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Abstract

Atmospheric pressure plasma jets offer the possibility of environmentally friendly
hydrogen peroxide production due to their pronounced production of reactive
species, which is advantageous in the field of biosynthesis, among others. In this
work, the production of hydrogen peroxide (H2O2) via the hydroxyl radical (OH)
in the gas phase of a helium-fuelled RF atmospheric pressure plasma jet with
a dielectric capillary was investigated. For this purpose, temperature measure-
ments, Fourier-transformed infrared spectroscopy (FT-IR) and laser-induced flu-
orescence (LIF) were conducted. It was found that the gas temperature increases
linearly with the plasma power in the range of 1 W to 12 W from (62± 7) ◦C to
(232± 18) ◦C, independent of low water admixtures. Extrapolation of the tem-
peratures determined in the effluent as well as rotational temperatures of OH
determined from optical emission spectra show high agreement. Using spatially
resolved LIF, it was shown that the fluorescence in the effluent is not homoge-
neous, but is broadened along the sheaths. The fluorescence signal decreases
exponentially with increasing distance and corresponds in its extension to the
dimensions of the capillary of the plasma source. In the centre of the effluent,
there is no air near the capillary exit. With increasing distance, the air admix-
ture increases while the total expansion of the gas flow remains constant. At
(6400± 250)ppm feed gas humidity, 6 W plasma power and 1 slm gas flow rate,
an OH density of 1.08× 1015 cm−3 was measured by LIF 4 mm from the capillary
exit. At a distance of 14 mm, the density is reduced to 3.19× 1014 cm−3. H2O2

was measured in the far field of the effluent by FT-IR in a multipass cell. A den-
sity of 1.38× 1014 cm−3 was measured at the same settings. With increasing water
admixture up to (6400± 250)ppm, the OH density runs into saturation, whereas
the H2O2 density further increases. An increase in plasma power leads to an in-
crease in OH density and flattening density of H2O2. Frequency modulation of
the power does not decrease the densities of either species at suitably high duty
cycle settings. For low duty cycles, a significant decrease is observed. With in-
creasing gas flow rate, the OH density reaches a plateau above 1 slm. The trends
determined in the gas phase show close agreement with measurements carried
out in plasma-treated liquids in project B11 of the CRC 1316 and thus indicate a
close transfer of the species from gas phase to liquid.
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Abstract

Atmosphärendruckplasmajets bieten aufgrund ihrer ausgeprägten Produktion
reaktiver Spezies die Möglichkeit einer umweltfreundlichen Wasserstoffperox-
idproduktion, die unterer anderem auf dem Gebiet der Biosynthese vorteilhaft
ist. In dieser Arbeit wurde die Produktion von Wasserstoffperoxid (H2O2) über
das Hydroxyl-Radikal (OH) in der Gasphase eines mit Helium betriebenen RF-
Atmosphärendruckplasmajets mit dielektrischer Kapillare untersucht. Zu diesem
Zweck wurden Temperaturmessungen, Fourier-transformierte Infrarotspektros-
kopie (FT-IR) und laserinduzierte Fluoreszenz (LIF) durchgeführt. Es wurde er-
mittelt, dass die Gastemperatur unabhängig von niedrigen Wasserbeimischun-
gen linear mit der Plasmaleistung ansteigt. Extrapolation der im Effluenten er-
mittelten Temperaturen sowie aus optischen Emissionsspektren bestimmte Rota-
tionstemperaturen weisen eine hohe Übereinstimmung auf. Über ortsaufgelöste
LIF wurde gezeigt, dass die Fluoreszenz im Effluenten nicht homogen verläuft,
sondern entlang der Randschichten verbreitert ist. Das Fluoreszenzsignal nimmt
mit wachsendem Abstand exponentiell ab und entspricht in seiner Ausdehnung
den Dimensionen der Kapillare der Plasmaquelle. Im Zentrum des Effluenten
befindet sich nahe des Kapillarenausgangs keine Luft. Mit wachsender Distanz
erhöht sich die Luftbeimischung bei gleichbleibender Gesamtausdehnung des
Gasstroms. Bei (6400± 250)ppm Wasserbeimischung, 6 W Plasmaleistung und
1 slm Gasflussrate wurde eine OH-Dichte von 1.08 × 1015 cm−3 über LIF 4 mm
vom Kapillarausgang gemessen. In einem Abstand von 14 mm reduziert sich
die Dichte auf 3.19× 1014 cm−3. H2O2 wurde im Fernfeld des Effluenten mittels
FT-IR in einer Multipass-Zelle gemessen. Bei identischen Einstellungen wurde
eine Dichte von 1.38× 1014 cm−3 gemessen. Mit steigender Wasserbeimischung
bis (6400 ± 250)ppm läuft die OH-Dichte in eine Sättigung, wohingegen die
H2O2-Dichte weiter ansteigt. Eine Erhöhung der Plasmaleistung führt zu einem
Anstieg der OH-Dichte und abflachender Dichte von H2O2. Frequenzmodulier-
ung der Leistung verringert bei geeignet langen Zykluseinstellungen nicht die
Dichten beider Spezies. Bei niedrigen Zyklen wird ein deutlicher Rückgang beob-
achtet. Mit zunehmender Gasflussrate erreicht die OH-Dichte ein Plateau ober-
halb von 1 slm. Die in der Gasphase ermittelten Trends zeigen eine enge Überein-
stimmung mit Messungen in plasmabehandelten Flüssigkeiten, die in Projekt B11
des SFB 1316 durchgeführt wurden, und weisen somit auf eine enge Übertragung
der Spezies von Gasphase in die Flüssigkeit hin.
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CHAPTER 1. INTRODUCTION

1. Introduction

Atmospheric pressure plasmas are an effective tool in a wide range of applica-
tions. Promising results have been reported in healthcare [1–6] and alteration of
material surfaces by surface treatments and modifications [7–11]. In addition, at-
mospheric pressure plasmas contribute significantly to environmental [12–14] as
well as chemical applications and biochemistry [15–17].

Within the field of plasma chemistry of atmospheric pressure plasmas, the in-
fluence of water has been studied by several research groups [18–20]. Water-
containing discharges produce a variety of reactive species such as oxygen (O),
hydroxyl radicals (OH) and hydrogen peroxide (H2O2) that are crucial for many
applications [21]. The latter one is of special interest as it is an important oxidant
due to its highly active oxygen content [22]. Thus, H2O2 is a sustainable alterna-
tive to industrial oxidants, as it only produces water as a by-product of oxidising
reactions [21, 23].

The production and loss processes of H2O2 still lack understanding and quantita-
tive explanation as the production efficiency is highly dependent on the discharge
character and reactor geometry [19]. Low gas temperatures, known residence
time and homogeneous discharge behaviour are key factors of the discharge de-
sign which facilitate the investigation of the plasma chemistry [19]. Extensive
research has been performed over the last years by models [24, 25], experiments
[26–28] and their combination [19, 29–31].

The setup used in this work has been designed based on the COST reference jet
by the European Cooperation in Science and Technology [32]. It has been shown
that the discharge produced by the COST-jet is both stable and reproducible but is
limited in its parameters. The COST-jet can only be operated at low input powers
as arching sets in at higher input powers which is harmful to the device. By utilis-
ing a capillary between the electrodes, the range of plasma power is significantly
increased and therefore offers higher variability for application [33].

This work is embedded in project B11 of the SFB 1316 which is stationed within
the field of biocatalysis. The project aims at creating a stable, controllable de-
sign for a sustainable and resource-efficient biological and chemical synthesis. To
achieve this target, a capillary plasma source has been designed and constructed
to investigate a large range of operating parameters. This enhances the devel-
opment of a deeper understanding and therefore reasonable improvement of the
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CHAPTER 1. INTRODUCTION

capillary jet to achieve the best results for biological and chemical synthesis.

An interdisciplinary collaboration between biotechnology, computational plasma
science and experimental plasma science enables direct comparisons of the dif-
ferent perspectives on the jet and encourages a comprehensive characterisation
of the device. Within the group of plasma physics, the focus has previously been
on the investigation of the effects of the plasma treatment on liquids [34–36] and
sheath effects and electron densities within the plasma [37].

This thesis lays its focus on selected chemical reaction partners within the gas
phase. As the effluent is in direct contact with the liquid, understanding the sys-
tem with regard to the effluent is crucial to gain a comprehensive overview of the
processes in the plasma-driven biocatalysis system.

Measurements of the OH density can be performed by various diagnostics. While
UV absorption [38] and ring-down spectroscopy [39] have shown to be success-
ful, laser-induced fluorescence (LIF) has the further advantage of offering high
sensitivity and spatio-temporal resolution [40]. Comparison of LIF with other di-
agnostics highlights the benefits of LIF, especially when working with gas admix-
tures and unknown reaction partner densities. Calibration by Rayleigh scattering
has been found to be promising and will be applied in this thesis [40].

Fourier-transform infrared (FT-IR) absorption spectroscopy is especially suitable
to detect H2O2 in the effluent, as it has prominent absorption bands in the spectral
range of 1200 cm−1 to 1300 cm−1 [27]. As H2O2 is a long-living species, it can be
detected in the far-field. Using a multipass cell, even small fractions of H2O2 can
be detected.

This work aims at expanding the knowledge on the OH and H2O2 densities in
the effluent of an atmospheric pressure plasma capillary jet with regard to the
variation of the dissipated plasma power, added feed gas humidity, gas flow and
power modulation. Additionally, diagnostics are evaluated with regard to their
potential and challenges for further work. The temperature of the system with
regard to gas, effluent and components is determined by thermal probes and op-
tical emission spectroscopy. The density and distribution of OH, the air admix-
ture in the effluent and the H2O2 densities are by the aforementioned diagnostics.
For both, absolute values and trends are compared with the concentration of re-
active species measured in the liquid phase and simulations performed within
the project [34, 36]. Finally, conclusions regarding potential future development
are drawn based on the knowledge gained from this work to contribute to the
project’s goal to evolve the setup towards a sustainable and competitive solution
for biological and chemical synthesis.

2



CHAPTER 2. THEORETICAL BACKGROUND

2. Theoretical Background

Plasma discharge characteristics exhibit strong dependence on the operating pres-
sure. Thus, classification of plasmas based on their working pressure has proven
useful, with low pressure, atmospheric pressure and high pressure plasmas being
the three categories commonly employed.

Atmospheric pressure plasmas are ideal for applications that require mild work-
ing conditions, particularly those involving biological organisms such as enzymes
used in biocatalysis [15–17]. Plasma sources operating at atmospheric pressure
can be designed to make either direct or indirect contact with samples and sur-
faces [21]. In the case of indirect contact, an intermediate medium such as air is
typically employed. Furthermore, atmospheric pressure plasma sources can be
installed without the need for surrounding chambers or complex setups, thereby
enhancing their versatility for a wide range of applications [41].

