a wavelength of 844.62nm pulsates with
13.9MHz during the 10us of the cycle when there is a rf-operating signal. During these
10us each time a plasma is formed oxygen atoms are being excited and consequently will
de-excite, resulting in a signal even when there is no plasma between the pulses. This
pulsating background (figure 4.20) makes it difficult to perform TALIF measurements on
atomic oxygen during these 10us.
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Figure 4.20: Pulsating background of 3.5W rf-plasma with a flow of 1slm argon + 2% air.

TALIF measurements were performed on atomic oxygen during several moments
spread over the 50us cycle to determine how the atomic oxygen concentration varies
during an interval of one cycle. The measurements during the 10us that the signal was
pulsating were performed in the time interval when the background was the lowest. The
results are presented in figure 4.21.
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Both data series in figure 4.21 were performed with the same settings, however re-
flections of the laser beam occurred while measuring the series with the higher intensity.
Correcting for this is difficult especially when there is a pulsating background involved.
The laser reflections and the pulsating background cause the measurements in the first
10 ps to be unreliable. However the measurements after the first 10 ps indicate that
there is no significant change of the atomic oxygen density in the period when there is
no plasma. To confirm that the change in atomic oxygen concentration is indeed not
significant, the set-up was adjusted so that there were no more reflections of the laser
beam, which resulted in a lower intensity. New measurements were performed, resulting
in the second series presented in figure 4.21. From these measurements can be assumed
that the O-density is constant during the whole cycle.

All the following measurements were performed with a delay time of 20us, which is
indicated in figure 3.9.
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Figure 4.21: The intensity of TALIF on atomic oxygen as function of the delay time. A delay time of
20us corresponds with the 20us indication in figure 3.9.

4.2.2 Temperature

LIF measurements on NO were performed for the same rf-jet and plasma conditions by
Gessel et al [4]. The results are presented in figure 4.22. These measurement results have
been used to calibrate the atomic oxygen densities of the rf-plasmas. The measurements
have been taken during different measurement campaigns and care has been taking to
work for the same plasma conditions.
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Figure 4.22: The gas temperatures of the rf-plasma, determined by LIF measurements on NO. The
lower two temperature profiles were obtained with the ring electrode; the left one for a 3.5W plasma,
the right one for a 3.7W, 2% air plasma.

4.2.3 Axial dependence

The atomic oxygen density as function of the axial position, for a 3.5W plasma with a 2%
added air concentration, for both the ring and plate electrode configuration are presented
in figure 4.23. The radial position is kept zero. These graphs show that in case of the
ring electrode the highest atomic oxygen density can be found closest to the glass tube,
1.5-10*m3 at an axial position of 1mm, while the the highest atomic oxygen density in
case of the plate electrode can be found between the plate and the glass tube, 1.0-10%2m~3
at an axial position of 1.bmm. In case of the ring electrode the electric field line density
is the highest in the tube. The dissociation of Oy is strongest in the tube and the O is
blown out. The dissociation in the effluent is limited. In case of the plate electrode the
plasma is more intense outside the tube, because the electric field is pulled out of the
tube towards the plate (axial field). So the O production is more likely stronger outside
the tube, resulting in a maximum O-density between the plate and the tube.
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Figure 4.23: Axial profile of the atomic oxygen density in a rf-plasma jet with left the ring electrode
and right the plate electrode. Measurements where performed with an argon flow of 1slm with 2% and
0% air. The vertical lines in the right figure indicate the position of the plate electrode, which completely
blocked the measurement at 3mm.

The results presented in figure 4.23 for the measurements on a plasma with 3.5W
plasma power and 0% added air concentration show that there is a signal up to 8 mm
above the glass tube. There was no air added to the argon flow, but since a TALIF
signal was measured, there has to be atomic oxygen present. This indicates that there
is an influence of the surrounding air on the plasma. This could be expected because
of the low gas flow and small tube diameter, which makes it easier for air to entrain.
The calculation of the effective branching ratio ap, for the calibration of the O density,
is dependent on the added air concentration. The densities presented in figure 4.23 for
0% added air where calculated with an air concentration of zero percent, this can be
interpreted as a quenching less TALIF process, which is incorrect. Because the amount
of influence of ambient air on the plasma is not known, the atomic oxygen densities for
the ring electrode configuration are calibrated for different air concentrations. The results
are presented in figure 4.24. From this figure a maximum error at 1mm axial position
of 40% for the 0% added air measurements can be found and a maximum error at 1mm
axial position of 25% for the 2% added air measurements, assuming a deviation of 1% in
the air concentration due to ambient air. More information is needed on the amount of
entrainment of ambient air into the plasma to determine if the resulting error is negligible.