Hence, atmospheric pressure plasmas are currently the approach of choice for ap-
plications in the field of biocatalysis in interaction with plasmas. Several design
concepts have been investigated by various research groups in recent years [15–
17].

2.1 Atmospheric pressure plasmas and RF-plasmas

As atmospheric pressure plasmas are the focus of research on plasma-driven bio-
catalysis [15], this discharge type will be further categorised in the following.

Paschen’s law provides the criterion for ignition of plasmas, specifying that the
breakdown voltage depends on the pressure p, the distance d between the elec-
trodes, and the working gas [42]. For small pd, where the electrons’ mean free
path is greater than the distance between the electrodes, a large breakdown volt-
age is required for ion acceleration to release secondary ions. When pd is large,
collisions with neutrals cause the electrons to lose energy, leading to a rise in the
breakdown voltage. Therefore, a minimum breakdown voltage is observed be-
tween the two regimes [42]. In atmospheric pressure plasmas, the pressure is
fixed, and the electrode distance is varied to minimise the breakdown voltage.

In this work, a micro-scaled atmospheric pressure plasma jet (µAPPJ) is utilised,
with its design based on the well-studied COST Reference Microplasma Jet [32]
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CHAPTER 2. THEORETICAL BACKGROUND

that has also been studied in the context of biocatalysis [17].

Plasma jet configurations utilising dielectric barrier discharges are among the
most commonly used atmospheric pressure plasma jet configurations [43]. Typi-
cally, a noble gas is introduced into a dielectric capillary, and an alternating volt-
age is applied through electrodes, which can be situated both inside and outside
the capillary. Upon applying a suitable time-varying voltage, often in the radio-
frequency (RF) regime at a frequency of 13.56 MHz, breakdown occurs, and a
discharge forms within the capillary. Helium is often used as the working gas
in µAPPJs due to the easily ignitable and homogeneous discharge it creates [44].
Application of an alternating voltage and placing the dielectric between the elec-
trodes reduces the risk of arcing, which is the formation of a constricted discharge
channel at higher powers, significantly and allows operation at higher powers
than in setups without a dielectric [32, 33].

Two distinct electron power absorption regimes for RF-µAPPJs before switching
to arcing are described in literature [45–47]. Specifically, the two modes, denoted
as α- and γ-mode, are characterised by their respective emission characteristics.
Bischoff et al. [48] suggest the terminology Ω-mode and Penning-mode, respec-
tively, referring to the main heating mechanisms to avoid confusion with their
low-pressure counterparts.

The Ω-mode is characterised by a high level of ionisation in the bulk, resulting
from ohmic heating. Notably, local ionisation maxima are observed at the outer
bulk regions, near the expanding and collapsing sheaths around the electrodes.
Given the atmospheric pressure conditions, this mode is characterised by high
collisionality and low bulk conductivity and is thus driven by a high bulk electric
field [48].

In contrast, the Penning-mode is dominated by Penning ionisation in the sheath
region. Here, the ionisation maxima occur near the instantaneous sheath edge
when the sheath voltage reaches its maximum [48]. Specifically, Penning ioni-
sation is a collisional process involving an excited (A∗) and a ground state (B)
species, resulting in relaxation of the excited species and excitation of the ground
state species, accompanied by the emission of an electron [49].

Plasmas are further classified into two categories based on their thermodynamic
state: local and non-local thermal equilibrium. In local thermodynamic equi-
librium (LTE), the electron and heavy particle temperatures are approximately
equal, whereas, in non-local thermal equilibrium (non-LTE), there is no uniform
temperature for all particles. In non-LTE, electrons have higher temperatures
than heavy particles, which are usually at a temperature close to room tempera-
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CHAPTER 2. THEORETICAL BACKGROUND

ture. This state is typically observed in µAPPJs, where the electron temperature
is high, and the gas temperature is relatively low, which makes them suitable for
applications involving heat-sensitive biological materials.

At the same time, the non-equilibrium state enhances chemical reactions and the
production of various reactive species. This can be further altered by adjusting
the gas mixture or bringing the capillary jet into contact with liquids.

2.2 Plasma chemistry

Water-containing plasmas typically produce atomic oxygen (O), hydroxyl radi-
cals (OH), and hydrogen peroxide (H2O2) [21]. The chemistry involved in these
discharges has been investigated by various research groups in the past. Of par-
ticular interest is H2O2, which is considered an important oxidant due to its high
content of active oxygen [19, 22]. In current industrial development, there is a
move towards environmentally friendly alternatives to conventional chemical
processes, and H2O2 is viewed as a "green" alternative for a wide range of appli-
cations [21]. This is because the by-product of oxidising reactions with hydrogen
peroxide is only water [23]. OH, as one of the primary precursors of H2O2, is also
of significant interest. It believed to play a crucial role in several applications of
atmospheric pressure plasmas and is one of the strongest oxidative species pro-
duced [40].

Moreover, both H2O2 and OH exhibit interactive behaviour with biological probes,
emphasising the need to understand the production and distribution of both
species in the effluent.

2.2.1 General chemical reactions

Chemical reactions inside a plasma depend on various processes. As outlined by
Lieberman and Lichtenberg [50], these interactions predominantly involve reac-
tions between species A and B and an electron e. Radical production is based
on the process e + AB→ e + A + B and is the main mechanism observed in the
plasma source. Furthermore, electron-ion pair production (e + AB→ AB+ + 2e),
negative ion production (e + AB→ A− + B), as well as gas-phase chemical reac-
tions (A + B→ C + D) and transport to surfaces and surface-phase reactions can
occur. The discharge power source must supply the absorbed net energy by the
plasma reactions [50].

In plasmas operating under non-equilibrium conditions, the kinetics of reactions
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CHAPTER 2. THEORETICAL BACKGROUND

are determined by the collisions between the species present in the plasma. There-
fore, the reaction rates and steady-state distribution of species inside the reactor
must be taken into consideration [50]. The rate coefficients are highly dependent
on the energy distributions of the reactants, and for Maxwellian energy distribu-
tions, temperature can serve as a measure [51].

As atmospheric pressure discharges operate under non-equilibrium conditions,
the reactions of gas-phase species s (here: A, B, C) can be determined from the rate
constants ks, their densities ns, and their time derivatives. Due to the complexity
of many reactions, rate equations are typically solved numerically, and often the
set of equations is simplified to obtain insights [50].

For consecutive, time-varying first-order reactions without sources or sinks, the
following applies [50]:

A
kA−→ B

kB−→ C (2.1)

Subsequently, the corresponding rate equations can be written in the form of a
set of differential equations, given as follows:

dnA

dt
= −kAnA (2.2)

dnB

dt
= kAnA − kBnB (2.3)

dnC

dt
= kBnB (2.4)

In terms of association mechanisms, three-body association represents one such
mechanism for the association reaction along with bimolecular association in-
volving photon emission. This involves the associating bodies colliding with a
third body, denoted as M, that can be any molecule in the system:

A + B + M→ AB + M (2.5)

Simultaneous collisions between three bodies are rare at low pressures. However,
they become important at atmospheric pressure [50].

6



CHAPTER 2. THEORETICAL BACKGROUND

2.2.2 Main generation and loss mechanisms

While the previous section focused on general chemical reactions, now the focus
shifts to the specific generation and loss mechanisms of the produced reactive
species, particularly OH and H2O2.

It has been found that OH and H2O2 are mainly formed in the plasma and travel
through the effluent [36]. While H2O2 is a long-living species, OH is highly re-
active [27]. Vasko et al. [19] investigated the generation and loss mechanisms of
OH and H2O2 and provide an overview of the main reactions.

OH is primarily formed through the interaction between an electron e and a water
molecule H2O.

e + H2O→ H + OH + e (2.6)

For atmospheric pressure plasmas with humid feed gas at temperatures between
300 K to 400 K, the main loss mechanism for the hydroxyl radical is three-body
recombination with a heavy collisional partner M to form H2O2. This process
also dominates the generation of H2O2 [19].

OH + OH + M→ H2O2 + M (2.7)

Reducing the chemistry to this first-order approximation, the production of one
H2O2 molecule consumes two OH molecules and is therefore linearly correlated.
But OH does not only determine the production but also becomes important in
the destruction of H2O2 at higher OH concentrations as they react to

OH + H2O2 → H2O + HO2 (2.8)

Further losses of OH and H2O2 are contributed to radial losses, electrode losses
and other minor mechanisms. A full overview of the set of reactions in water-
containing plasmas is given in [51].

2.3 Diagnostics

Optical diagnostics of the plasma can be performed in-situ and offers both non-
invasive and invasive methods for several applications. The plasma chemistry is
strongly determined by the prevailing temperature and species. In the following,

7
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diagnostics for the thermal and chemical analysis are therefore outlined.

2.3.1 Optical emission spectroscopy

Optical emission spectroscopy (OES) is a non-invasive, real-time diagnostics that
is used for various purposes [52]. It is of special interest for plasmas that are of
small scale and are difficult to access as it provides insight into various plasma
parameters from outside the plasma and can be performed through glass. In
addition, the implementation of diagnostics is simple, as commercially available
spectrometers are available for this purpose, which collect and evaluate the emit-
ted radiation via a lens system and optical fibre. Furthermore, it is not disturbed
by RF-fields in proximity to the setup.

OES makes use of the electromagnetic radiation emitted by plasmas. The emitted
photons can be measured spectrally resolved by a spectrometer and a wavelength-
dependent analysis of the spectra allows the determination of several plasma
parameters. Some of those are the determination of components of the gas ad-
mixture, electron dynamics for time-resolved measurements and determination
of temperature from rotational spectra. All of these are based on the radiation
emitted by the atoms and molecules in the plasma.

The plasma particles are excited from level q to level p by electron impact. The
decay by spontaneous emission to level k with transition probability Apk causes
monoenergetic line emission ϵpk [52]. The electron energy levels are characteristic
for each species, therefore the photon that is emitted when the particle relaxes is
clearly assignable to the species by its wavelength. The central wavelength of the
emission line is determined by the energy gap E = Ep − Ek that corresponds to
the photon energy.

As only photons emitted from the excited state are detected, no information on
the ground state is given. Instead, only information on the excited state is gath-
ered.

Rotational temperature of diatomic molecules

Temperature measurements inside the discharge of APPJs are challenging due to
the narrow discharge channel and limited accessibility. Furthermore, inserting
a probe into the discharge channel may alter the discharge characteristics as for
example gas flow, volume and conductivity inside the channel are changed [53].

Optical emission spectroscopy offers a solution for temperature measurements.

8



CHAPTER 2. THEORETICAL BACKGROUND

Non-LTE plasmas can often be characterised by three temperatures where the
electronic temperature characterises the portion of electronically excited molecules,
the vibrational temperature represents the population distribution among vibra-
tional levels and the rotational temperature represents the population distribution
among rotational levels [54].

Optical analysis of the rotational emission lines allows conclusions about the ro-
tational temperature and vibrational temperature of the species. The gas temper-
ature is approximately equal to the rotational temperature if occupation of the
rotational states is at equilibrium. In detail, according to the Franck-Cordon prin-
ciple, the rotational quantum number has to be conserved during electron impact
excitation processes and the internuclear distance must be constant at all times.
If this condition accounts, excited state and ground state hold the same rotational
temperature. Additionally, in the ground state, the rotational levels must be pop-
ulated by heavy particle collisions [52].

While this assumption is often believed to be true, it has been found that the
description of some systems by their vibrational and rotational distribution by
the Boltzmann function is not possible [54]. Often, dissociation or recombination
result in such non-Boltzmann, or nascent, distributions [54].

The rotational temperature as a measure of the gas temperature is usually deter-
mined from the N+

2 (391 nm) and OH (309 nm) and has been a widely established
and validated method [53]. In helium plasmas, the temperature is often overesti-
mated via the N+

2 bands, as nitrogen and helium interact [55]. Also, the emission
of the OH(A2Σ+ → X2Π) (OH(A-X)) bands is very intense in most discharges
operated with water admixture or impurities due to plasma operation in open air
[55]. The OH(A-X) transition has been extensively studied and all constants are
available in the LIFBASE database [56] allowing a precise analysis. Also, band
heads are clearly distinguishable even at lower resolutions as the reduced mass
involved in the rotational constant of OH is small in comparison to N2 [53].

The OH(A-X) is one example of a system that often features a non-Boltzmann
distribution. It is well studied and therefore standardised determination of the
gas temperature from this molecular system is possible [53, 57–59]. In many cases,
non-thermalised systems have been found to be thermalised for low rotational
levels N, therefore analysis is still successful regarding the lowest levels [53].

The observed spectrum is not only determined by the structure of the vibrational
bands but its shape is heavily influenced by the spectral resolution of the detec-
tion system [52]. Therefore, line broadening must be applied to obtain accurate
fits.
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The rotational temperature can be determined both from comparison with simu-
lations of the observed spectra or from a Boltzmann plot. Determination of the
gas temperature from a Boltzmann plot is beneficial when working with non-
Boltzmann distributions [54]. A Boltzmann plot is "a semilogarithmic plot of
populations in individual quantum levels divided by their degeneracy vs their
potential energy" [54]. Here, a linear trend is observed for thermalised distribu-
tions. From the slope, the temperature is deduced. Deviation from a straight line
clearly indicates a deviation from an equilibrium distribution.

2.3.2 Resonant Fluorescence

Resonant fluorescence uses active perturbation of the species in the excited state
to gain information about species densities [60]. It has the advantage of localisa-
tion of the measurement region and therefore allows for spatial resolution.

In resonant fluorescence, intense electromagnetic radiation is used to irradiate a
sample at the resonant frequency of the species of interest [60]. The radiation at
the frequency is generally produced by a tunable laser as those are able to oper-
ate at correct frequency and sufficient intensity [60]. By exciting the species at the
resonant frequency, transitions between the corresponding atomic levels are in-
duced. Therefore, the population of states is altered towards stronger population
of higher states causing a change in the emitted radiation [60].

Radiation observed at the same transition as the one that was excited is called
fluorescent. In this case, the observed radiation is induced by spontaneous tran-
sitions from the higher level [60].

Laser-induced fluorescence (LIF) has been studied since the 1970s [61]. In low
temperature plasmas, ground state atoms are the most populated state. LIF can
be used to determine the density in ground state and is therefore suitable for the
diagnostics of plasma jets.

LIF is based on the excitation of a selected atom or molecule by single photons.
Laser radiation is absorbed at a frequency corresponding to a suitable transition
from ground to excited state. Suitable transitions are mostly found to be those
with the largest cross-section. After a time of typically a few nanoseconds to
microseconds, the exited species de-excites emitting a photon at a wavelength
higher than the excitation wavelength. This fluorescent light can then be detected
by a camera, photomultiplier or photodiode through a filter [62].

For the detection of OH, the transitions of the OH(X2Π− A2Σ+) system is used.
This is favourable, as collisional phenomena are well known in this regime due
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to extensive research. In addition, its rotational structure features weakly over-
lapped branches as well as widely spaced rotational lines. It is therefore easy to
isolate the rotational-vibronic lines using lasers operating at medium bandwidth
[63]. The transition is then characterised as

OH(X2Πi, ν, N) + hνL → OH(A2Σ+,ν′,N′)→ OH(X2Πi, ν′′) + hνF. (2.9)

The fluorescence signal is directly proportional to the trace gas concentration The
species densities are determined by calibration of the signal [62].

One challenge of LIF is the separation of the fluorescence signal from Rayleigh
scattered exciting radiation.

Rayleigh scattering is a predominately elastic collisional process of electromag-
netic radiation with a scatterer of a smaller magnitude than the exciting wave-
length [64]. The scatterer can be both an atom or a molecule. During the process,
there is no energy transfer, so that scattered light has the same frequency as its
origin [65]. Due to the Doppler effect, there may be a small shift in energy though
[66]. For the scattering with molecules, the energy of the incident photons is
conserved no matter which molecule acts as the scatterer. Therefore, Rayleigh
scattering itself is not suitable to determine the mixture components. Rayleigh
scattering from molecules must be applied in a very clean environment, as the
elastically scattered signal is otherwise not primarily caused by Rayleigh scatter-
ing but scattering from drops and particles in the surrounding [66].

The intensity I of Rayleigh scattering is highly dependent on the laser energy EL

and laser wavelength λL as

I ∝ EL · Lij · N ·
(

1
λL

)4

· α2
0, (2.10)

where Lij is the local field, N is the number of scattering molecules and α0 the
polarisability [66].

Quenching further influences the detected LIF signal as decreases the intensity of
the LIF signal. In quenching, any process that reduces the fluorescence intensity is
regarded [67]. Regarding the decay of an excited species, the fluorescence decays
exponentially with the excited state population. The lifetime τ of the excited
species is then a result of various processes with rate k.
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1
τ
= kf + kq + knf (2.11)

where kf indicates the radiative decay of the fluorescent species, kq decay due to
quenching and knf all other non-fluorescent decay phenomena. Quenching then
leads to a reduction of the lifetime of the fluorescent species.

2.3.3 Absorption spectroscopy

On the contrary to OES and LIF, absorption spectroscopy relies on the absorption
of electromagnetic radiation by molecules. It offers determination of ground-state
species densities of molecules which absorb in the spectral infrared regime and is
therefore of high interest for chemical composition analysis [26]. Each molecule
has a characteristic spectrum which yields information on the concentration and
rotational- and vibrational state.

The number of molecules Nj at energy Ej and temperature T in a gas mixture can
be expressed by a Boltzmann distribution. This distribution is given by

Nj = N0gj exp
(
−

Ej

kBT

)
(2.12)

with the particle number in ground state N0, statistical weight gj of the energy
state j and Boltzmann constant kB [68].

In quantum mechanics, absorption is interpreted as the transition from energy
level j to a higher level k with regard to the Einstein coefficient Bjk that determines
the absorption probability. The change of particles at energy level k is then given
by

dNk
dt

= −NkBjkρ(ν). (2.13)

where ρ(ν) denotes Planck’s law, which defines the spectral density of the ab-
sorbed electromagnetic radiation [69]. Planck’s law is expressed via the frequency
ν of the radiation, the speed of light c and Planck’s constant h as

ρ(ν) =
8πhν3

c3 · 1

e
hν

kBT − 1
. (2.14)

The decrease of the intensity of the absorbed radiation is expressed by Beer-
Lambert law as
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I = I0e−αl (2.15)

with intensity I0 of the incident radiation, absorption coefficient α and path length
of the light beam inside the absorbing medium l. The absorption coefficient is
determined by the concentration of the absorbing molecule c and the molar ab-
sorption coefficient ϵ.

α = ϵc (2.16)

Comparison of the radiation intensity before and after passing the gas mixture
then yields information on the concentration of the absorbing molecule in the
mixture [70].

Fourier-transform infrared spectroscopy

Fourier-transform infrared (FT-IR) spectroscopy utilises radiation in the infrared
region to perform absorption spectroscopy. In water-containing plasmas, several
species are infrared active, such as H2O and H2O2 [27]. Molecules need to feature
a net change in their dipole moment to be infrared active. As this is not the case
for molecules like N2, nitrogen can be used as a "transparent" ambient gas for
FT-IR spectroscopy.

An FT-IR spectrometer is based on the principle of the Michelson interferome-
ter. Its basic setup consists of a beam splitter and two mirrors, one of whom is
movable. The radiation intensity I(z) after passing the sample is then measured
depending on the position of the mirror z. The wavenumber-dependent intensity
distribution I(ν) is then obtained by performing a Fourier transformation on the
data [68].

I(ν) =
N−1

∑
n=0

I(z)e−2πink/N (2.17)

The transformation is performed over the total number of mirror positional steps
N and k ∈ Z. The concentration of the analysed species is then deduced from
equation 2.15.
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3. Experimental Setup, Procedure and
Data Analysis

In this chapter, the plasma source including gas and power supply is described
below. The diagnostics and models used to evaluate the data are then presented
for temperature measurement, laser-induced fluorescence and Fourier-transform
infrared spectroscopy.

3.1 Plasma setup

The setup consists of three major elements, namely the plasma source, gas supply
and power supply and control. The whole setup is shown in figure 3.1.1. The
plasma source is provided with feed gas by the gas supply and is driven by the
power supply and controlled by in-situ power measurements. These elements
are described in detail in the following sections. The adjustment of the plasma
source is outlined subsequently.

voltage measurements

current measurements

matchbox

13.56 MHz
RF-generator

LeCroy 
Oscilloscope

MFC

ice-cooled 
bubbler system

plasma sourceHe 
or
N2

M
F
C

frequency 
generator

valve

Figure 3.1.1: Setup with plasma source (bottom right), gas supply (top left) and power
supply (top right) and power measurements (bottom centre).
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3.1.1 Capillary jet

The capillary jet used in this work offers similar discharge behaviour and geom-
etry to the COST-jet [32]. The range of variability of the parameters such as input
power and discharge volume is expanded by igniting the plasma inside a cap-
illary between the electrodes which acts as a dielectric. Winzer et al. [33] have
provided a first characterisation of the jet as well as first evidence that the new
design meets the requirements of an extended parameter variability.