In the following measurement results the influence of ambient air has not been taken
into account.
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Figure 4.24: Axial profile of the number density of atomic oxygen when the influence of ambient
air is taken into account. The concentrations in the legends of the graphs indicate the increase in air
concentration, which is used to calculate the effective branching ratio. Left: A 3.5W rf-jet with ring
electrode and a gas flow of 1slm argon + 0% air was used. Right: A 3.5W rf-jet with ring electrode and
a gas flow of 1slm + 2% air was used.

4.2.4 plasma profile

By moving the rf-jet both in radial and axial direction, a plasma profile of the O density as
presented in figure 4.25 can be obtained. The profile consists of 49 measurement points,
seven in radial direction at 0, £0.5, £1.0, and £1.5mm, and seven in axial direction at
1.0, 1.5, 2.0, 3.0, 4.0, 6.0, and 8.0mm.

The 2D plasma profile shows, like the axial profiles, that the O production is focused
in the center of the plasma close by the glass tube and needle electrode.
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Figure 4.25: 2D profile of the number density of atomic oxygen in a 3.5W plasma with a flow of 1slm
argon + 2% air. RF-jet with ring electrode configuration was used.
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4.2.5 Concentration dependence

Figure 4.26 presents the atomic oxygen density for different gas mixtures, taken at ITmm
axial position. The measurements where performed with the ring electrode configuration.
For all species and concentrations the plasma power was adjusted to 3.5W.
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Figure 4.26: Number density of atomic oxygen in a 3.5W plasma of 1slm argon with different concen-
trations of admixtures measured at an axial position of Imm. A rf-jet with ring electrode was used.

The air admixture causes an increase of the O production, but seems to saturate when
the concentration is increased beyond 4%.

Adding O, to the argon flow causes a large increase in the O density until 1%, however
for higher concentrations the O density decreases. This can be explained by the decrease
in plasma size. When the concentration of the added species is increased, the plasma size
becomes smaller, for equal plasma powers. The adding of Os to the admixture results in a
smaller size plasma, than when an equal concentration of air or Ny is added, so resulting
in a steeper decrease due to shrinking of the plasma. However a maximum in the O-
density as function of the added Oy is also observed by [21], who measured the O and O3
concentrations with mass spectrometry. Besides the decrease in O density, an increase
in O3 was observed. A possible explanation for this is that the O production from O,
dissipation, which is limited by the electron density, is being competed with by reaction
2.3.2 consuming oxygen and producing ozone. The Oz production, and therefore the O
consumption, becomes more effective at higher O, ratios, thus the O3 density increases
and the O density decreases.

Adding N, to pure argon gives a small increase in O density. Because the oxygen
can only come from the inflow of ambient air, the increase in O density is most likely
an increase in O production through a chemical reaction between Ny and air particles or
products of air particles, as described by reactions 2.3.5, 2.3.6 and 2.3.7;

N+0Oy— NO+O
N+ NO — Ny+ O
N2+02—>N20+O.
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4.2.6 Powers dependence

The O density for different plasma powers, taken at 1mm axial position, is shown in figure
4.27. The maximum plasma power that can be obtained depends i.a. on the electrode
configuration and the positioning of the glass tube, in longitudinal direction. However
plasma powers of 25W are very unlikely for the rf-jet. After the measurements, it was
observed that the cover of the RF feed was partially melted and this can account for the
high powers which are not absorbed in the plasma but mainly in a short cut introduced
when the RF cable touched ground.

The density for the plate electrode configuration increases until a maximum density,
it can be that the chemical reactions producing O and consuming O are in equilibrium,
but, as described in section 2.3, this would mean that for a further increase in plasma
power the O density would decrease.