1.4 mmgas flow

capillary

1 mm

1.4 mm

1 mm

1.4 mm

electrode

circuit board

Marcor plate

pick-up antenna

-40 mm

100 mm

Front view Horizontal cross section 

CapillaryVertical cross section

shielding

Legend

0 mm 10 mm

x

y
z

Figure 3.1.2: Schematic sketch of the plasma source from different perspectives. Detailed
sketch of the plasma source in front view with coordinate system (left), horizontal cross
section with view of interior components (top central), vertical cross section with po-
sitional nomenclature (bottom central), cross section of capillary with dimensions (top
right) and legend for colour-coded components (bottom right).

Sketches of the plasma source are shown in figure 3.1.2. The figure features the
plasma source in front view and once in a horizontal and once in a vertical cross-
section. In addition, the capillary is shown with its dimensions. Also, the coordi-
nate system applied for spatially resolved measurements and the nomenclature
for positions along the gas stream are shown.

The jet is designed as a modular system that allows for precise adjustment of the
components by means of a rod system and easy interchangeability of the single
components of the plasma source.

The capillary jet consists of a borosilicate glass capillary (CM Scientific) with a
quadratic inner cross-section of 1 mm and 0.2 mm wall thickness with ±10 % tol-
erance. The total length of the capillary is 100 mm.
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Two parallel stainless steel electrodes (itec Automation & Laser) of 40 mm length
are placed on either side of the capillary in 1.4 mm distance from each other. The
distance between the end of the electrodes and the end of the capillary is set
to (10.0± 0.5)mm. For reference, the nomenclature of the coordinate system is
depicted in the bottom centre of figure 3.1.2. Marcor plates separate the electrodes
from the grounded shielding. The resulting electric field between the electrodes
is closely confined [33].

The capillary is connected with Viton tubing (Keller Elastomere), which has a
diameter of 1 mm, to the gas supply by a Swagelok adapter. Ceramic glue (T-E-
Klebetechnik) is used to connect the tubing and the capillary and seal the transi-
tion between both.

3.1.2 Gas supply

The gas supply of the setup is shown in the top left of the setup in figure 3.1.1. The
helium and nitrogen feed gas of the capillary jet is supplied via 10 L gas bottles
(5.0 purity, Air liquide). A gas panel with a 2 slm mass flow controller (MFC,
Analyt MTC) is used for the main feed gas. A bubbler system is also equipped
with a 2 slm MFC (Analyt MTC). The borosilicate glass bubbler reservoir (Evac)
is filled with 70 mL of distilled water to add water vapour to the feed gas. The
reservoir sits inside a 946 mL double-walled stainless steel isolating vessel (Klean
Kanteen) filled with 400 mL of cold water at 6 ◦C and 900 mL of ice cubes. The
system is sealed with a polystyrol lid and temperature controlled by a type-K
thermocouple attached to the outside of the bubbler reservoir.

Valves ensure secure operation of the MFCs and controlled admixture of water
vapour into the feed gas. All tubing up to the joint to the capillary is made of
stainless steel to avoid impurities penetrating the gas flow. A change to Viton
tubing to connect the capillary to the gas supply is necessary to allow for flexi-
bility in the adjustment of the setup and reduce the forces on the fragile capillary
[33].

The temperature of the cooled bubbler is at (1.4 ± 0.5) ◦C. It is assumed to be
constant over all measurements, as the bubbler temperature does not change
over several hours and the ice-water coolant is replaced every day before start-
ing the measurements. Measurements are taken earliest one hour after replacing
the coolant to ensure the system is at steady-state. The error of the bubbler tem-
perature does not account for a potential increase in feed gas temperature while
passing the uncooled tubing between the bubbler and plasma source.
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The calculation of the humidity of the feed gas is derived from the partial pressure
of the water vapour based on the Antoine equation. The full calculation and error
estimation is given in the appendix (section A). The gas flow parameters and
corresponding feed gas humidity are given in table 3.1.

Table 3.1: Gas flow and added feed gas humidity at (1.4 ± 0.5) ◦C water temperature
inside the bubbler.

fraction of bubbler
flow to total flow

feed gas humidity percentage of water
vapour in feed gas

0 % 0 ppm 0 %
10 % (640± 30)ppm 0.064 %
30 % (1900± 80)ppm 0.19 %
50 % (3200± 130)ppm 0.32 %

100 % (6400± 250)ppm 0.64 %

3.1.3 Power supply and control

The system is powered by a 150 W 13.56 MHz RF-generator (Coaxial Power Sys-
tems: RFG 150-13) coupled to a matching system (Coaxial Power Systems: MMN
150-13). The generator can be either controlled via the panel on the device or by
a computing device (Arduino). The Arduino is connected to a computer and the
input settings are submitted via a Labview program. The schematic diagram for
the electrical setup including power supply and power measurements is given in
figure 3.1.3.

matchbox

13.56 MHz
RF-generator

pick-up voltage probe

4.7 Ω 50 Ω 50 ΩV V

grounded electrode

powered electrode

LeCroy Oscilloscope

frequency 
generator

Figure 3.1.3: Schematic diagram of the electrical setup implemented for power supply
and measurements. Figure adapted from [33].

The power output from the generator is always higher than the deposited power
in the plasma due to losses in the matching system, cables and electrodes. Winzer
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et al. [33] have found, that less than 10 % of the generator power transfers to the
plasma power. Therefore, power measurements are necessary to obtain compa-
rable data for the plasma power.

The plasma power is determined from simultaneous current and voltage mea-
surements at the jet. The voltage is measured using a pick-up antenna behind the
powered electrode (see figure 3.1.2). As this setup does not directly measure the
voltage but measures the voltage induced into the cable, calibration is performed
using a high voltage probe (Tektronix P5100A) connected to the powered elec-
trode at 30 W generator power without gas flow. Calibration is performed after
each readjustment of the setup.

For current measurements, a second voltage over a 4.7 Ω resistor between elec-
trode and ground is measured. 50 Ω terminating resistors are used to connect the
BNC cables for voltage and current measurements to the oscilloscope to minimise
distortion of the signal and standing wave effects. The current is then directly
proportional to the voltage drop UI via Ohm’s law as

I =
RI + RT

RIRT
·UI (3.1)

with measuring resistor RI and terminating resistor RT [32].

The voltage signal is read out by an oscilloscope (Teledyne Lecroy: Waverunner
8404M-MS or HDO6104A) with a sampling rate of at least 1 GHz, allowing for
high resolution detection of the voltage signals.

The reference phase ∆φ0 is measured at 30 W generator power without gas flow
to take system-specific phase shifts in the power measurements into account. The
system-specific phase shift is determined by components like cables, connectors
and resistors. The reference phase shift is calculated as

∆φ0 = ∆φU,Ref − ∆φI,Ref (3.2)

The dissipated plasma power then calculates to

P = Urms · Irms · cos
(
−π

2
+ ∆φ− ∆φ0

)
(3.3)

where Urms = U0√
2

and Irms = I0√
2

are the effective values of voltage and current
respectively and ∆φ0 is the reference phase shift. ∆φ is the phase shift between
voltage and current that is determined by applying a fit function.

For in-situ power measurements, the Python program COST power monitor [71]
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is used. The power is determined according to the method described in [72].
Random comparison between manually calculated dissipated power from the
raw voltage signal of the oscilloscope and the power calculated by the COST
power monitor is in good agreement.

Power modulation

The power supply can be operated in power modulated operational mode to
modify the plasma-on and plasma-off time and therefore excitation mechanisms.
For this, a frequency generator (Tektronix: AFG 3011) is attached to the power
generator. Pulses are always set to a rectangular shape, duty cycle and frequency
can be set individually. The generator takes about 10 ns to reach the signal volt-
age.

Power measurements are not possible during pulsing. As the electrodes cool
down during the plasma off-time, the power decreases for low duty cycle values.
To account for this, the power is set to the desired value before turning on the
frequency generator and measured again after the measurement to determine the
error of the dissipated plasma power.

The number of pulses per residence time Nppr of the particles in the plasma are
determined via

Nppr =
Tpulse

tres
= fpulse · tres (3.4)

with the residence time tres of the particles in the plasma, pulsing period Tpulse,
pulsing frequency fpulse. The residence time is geometry dependent as

tres =
lplasma

v
=

lplasma · A
ϕtotal

. (3.5)

where lplasma is the length of the discharge which is, if not otherwise stated,
40 mm, v is the particle velocity, A the capillary cross-section and ϕtotal the to-
tal gas flow. For a square capillary at a gas flow rate of 1 slm, for example, a
residence time of 2.4 s is the result. The parameters used are listed in table A.1 in
the appendix.

3.1.4 Adjustment of the capillary jet

Adjustment of the jet is performed according to the following criteria to ensure
comparability of the measurements, high conversion rate of generator to plasma
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power and high discharge stability. The electrodes are aligned along the capillary
and their position is optimised so that the power coupling corresponds to about
6.5 W dissipated plasma power at 30 W generator power for 1 slm dry helium. In
addition, the discharge must burn homogeneously along the discharge channel.
The criterion for this is, on the one hand, a uniform discharge at high powers and,
on the other hand, a uniform decrease in intensity over the entire discharge as the
power decreases. At low powers, the plasma must contract centrally between the
electrodes and decay under 3 W generator power.

3.2 Temperature measurements

The characterisation of the heating of the plasma source is performed by iden-
tifying the effluent and gas temperature as well as the temperature of selected
components of the plasma source in proximity to the plasma, explicitly the cap-
illary and electrodes. The measurements to determine the gas and components’
temperature as well as the routine applied for their analysis will be outlined in
the following.

Direct temperature measurements are not possible inside the plasma due to the
narrow discharge channel and limited accessibility of the capillary. Thus, the
temperature must be determined from the outside. Two diagnostics for the gas
temperature determination are applied to verify the obtained temperatures. The
measurements are performed using a thermocouple and via the determination of
the rotational temperature of OH based on the methodology in [33].

3.2.1 Gas temperature extrapolation from effluent temperature

A NiCr-Ni thermocouple type K (B+B Thermo-Technik) suitable for tempera-
tures from −50 ◦C to 260 ◦C connected to a two-channel thermometer (Voltcraft)
is placed in the effluent. The tip is positioned 1 mm from the capillary end at the
position with maximum temperature to ensure the measurements are performed
centrally in the gas stream. Plastic tubing is placed behind the capillary end to
reduce the influence of turbulence in the ambient air on the measurements. The
tube is sealed to hinder cold, ambient air from being pulled into the flow channel.

Extrapolation from effluent to gas temperature

Thermocouple measurements are performed 11 mm from the plasma. Extrap-
olation is performed to account for the temperature drop along the way. The
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distance-dependent temperature drop is determined from temperature measure-
ments in 2 mm steps in the range of 11 mm to 23 mm from the plasma.

The effluent’s temperature features a linear behaviour in proximity to the capil-
lary end. The temperature measured in the effluent at varied distance is fitted by
equation 3.6 and yields the increase factor f which gives the ratio between the
extrapolated gas temperature Tex(0) at the end of the plasma and the measured
temperature 11 mm from the plasma.

Tex(z) = a · (z− 10 mm) + b (3.6)

f =
Tex(0)

Teff, 11 mm
(3.7)

The decrease for the minimum and maximum investigated plasma power was
measured in 2 mm steps in the range of 11 mm to 23 mm from the plasma. This
provides an approximation of the variability of the temperature decrease in the
effluent. In addition, the decrease at 6 W is determined for a wider range of dis-
tance of 10 mm to 30 mm to check the linearity of the decrease. For the measure-
ments, the mean increase is used and the deviation of increase at low and high
powers is taken into account for in the error. The error of the increase is obtained
from error propagation.
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Figure 3.2.1: Calibration of gas temperature from thermocouple measurement of effluent
temperature from (a) linear fit of temperature at varied distance at 0 ppm feed gas hu-
midity and (b) increase factor deduced from linear fit depending on plasma power for
0 ppm and 6400 ppm feed gas humidity.

An example of the calibration and linear fit for 0 ppm feed gas humidity is shown
in figure 3.2.1a. The temperature decreases linearly for all plasma powers. The
increase factor for 0 ppm and 6400 ppm is shown in figure 3.2.1b with the mean
increase factor and standard deviation over all values. The increase factor rises
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with increasing plasma power. A complete overview of the results of the param-
eters of the linear fit of the data at 1 W, 6 W and 12 W at 0 ppm and 6400 ppm
feed gas humidity and the deduced increase factors is given in table A.2 in the
appendix. For the extrapolation, a mean increase of (1.12± 0.06) is used.

Uncertainty estimation

The thermocouple is positioned at the maximum temperature. Manual position-
ing of the thermocouple in the effluent causes uncertainty of 3 ◦C for plasma
powers from 1 W to 4 W and 5 ◦C for 6 W to 12 W resulting from a slight offset
of the fibre from the point with maximum temperature when fixing the position
of the fibre. The statistical error of the effluent’s temperature is determined from
the standard deviation of the mean value obtained from measurements over the
course of 2 min. The total uncertainty of the effluent’s temperature is then ob-
tained from the sum of statistical uncertainty and uncertainty from positioning
the fibre.

The error of the extrapolated gas temperature results from Gaussian error propa-
gation with regard to the error of the effluent’s temperature, which is determined
individually for each data point, and the error resulting from the extrapolation
with a mean temperature increase for all plasma powers and feed gas humidity
levels.

3.2.2 Rotational temperature by optical emission measurements

A schematic sketch of the setup used for optical emission spectroscopy is shown
in figure 3.2.2. A 600 µm optical fibre (Ocean Insight) is connected to a UV/VIS
collimating lens (Ocean Insight) to collect the emission. The collimator is placed
(33 ± 2)mm from the capillary at central vertical position where the detected
emission signal is at its maximum and no significant increase in the ambient tem-
perature due to radiation from the capillary jet is measured.

The optical fibre is coupled to a second optical fibre (Ceram Optec) that is con-
nected to the entrance slit of the spectrograph (Acton: Research Spectra Pro 750).
The emitted light enters the spectrograph through a (15.00± 0.25)µm entrance
slit and is directed by mirrors onto the grating. The incident light beam is dif-
fracted by the grating and is split according to the wavelength. The fanned-out
beam is then reflected by a third mirror onto a camera (Princeton Instruments:
PI-MAX) which is mounted to the spectrograph.

The spectrograph is set to a central wavelength of 308 nm. The triple grating
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is set to 1800 grooves mm−1 for high resolution at a narrow spectral window.
Measurements are performed in gate mode at 4 ms acquisition time, gain of 255
and are accumulated over 100 scans. The spectral resolution of the system is
(184± 5)pm pixel−1. Spectra are taken 5 min after changing the parameters to
allow the system to stabilise.

collimator

plasma source

entrance slit

exit slit

camera

mirror

mirror

mirror

triple grating

optical fibre

Figure 3.2.2: Schematic sketch of setup used for optical emission spectroscopy of the
active plasma zone.

Calibration and fit of spectra

Precise wavelength and intensity calibration is necessary to obtain accurate re-
sults from fitting the spectra.

Wavelength calibration is performed by comparison of the wavelength posi-
tions of a simulated spectrum (LIFBASE) and an experimental reference spectrum
taken at the settings used for the measurements. The shift in wavelength ∆λ is
then plotted against the experimental peak position (figure 3.2.3a). A linear fit
has turned out to yield the highest accuracy of the fitting parameters with an R2

value of 0.98405 in comparison to higher polynomials and a sinusoidal fit. The
obtained parameters are a slope a of (−0.0341 ± 0.0010) and an intercept b of
(10.78± 0.29) nm. The corrected wavelength λ is then calculated from the mea-
sured wavelength λmeas

λ = λmeas + a · λmeas + b. (3.8)

The comparison of the peak positions of a simulated spectrum and a wavelength-
calibrated spectrum is shown in figure 3.2.3b. No shift between the peaks can be
observed anymore. The residual mostly results from deviation between the am-
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plitude in the spectra, partly due to overlap of the lines resulting from broadening
of the experimental spectrum.
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Figure 3.2.3: Wavelength calibration of optical emission spectra from comparison with
simulated spectrum. (a) Shift in wavelength between experimental and simulated the-
oretical spectrum plotted against the experimental peak wavelength. Data fitted with
linear model. (b) Validation of peak agreement of simulated (LIFBASE) and wavelength
shifted experimental spectrum (top) and residual of fit (bottom). Experimental reference
spectrum taken at 1 slm He gas flow rate, 640 ppm feed gas humidity and 6 W dissipated
plasma power.

Relative intensity calibration of the spectrum is performed with a Deuterium
Tungsten-Halogen Calibration Light Source (Ocean Optics: DH-3 plus). A cosine-
corrector is connected to the 600 µm optical fibre and placed directly at the exit
of the lamp. After a warm-up of the lamp, a calibration spectrum is measured at
308 nm central wavelength with the 1800 grooves mm−1 grating. The measured
calibration spectrum Ical,meas is then compared to the interpolated theoretical cali-
bration spectrum Ical,theo of the lamp to obtain a wavelength-dependent intensity
scaling factor cI . The intensity calibrated spectrum I then equates from the exper-
imental spectrum Iexp to

I =
Ical,theo(λ)

Ical,meas(λ)
· Iexp = cI(λ) · Iexp (3.9)

The fitting routine is performed by massiveOES [54, 57, 58]. It is used to batch
process and fit the spectra. The rotational temperature can then be determined
from the rotational spectrum as the relative intensity of the Q, P and R-branches
which are simulated by the software.

Figure 3.2.4 displays a normalised example spectrum taken at a gas flow of 1 slm
helium and 6 W generator power. From this, the major rotational transitions,
their branches and quantum numbers are determined and shown in the spec-
trum. From the total twelve branches, only six, namely P1, P2, Q1, Q2, R1 and
R2, are found to be dominating in the area and temperature range of interest.
Also, the major spectral lines correspond to quantum numbers up to K = 7. The
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transitional data is taken from LIFBASE [56].
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Figure 3.2.4: Normalised spectrum of OH(A-X) with quantum branches of P1, P2 (left),
Q1, Q2 (centre), R1 and R2 (right) for quantum numbers up to 7 [56]. Branches are indi-
cated with opaque grey line in all spectra for better visibility. The spectrum is taken for
1 slm helium gas flow, 0 ppm feed gas humidity and 6 W plasma power.

The dominance of lower quantum numbers justifies the assumption of thermal
equilibrium for the fitting routine. Even in the case of non-thermalised systems,
research has shown that many are still thermalised for low rotational levels en-
abling analysis of the spectra based on these systems [53]. The gas temperature
has then to be determined only from rotational states with J ≤ 7 to determine
the gas temperature adequately [73] which matches the branches present in the
spectrum.

Uncertainty estimation

For each setting, 20 accumulated spectra are taken. The statistical uncertainty
is determined for each setting individually. The uncertainty of the fits given by
the software ranges from 2.5 ◦C to 11 ◦C. The statistical uncertainty is then deter-
mined from the standard deviation of the mean temperature over all 20 spectra
which is higher than the mean fit error given by the software. An example of the
uncertainty estimation of the fitted rotational temperature for 1 slm helium and
640 ppm feed gas humidity with the fitting uncertainty, mean value and standard
deviation is shown in figure A.0.1 in the appendix. Uncertainty resulting from the
optics used such as positioning of the lens is not taken into consideration here.
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3.2.3 Temperature of jet components

The temperature of the capillary wall is measured by placing a type-K thermo-
couple centrally between the electrodes touching the glass. The temperature is
measured at the end of the plasma (0 mm) and at the end of the capillary (10 mm).
The powered electrode is positioned so that the voltage supply is attached at the
top to reduce any influence of the thermocouple by the electric field. The differ-
ence between the temperature with and without applied voltage is below 1 ◦C for
the investigated range of power.

The electrode temperature is measured by a Luxtron which is based on fibre-
optical temperature determination and therefore insensitive to electric fields. The
fibre tip is placed at the bottom side of the electrode next to the capillary.

For all component temperature measurements, the temperature is measured until
equilibrium is reached. The mean temperature is then obtained by averaging the
measurements over a course of 2 min and the uncertainty is estimated from the
standard deviation.

3.3 Laser-induced fluorescence spectroscopy

Laser-induced fluorescence is used to obtain spatial information on the OH den-
sity in the effluent. Laser-induced fluorescence spectrometry (LIF) requires cali-
bration of the data to obtain absolute values of densities. Following the setup, the
calibration and model used to obtain absolute values are outlined.

3.3.1 Setup for laser-induced fluorescence spectroscopy

The LIF setup consists of two essential components - the laser system, which
generates the light at the required wavelength, and the optical system to detect
the LIF signal.

Laser system

A laser system consisting of two consecutive lasers is used as a light source.

A neodymium-doped yttrium aluminium garnet (Nd:YAG) laser (Continuum:
Powerlite PL9010) is used as a pump laser. It operates at 1064 nm in the infrared
regime. The laser runs in Q-Switch mode, which allows for pulse energies of up
to 140 mJ at a frequency of 20 Hz and pulse length of (11.5± 2.2) ns. The beam
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is frequency-doubled by a doubling crystal to generate linearly polarised laser
light at 532 nm. Both beams are coupled out of the laser individually, allowing
for operation at a 532 nm only which is needed to pump the dye laser.

The laser beam is coupled into a dye laser (Radiant Dyes: Narrowscan) by two
mirrors set at an angle of 45◦ and a 1 cm large blend between both. The dye laser
is operated with Rhodamin 6G as a dye which has its maximum efficiency of
30 % at 570 nm and is therefore well suited to generate laser light around 566 nm
and frequency-doubled to 283 nm to excite OH molecules to fluorescence. The
laser energy of the beam can be adjusted by shifting the delay between the two
amplifiers of the Nd:YAG laser. The laser’s warm-up time is set to a minimum of
3 h to obtain a stable laser profile.