For the ring electrode configuration the O density decreases when the plasma power
exceeds 6.5W. The chemical shift in production and consumption of O, as described for
the plate electrode, could be the cause, but because the setup was already damaged it
is more likely that decrease in O is caused by the fact that the power measured does
not correspond to the plasma power. This effect will mainly be an issue with larger RF
voltages and thus higher powers.
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Figure 4.27: Number density of atomic oxygen in a plasma with a flow of 1slm argon + 2% air for
different plasma powers.

4.2.7 Conclusion rf-measurements

The O density in case of the ring configuration is the highest close to the pin electrode.
For the plate electrode the maximum density is found further above the nozzle, as a
consequence of the difference in electric field lines.

There are uncertainties in the absolute calibration of the O-density for the rf-jet mainly
because the air concentration added to the plasma is uncertain because of ambient air
entrainment. With the addition of 2% air, O densities exceeding 10*’m~2 are found.
Similar dependences of power and air concentration are found as for the MW jet.
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The measurements on the rf-jet do give a relative good idea of the effect on the O-
density profile, when the added gas mixture or plasma power is changed. Although the
larger powers need to be re-investigated to establish if an increase in power leads to a
saturation of the O density or a decrease in the case of the ring electrode.
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Chapter 5

(General conclusion

Successful TALIF measurements in open environment were performed on both atomic
oxygen in an atmospheric pressure plasma, as well as on xenon gas mixtures, making it
possible to analyze the atomic oxygen in atmospheric pressure plasmas.

A calibration method with xenon gas was developed which can be applied at atmo-
spheric pressure. This however requires a low pressure TALIF measurement to calibrate
the quenching rate at atmospheric pressure. Ones the quenching rate at atmospheric
pressure has been calibrated for a gas composition, (as is performed in this work) no
more low pressure measurements are needed, provided that the TALIF measurement by
atmospheric conditions is performed with the same gas composition. It is shown that
the calibration method can also be applied on transitions, which occur as a result of
collisional transfer.

For the microwave jet densities of 3.1-10?2m ™2 and dissociation degrees of 50% were
found in the core of the plasma close to the pin electrode, for a 30W plasma and a gas
flow of 6slm helium + 3.2% air. The reproducibility of the measurement is within 20%
accuracy, however the accuracy of the calibrated density is 60% as a result of the errors
in the many parameters that were used for the calibration. The strong gas flow applied
to the microwave jet makes the entrainment of ambient air into the plasma irrelevant.

Uncertain concentrations of ambient air entrainment made absolute calibration of the
atomic oxygen density in the rf-plasmas impossible. O densities in the RF jet can be
obtained which are similar compared to the MW jet. A possible underestimation of the
air concentration would lead to even larger O densities.

The atomic oxygen density in the microwave plasma and the rf-plasma for the ring
electrode configuration is highest close to the pin electrode, where the electron density
is the highest. Suggesting that the dissociation of Oy by free electrons or short lived or
metastable species (such as N2(A,B)) has an important contribution to the production
of atomic oxygen in atmospheric pressure plasmas.
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Appendix A

List of experimental equipment

Talif set-up

Equipment Type Model

Amplifier ORTEC 9306

Dye laser Sirah Laser- und plasmatechnik CSTR-LG-3000-
GmbH HRR

Laser energy meter OPHIR PD10-V2-ROHS

Microwave power generator Microtron 200 Mark 3

Monochromator Jarrel Ash

PCI board FAST ComTec P7888-2(E)

Photo multiplier tube (PMT) Hamamatsu Photonics R666S

Pump laser Edgewave IS6IIT-E YAG

Standards etc. Thorlabs

Flow controllers! Brooks Instrument 5850E

(ranges 20 scem Ogy; 2 slm He; 10

slm He)

Flow controller! Brooks Instrument 5850TR

(range 10 scem Ar)
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Vacuum set-up

Equipment Brand Model
Control valve Pfeiffer EVR 116
Pressure control unit Pfeiffer RVC 300
Pressure gauge Pfeiffer CMR271
(range 1000 mbar)

Pressure gauge Pfeiffer CMR363

(range 11 mbar)
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