An external triggering system is implemented for synchronised plasma and laser
operation when the plasma is frequency modulated. A schematic sketch of the
triggering system is shown in figure 3.3.1. The direction of signal transmission is
indicated by arrows.

Nd:YAG-laser

Delay 
Generator

Oscilloscope

Arduino Computer

Power 
Generator

Pulse 
Generator

external flashlamp Q-switch trigger

Plasma Source

Trigger

Figure 3.3.1: Schematic sketch of triggering system. Direction of signal transmission is
indicated by arrows.

The pulse generator used for frequency modulation of the plasma is connected
to an Arduino Duo. The frequency applied to the pulse generator is then modu-
lated to the fixed frequency of 20 Hz of the laser. Therefore, the pulsing frequency
slightly deviates from the ones listed in table A.1 and is set to the closest multiple
of 20 Hz. The Arduino then gives out a signal to the delay generator (Stanford Re-
search Systems: DG535) at a frequency of 20 Hz with its start time synchronised
to the pulse generator pulse. The delay generator then gives out a pulse to the
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external flashlamp and Q-Switch trigger. The fixed Sync-Out triggering signal of
the laser is used to trigger the oscilloscope for LIF measurements.

Optical system

oscilloscope

Nd:YAG-laser (532 nm)

plane mirror pinhole
Ø 1mm

Laser Energy 
Measuring Head

photomultiplier

dye-laser (282.58 nm)

power supply

optical fibre
Ø 200µm

lens
f=200mm

pinhole
Ø 2mm

f=18mm
UV collimator lens

UV collimator lens
f=20mm

PC

plasma source

Figure 3.3.2: Schematic sketch of LIF setup.

The setup used for LIF measurements is shown in figure 3.3.2. The laser is pro-
jected onto a high reflectance (HR) 250 nm to 320 nm / 45◦ plane mirror. The beam
is cut through a 1 mm round pinhole and hits a BK-7 plano-convex lens with a fo-
cal length of 200 mm. A second circular pinhole with a diameter of 2 mm is used
to reduce the stray signal. The optics are placed under a closed cover with two
holes for the incident and outgoing laser beam to reduce the stray signal of the
beam in the laboratory.

The laser energy is measured in the far field of the laser beam with a laser energy
measuring head (Sensor- und Lasertechnik: PEM 11) with a calibration factor
of 541 V J−1. For LIF measurements, the laser energy is held constant at 7.4 µJ
corresponding to a voltage signal of the laser energy measuring head of 4 mV.
The energy of the laser beam coupled out of the laser is approximately double the
amount. Therefore, approximately 50 % of the laser energy is cut off by blends or
absorbed by mirrors and lenses.
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The capillary jet is mounted to digitally controllable stages (Zaber: X-LSM100A)
to allow for precise adjustment of the position of the capillary jet in all three di-
mensions. The maximum range is 100 mm which is further limited to prevent
collisions between the components.

The LIF signal is detected by a 10 mm Aperture Collimator (Edmund Optics) for
the UV and visible spectrum with a focal length of 18 mm. The fluorescence sig-
nal is projected by the aperture onto a 200 µm UV-VIS optical fibre (Ocean Insight)
connected to a UV/VIS Collimating Lens (Ocean Insight) with a focal length of
20 mm suited for wavelengths between 200 nm to 2500 nm. No filter is used to
avoid additional corrections for transmission of filter [40]. A photomultiplier is
coupled to a power supply (Hamamatsu: C3830) set to −950 V. Matt black tex-
tile is used around the setup to reduce reflection of the laser light towards the
aperture.

The alignment of the system is performed based on the observation of the LIF
signal. The capillary jet is adjusted so that the gas flow is perpendicular to the
ground. The offset between the position of the peak intensity in the x-y-plane
determined 4 mm from the nozzle may not vary more than 0.1 mm over a 10 mm
increase in distance. The positioning of the system is readjusted in the x-y-plane
by determining the position with maximum LIF signal 4 mm from the capillary
end and setting the central position (0/0) here.

Additionally, the Rayleigh signal in pure nitrogen must be in the range of 35 mV
to 45 mV peak intensity at (7.4± 0.4)µJ which corresponds to the maximum de-
tected signal at the selected settings. If the intensity is lower, the positioning of
the collimator lenses and photomultiplier is readjusted. The stray signal in pure
helium with plasma turned off is reduced to under 4 mV peak intensity of the
photomultiplier signal.

3.3.2 Calibration

The procedure suggested by Verreycken et al. [40] and Morabit et al. [43] to obtain
absolute OH densities from LIF intensities via calibration using Rayleigh scatter-
ing is performed to calibrate the LIF signal. Determination of absolute densities
requires information of the laser parameters as well as setup specific optical pa-
rameters. In addition, estimation of the helium-air mixture is required to deter-
mine the coefficients of the excitation scheme adequately.
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Temporal profile of the laser pulse

The laser pulse length is measured with a diode (AEPX 65) and features a full-
width half maximum of (11.5± 2.2) ns (see figure 3.3.3). The FWHM is obtained
by fitting the curve with a Gaussian curve.
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Figure 3.3.3: Laser pulse of Nd:YAG laser measured with AEPX 65 diode fitted with
Gaussian curve. Signal averaged over 64 scans.

Spectral profile of laser pulse

The laser is set to a central wavelength λL,0 of 282.58 nm as suggested by the
aforementioned groups "to excite the P1(2) transition from the f1(2) rotational
level of OH X(ν′′ = 0) to the f1(1) rotational level of OH X(ν′ = 1)" [43]. This
wavelength is favourable as it features one of the largest relative populations re-
garding all rotational levels in a low temperature regime. In addition, it is clearly
separated from neighbouring lines, which is why it does not overlap with other
rotational lines [40].

The bandwidth ∆νL of the laser is <0.06 cm−1 at 580 nm according to the man-
ufacturer. The maximum estimate of (0.06 ± 0.02) cm−1 was taken for further
calculation. The bandwidth of the laser is usually around 0.04 cm−1 according
to the manufacturer which is regarded in the uncertainty. The linewidth ∆λL of
the laser is then 2 pm from the conversion ∆νL = ∆λL

λ2
L,0

[40]. After frequency dou-

bling, the linewidth is diminished by a factor 2
√

2 [40] yielding a linewidth of
(0.71± 0.24)pm or bandwidth of (0.089± 0.029) cm−1.
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Overlap Integral

The overlap integral is a measure for the overlap of the spectral profile of the
laser LL(ν) and the spectral profile of the absorption line YA(ν) depending on
the wavenumber ν. When both are normalised to unity, the dimensional overlap
integral calculates to [74]

g =
∫ ∞

−∞
YA(ν)LL(ν)dν. (3.10)

To obtain the dimensionless overlap integral, the dimensional overlap integral is
multiplied by the linewidth of the laser [74] as

Γ = ∆νLg (3.11)

The spectral profile of the absorption line at wavelength λ can be calculated under
the assumption of a Voigt profile from the Doppler (∆λG) and van der Waals
(∆λL) width [75, 76].

∆λG(pm) = 7.16 · 10−7λ

√
T
M

(3.12)

∆λL(pm) = 1.71 · 10−3 · λ2

c

(
T

296

)−0.7

(3.13)

The temperature T in Kelvin is obtained from gas temperature measurements
(section 4.1) and the atomic mass M of OH is 17 amu.
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Figure 3.3.4: (a) Laser profile (solid black), absorption profile (dashed red) and overlap
(dash dotted blue) depending on the wavenumber for gas temperature of 405 K (mea-
sured at 6 W) and (b) dimensionless overlap integral determined from laser and absorp-
tion profile for varied gas temperature for central wavenumber of 3 538 820 m−1 and
8.9 m−1 laser bandwidth.
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The absorption and laser profile and the temperature-dependent dimensionless
overlap integral are shown in figure 3.3.4. Figure 3.3.4a shows the laser profile,
absorption profile and the overlap of both depending on the wavenumber for a
temperature of 405 K which was measured at 6 W plasma power. Note that the
wavenumber in the plot is given in m−1 as the overlap integral is determined in
m. The overlap according to equation 3.10 is then 0.019 m. The dimensionless
overlap integral (eq. 3.11) then yields a value of 0.17.

The overlap integral is temperature dependent as the absorption profile depends
on the gas temperature. It decreases linearly with increasing temperature. The
temperature dependence and values for plasma powers in the range of 1 W to
8 W is shown in figure 3.3.4b. In the investigated temperature region, the dimen-
sionless overlap integral decreases from 0.18 to 0.17.

The plasma at 6 W is taken as a reference and the value of 0.17 is a minimum
estimate of the overlap integral applied for all plasma settings. Uncertainty is
caused by the laser linewidth and temperature change with spatial variation of
the observation point in the gas stream.

A change of 0.02 cm−1 leads to a decrease of the dimensionless overlap integral
to 0.13. Assuming that the laser bandwidth at 580 nm is (0.06± 0.02) cm−1, this
results in a 24 % uncertainty of the dimensionless overlap integral with regard to
the uncertainty of the laser bandwidth.

Spatial profile of the laser beam in point of observation

The spatial profile of the laser beam in the point of observation is measured with
a camera (Gentec: Beamage-4M) connected to a UV beam converter (Gentec:
BSF23RS11.3N) in the focal point of the LIF setup to obtain the spatial FWHM
and area of the laser beam. In addition, this allows control of the beam profile
which is aimed to be Gaussian [63]. The measurements are shown in figure 3.3.5

The Gaussian fit yields a full width half maximum of (58.13 ± 0.28) nm in y-
direction (R2 = 0.9995) and (62.4± 0.6) nm in z-direction (R2 = 0.9983). The uncer-
tainty given here is the one resulting from the fit. Taking into consideration the
adjustment of the camera around the focal point and the resolution of the camera
of 7.7 µm pixel−1, the uncertainty of the spatial FWHM is expected to be in the
order of 10 µm. For further calculations, the mean FWHM of both directions and
the uncertainty resulting from spatial resolution and adjustment are regarded,
resulting in a spatial FWHM of (60± 10)µm.
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Figure 3.3.5: Spatial imaging (a) of the laser spot in the yz-plane and (b) of the profile of
the laser spot in y- and z-direction with Gaussian fit for (7.4± 0.4)µJ laser energy in the
focal point of the LIF setup with a spatial resolution of 7.7 µm pixel−1.

Laser energy

The mean laser energy averaged over 128 pulses is set to (7.4± 0.4)µJ during the
measurement. The laser energy of the single pulses varies by up to 25 % in the
investigated laser energy region.
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Figure 3.3.6: Rayleigh signal for varied laser energy with a linear fit.

The system may not be operated in saturation. To check for saturation effects, the
intensity of the Rayleigh signal is detected up to 40 µJ and a linear fit is applied to
the temporally integrated signal depending on the laser energy (figure 3.3.6. No
deviation from the linear behaviour can be observed and the linear fit yields an R2

value of 0.995. Typically, laser energies up to 10 µJ are used in LIF measurements.
Therefore, operation at (7.4± 0.4)µJ in the linear regime is in good agreement
with literature [43, 63].
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Detection volume

The spatial resolution of the system and thus width of the detection volume is de-
termined by the optical fibre used in the setup. In this case, the length and width
of the detection volume are both (200± 4)µm. Preliminary measurements per-
formed in the master thesis of Pia Pottkämper have verified the correspondence
between optical resolution and diameter of the optical fibre [77].

Efficiency of the optics’ fluorescence detection

The calibration factor for the LIF measurements accounting for the efficiency
of the optics’ fluorescence detection is estimated from the Rayleigh signal [40].
Molecular nitrogen (N2) is used for the calibration as the Rayleigh cross-section
is known from literature.

The measured Rayleigh scattering intensity is determined by a calibration con-
stant η depending on the solid angle and efficiency of the detector used, the den-
sity of scatterers Nn, the differential cross-section for Rayleigh scattering of the
surrounding gas ∂β=0σ0/∂Ω, the volume VR from which the signal is collected,
the laser irradiance IL and the temporal length of the laser pulse tL [40]. The
Rayleigh signal then calculates to

SR = η · Nn ·
∂β=0σ0

∂Ω
VR ILtL. (3.14)

At room temperature, the density of the scattering particles can be calculated
from the ideal gas law to

Nn =
p

kBT
. (3.15)

Here, p is the pressure and kBT is the product of the Boltzmann constant and
temperature [K]. The differential cross-section for Rayleigh scattering in molecu-
lar nitrogen has been found to be 8.8 m2 sr−1 [40].

The laser irradiance can be expressed in terms of laser energy EL as

IL(y,z,t) =
EL

τL∆s2 · fs(y,z) ft(t) (3.16)

where τL is the temporal full width at half maximum (FWHM) of the laser pulse
and s the spatial FWHM in the observation point. Assuming a non-uniformity in
space and time of the laser, the spatial distribution fs(y,z) of the energy density

35



CHAPTER 3. EXPERIMENTAL SETUP, PROCEDURE AND DATA ANALYSIS

and time variation ft(t) of the energy are taken into consideration [40]. Accord-
ingly, equation 3.14 becomes

SR = η · Nn ·
∂β=0σ0

∂Ω
EL

1
τL∆s2 ·

∫ ∆x

0

∫ +∞

−∞

∫ +∞

−∞

∫ ∞

0
fs(y,z) ft(t)dx dy dz dt

= η · Nn ·
∂β=0σ0

∂Ω
EL∆x.

(3.17)

Here, ∆x is the length of the detection volume.

The calibration constant η then is a factor that takes the solid angle and the detec-
tor efficiency into account [40, 78]. It calculates to

η = αkBT
∂β=0σ0

∂Ω
∆x. (3.18)

It can be obtained from the slope α of the linear fit f (EL) = αELp + S0 of the
Rayleigh signal plotted against the product of laser energy EL and pressure p.
The offset S0 of the linear fit results from the detected stray signal.

For experiments in atmosphere, the laser energy is varied. Comparisons be-
tween Rayleigh calibration with varied pressure and varied energy were in good
agreement for measurements performed on the COST-jet in an enclosed vacuum
chamber using the same optical setup [private communication with Sebastian
Burhenn].

1 slm nitrogen is used to obtain a pure nitrogen atmosphere for calibration. The
signal is measured centrally in the gas stream 4 mm underneath the capillary end
where there is neither any scattered signal nor any quenching partners from am-
bient air inside the gas stream. Validation of the positioning is performed by
checking the LIF signal in 1 slm helium with plasma turned off. As helium has
a negligible Rayleigh cross section, no Rayleigh signal should be detectable. A
signal close to zero is therefore used as validation that no ambient air is present
in the gas stream.

The Rayleigh signal is then measured for laser energies varying from (2.7± 0.4)µJ
to (44.4± 1.8)µJ. The calibration has been performed several times. The pressure
is assumed to be constant at 1 bar. Daily air pressure fluctuations occur but are
around 20 mbar and have minor influence on the calibration.

The Rayleigh calibration data is shown in figure 3.3.7. The Rayleigh signal SR is
calculated by integration over the whole signal to account both for signal inten-
sity and signal decay time. An exemplary calibration curve is shown in figure
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3.3.7a. The fit with a linear function yields a R2 value of 0.998 indicating that
saturation has not been reached yet.

The day-to-day comparison is shown in figure 3.3.7b. Each calibration is per-
formed from data taken from at least ten different laser energies. Except for cali-
bration number 2, the calibration yields very similar results, even after readjust-
ing the setup. Therefore, the system is considered to be both stable and reliable
and does not depend on minor pressure or humidity changes in the atmosphere.
Calibration number 2 was measured after a weekend. The deviation could result
from humidity in the gas supply that accumulated over the time the setup was
not in use and was not sufficiently removed during flushing the setup.
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Figure 3.3.7: Rayleigh calibration performed in pure nitrogen at a gas flow rate of 1 slm
at central position of the gas stream 4 mm from the nozzle. (a) Calibration of LIF signal
by means of the Rayleigh signal taken for varied laser energy at constant pressure of
1 bar. (b) Day-to-day comparison of slope obtained from Rayleigh calibration. Second
calibration is not taken into consideration for mean slope (grey line).

The mean calibration factor without taking the value of calibration number 2
into consideration is (5.20± 0.07)× 10−10 V s J−1 Pa−1. The calibration constant η

(equation 3.18) then equates to

η = (12000± 500)V sr J−1 (3.19)

at a room temperature of (21.4 ± 0.5) ◦C, differential Rayleigh cross section of
8.8× 10−31 m sr−2 [40] and length of the detection volume of (200± 4)µm.
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3.3.3 Calculation of absolute values

An overview of the setup-specific parameters needed for absolute calibration is
given in table A.3 in the appendix.

The measured LIF signal intensity can be expressed in terms of the integral [79]

SLIF =
1

4π

∫
η

hc
λ

nexc(x, y, z, t)A dx dy dz dt (3.20)

with the density of OH radicals in the excited state nexc(x ,y ,z ,t) at wavelength λ

and Einstein coefficient A of the observed transition [40]. The normalised density
Ni is then obtained from the ratio of the density in the excited state i and density
in the ground state nOH via

Ni =
nexc,i

nOH
(3.21)

and calculated from a model for the different levels.

For laser energies in the linear regime, rotational energy transfer (RET) reactions
can be neglected [63]. RET is assumed to be infinitely fast in comparison to vibra-
tional energy transfer (VET), quenching and emission. For this case, Verreycken
et al. [40] suggest a 4-level model of differential equations including laser excita-
tion from ground level to stimulated emission, vibrational energy transfer (VET)
as well as electronic energy transfer (Q) reactions. Comparison to a 6-level model
including RET has shown, that this assumption is valid for the regarded parame-
ters [40].

A, νʹ =1

X, νʹʹ =0

A, νʹ =0

X, νʹʹ =1ʹʹ

N2

N1 VX

VA

B12 B21

Q11 Q00

N3

N4

Figure 3.3.8: Scheme of radiative and collisional processes regarded in 4-level model [40].

The transitions that are included in the model are shown in figure 3.3.8. As only
the vibrational levels ν = 0,1 are taken into consideration, VET from ν = 1 to
ν = 0 is implemented in the model. Stimulated emission originating from the
F1(1) level is expressed by the Boltzmann factor f ν′=1,J′=1.5

B [40].

For absolute densities, the correct representation of the level structure of the
OH(X2Π) state must be considered [80]. In this state, Λ-doubling occurs re-
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sulting in splitting of the rotational levels to f1, f ′1, f2 and f ′2. If Λ-doubling is
neglected, this results in an underestimation of factor two in the densities. The
concentration of the OH radicals in the ground state is then determined from the
OH radicals in the rotational level J′′ as

N =
NJ′′

f J′′
= NJ′′

(
(2J′′ + 1)
2Qrot(T)

exp
(
− Ei

kT

))−1

(3.22)

with energy EJ′′ of rotational level J′′, the rotational partition function Qrot(T),
Boltzmann constant k and rotational temperature T [80, 81].

The following system of ordinary differential equations describes the model [40]:

dN1

dt
= ft(t)IS

(
−B12 f ν′′=0,J′′=2.5

B N1 + B21 f ν′=1,J′=1.5
B N2

)
+ A10N2 + L0N3 + VX N4

(3.23)

dN2

dt
= ft(t)IS

(
B12 f ν′′=0,J′′=2.5

B N1 − B21 f ν′=1,J′=1.5
B N2

)
− L1N2

(3.24)

dN3

dt
= VAN2 − L0N3 (3.25)

dN4

dt
= (A11 + Q11)N2 −VXN4 (3.26)

where Ni is the population of level i, Bij the Einstein coefficient B from level i to
j and f ν,J

B the temperature-dependent Boltzmann factor of the level with vibra-
tional level ν and total angular momentum J. Energy transfer is determined by
vibrational energy transfer rate in ground rate VA and vibrational energy transfer
rate in excited state VX. Aij is the Einstein coefficient from vibrational level and
Qij the quenching rate in ground state.

Regarding collisional quenching, it is assumed that both rotational and vibra-
tional number are conserved. Other spontaneous emission than A11, A10 and A00

are not considered as they are more than two orders smaller in magnitude [40].

The loss processes at vibrational level ν are determined by Lν.

L0 = Q00 + A00 (3.27)

L1 = Q11 + A11 + A10 + VA (3.28)
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The gas admixture in the effluent must be regarded in the loss processes. While
the feed gas consists of helium and water vapour, intrusion of ambient air into
the effluent also brings N2, O2 and additional H2O into the effluent which then
adds to the loss processes by additional quenching [78].

The feed gas mixture is known from the settings of the bubbler. In the labora-
tory, a mean temperature of (21.4± 0.2) ◦C and relative humidity of (25± 5)% is
given. This results in about 0.76 % water vapour in the ambient atmosphere. A
fraction of 78.24 % N2 and 21 % O2 is assumed for the air mixture. All other trace
gases are neglected.

The admixture can then be determined from the decay time τ of the measured
LIF signal after the decay of the laser pulse as

Qij =
1
τij

(3.29)

Li =
1
τi

(3.30)

As the fitted decay time τ of the measured data results from the superposition of
the 1-1 and 0-0 decay, an analytical approximation of the decay time is performed.
Minimisation of the residual between normalised measured LIF signal and nor-
malised modelled signal after the decay of the laser pulse is used to determine
quenching. From the best fit, the amount of air in the admixture is deduced.

The loss processes (eq. 3.27 and 3.28) with regard to the particles n in the regarded
volume then compute to

L0 = n · Ffg · (Q00,He · fHe + Q00,H2O,fg · fH2O,fg)

+ n · Fair · (Q00,N2 · fN2 + Q00,O2 · fO2 + Q00,H2O,air · fH2O,air)

+ A00

(3.31)

L1 = n · Ffg · (Q11,He · fHe + Q11,H2O,fg · fg)

+ n · Fair · (Q11,N2 · fN2 + Q11,O2 · fO2 + Q11,H2O,air · fH2O,air)

+ A11 + A10

+ n · Ffg · (VA,He · fHe + VA,H2O,fg · fH2O,fg)

+ n · Fair · (VA,N2 · fN2 + VA,O2 · fO2 + VA,H2O,air · fH2O,air)

(3.32)

At room temperature and 1 bar atmospheric pressure, the particle density ac-
counts to 2.4× 1025 m−3 according to the ideal gas law pV = nkBT.
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The quenching rate coefficients Qii and VET rates VA for the collision partners
are listed in table A.4 in the appendix. Further coefficients used in the model are
listed in table A.5 in the appendix.

The laser spectral irradiance is calculated as

IS =
EL · Γ

∆νLτLAL
. (3.33)

The LIF signal (equation 3.20) equates to

SLIF =
1

4π
ηhc∆x∆y∆s︸ ︷︷ ︸

k

nOH ·
∫ (

N2(t)
(

A11

λ11
+

A10

λ10

)
+ N3(t)

A00

λ00

)
dt (3.34)

according to [40].

As the only unknown is nOH now, the absolute density is obtained from com-
parison of the measured LIF signal SLIF and modelled LIF signal with the setup-
dependent constant k.

nOH =
SLIF

k ·
∫ (

N2(t)
(

A11
λ11

+ A10
λ10

)
+ N3(t)

A00
λ00

)
dt

(3.35)

The intensity of the measured and modelled LIF signal is calculated from inte-
gration over the signal after the laser pulse determined from the Rayleigh signal
has decayed under 5 %.

The measured photomultiplier LIF signal is fitted with two overlapping extreme
value distribution functions for the LIF signal and noise. Only the fit of the LIF
signal is further used to determine the absolute values of the OH density and
obtain the air admixture. An example of the normalised fitted OH LIF signal and
normalised modelled LIF signal at 6 W plasma power, 640 ppm feed gas humidity
and 1 slm gas flow rate 4 mm from the capillary end is shown in figure 3.3.9.
Air intrusion is neglected at this point in the gas stream. The time point where
the laser signal has decayed below 5 % is named tstart. One can clearly see that
the modelled LIF signal matches the fit of the measured signal very well. Slight
deviation is only present during excitation by the laser.
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Figure 3.3.9: Normalised fit of measured LIF signal (black solid) and modelled LIF signal
(red dashed) at (640± 30)ppm feed gas humidity, 6 W plasma power and 1 slm gas flow
rate 4 mm from the capillary end without air intrusion at observation point. Laser pulse
(blue dotted) obtained from Rayleigh signal.

Uncertainty estimation

The uncertainty of the measurements is dependent on the LIF signal’s stability at
a constant setting and on the uncertainty of the individual parameters going into
the calibration of the signal for absolute values. In addition, uncertainty about the
gas admixture causes uncertainty of the quenching and VET rates in the model.
The model itself is an additional simplification of the process, which also adds to
the total uncertainty.

For the uncertainty estimation, the uncertainty of the experimentally determined
parameters is estimated. The uncertainty of the laser spectral irradiance is calcu-
lated from propagation of uncertainty which causes a total uncertainty of 91 %.

The laser spectral irradiance mostly influences the shape of the modelled signal
before the decay. The intensity of the modelled signal is not heavily influenced
by the uncertainty of the laser spectral irradiance. The uncertainty of the model is
highly dependent on the measured LIF signal and varies with the varied param-
eters which also influence quenching. For a high LIF intensity and long fluores-
cence decay time, the signal is large. In this case, the parameters influencing the
spectral irradiance only have a slight impact (<2 %) on the calculated OH den-
sity. Instead, the uncertainty of quenching is the dominating factor. For low LIF
signals, especially for short decay times, the effect of the uncertainty of the laser
spectral irradiance increases. Thus, a global uncertainty estimation of the model
is challenging as a set of coupled differential equations is used to determine the
modelled LIF signal. Only parameters that are included in the calibration factor
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k and not in the ODEs have a set influence on the OH density. Instead of a global
uncertainty estimation, the estimation in the following is to set out a frame within
which uncertainty ranges.

The uncertainties of the individual parameters of the values and their impact on
the OH density are listed in table 3.2. The exemplary evaluation is based on the
analysis of the impact of the uncertainty of the individual parameters on the OH
density obtained for 6 W plasma power, 1 slm gas flow rate and 640 ppm and
6400 ppm feed gas humidity for comparison.

Table 3.2: Experimentally determined parameters with uncertainty and impact of uncer-
tainty on the OH density for low and high feed gas humidity.

Parameter Uncertainty Impact on nOH
640 ppm 6400 ppm

τL 20 % <1 % 2.8 %
∆ν 30 % 1 % 5 %
Γ 24 % 1.2 % 5 %
EL 6 % <1 % <1 %
AL 18 % 1 % 4 %
Is 91 % 1.8 % 7 %
∆x, ∆y <1 % 2 %
∆s 17 % 15 %
η 5 % 5 %
Ffg,4mm 0.1 % 20 % 6 %
SLIF,4mm 3 % 3 %
SLIF,14mm 12 % 12 %

The largest impact on the OH density results from the laser spectral irradiance
with laser pulse length, overlap integral and laser bandwidth such as laser energy
for high admixtures to the helium feed gas. Moreover, the amount of feed gas at
the point of observation causes significant uncertainty in the absolute number
density, which becomes more important for low admixtures to the helium flow.

In addition to the discussed experimental parameters, further uncertainty is cau-
sed by the accuracy of the quenching and VET coefficients. Furthermore, the
Boltzmann factor was assumed to be constant for simplification. In reality, it is
temperature-dependent and thus causes additional uncertainty. Potential non-
linear effects can also add to the accuracy of the calibration [40]. Verreycken et al.
[40] estimate these two to 20 % and 10 %. As a similar temperature range and
working parameters are used in this work, these values are taken as a reference.
In addition, the uncertainty increases with decreasing OH density and increasing
air admixture [78]. In total, the accuracy of the absolute OH density due to the LIF
calibration is expected to be in the order of a factor of 2. For reference, Verreycken
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et al. [82] have found an accuracy of 170 % for the absolute OH density.

The reproducibility of the OH LIF signal is determined from three measurements
on different days at 6 W plasma power, 640 ppm feed gas humidity and 1 slm gas
flow rate. The calculated OH density 4 mm from the capillary end accounts to
9.27 × 1014 cm−3, 9.53 × 1014 cm−3 and 9.94 × 1014 cm−3. The mean value and
standard deviation are then (9.58± 0.28) × 1014 cm−3 which corresponds to an
uncertainty of 3 %. The calculated OH density 14 mm from the capillary end ac-
counts to 4.5× 1014 cm−3, 5.8× 1014 cm−3 and 5.6× 1014 cm−3. The mean value
and standard deviation are then (5.3± 0.6)× 1014 cm−3 which corresponds to an
uncertainty of 12 %. Reproducibility is given at both distances but uncertainty
increases with distance. The discussion of the calculated absolute values of the
OH densities is performed in the results.

3.4 Fourier-transform infrared spectroscopy

In the following, the setup will be described first. Subsequently, the fitting routine
and uncertainty estimation is presented.

3.4.1 Setup for Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy is used to detect infrared-active species
in the far-field of the effluent. As the H2O2 signal is very weak, a multipass cell
based on White’s optics is used to increase the absorption length.

A schematic sketch of the setup used for FT-IR measurements is shown in figure
3.4.1. The capillary is connected to the White multipass cell via a 300 mm long
Viton tube sealed with Ceramabond (T-E-Klebetechnik) to the capillary end. The
tubing is connected to a stainless steel tube that leads to the multipass cell using
a Swagelok adapter. The Viton tube reduces the drag on the capillary and allows
for correct adjustment of the setup. The length of the Viton tubing is chosen to be
just long enough to allow for reduction of any drag or pull on the capillary that
could cause breakage and allow for strain-relieved adjustment. Stainless steel
tubing (1 m) is chosen for the rest of the connection as it reduces the risk of inter-
action with the walls and can easily be connected to the multipass cell.
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Figure 3.4.1: Schematic sketch of FT-IR setup with optical beam path in FT-IR (Bruker
V70) equipped with multipass cell in sample compartment. Detailed view of beam path
in multipass cell shown in zoom window (bottom right). Figure of FT-IR and detailed
multipass cell adapted from [83].

The FT-IR spectrometer (Bruker: Vertex 70v) is based on a Michelson interferom-
eter. The light is provided by a mid-infrared source. The beam passes an aperture
and hits a mirror. The interferometer consists of a fixed and movable mirror as
well as a beam splitter. The beam passes the interferometer and is reflected by a
third mirror into the multipass cell (Bruker Optics) which is fitted into the sample
compartment of the FT-IR spectrometer. The multipass cell consists of two plane
mirrors to couple the beam into and out of the cell. In the cell, one mirror is fixed
at the bottom and two variable mirrors are placed at the top. By tilting the top
mirrors with a micrometer screw, the absorption length is adapted. The beam
coupled out from the multipass cell is then reflected by a mirror onto the liquid
nitrogen cooled detector.

The absorption length can be varied from 0.8 m to 8 m and is set to 7.2 m (11.97 mm
screw position) for all measurements. Here, the signal is strong and optical trans-
mission is not reduced to the point where the total signal is too small.

The space between FT-IR and multipass cell is sealed with double-layered foil
and continuously flushed with 500 sccm nitrogen to reduce any residue and back-
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ground noise. Additionally, silica gel is placed in three containers inside the
sample compartment to absorb any left moisture. Therefore, the beam path is
mainly filled with infrared inactive nitrogen. A heating blanket set to 60 ◦C is
used around the multipass cell to reduce the number of species sticking to the
walls. As the cell is also used for measurements with ammonia, this is impor-
tant to reduce any residue and obtain a constant background. The cooling of the
detector is refilled every 4.5 h to ensure a constant signal.

In preparation for the measurements, the heating blanket is turned on one hour
before measurements. The surrounding chamber was filled with nitrogen for a
minimum of 20 min before taking the background scan. Also, the chamber was
flushed with helium to reduce any residue and background noise. The signal was
continuously checked until the absorption signal was stable. Then, a background
scan with the examined gas mixture was performed without plasma. Background
scans are taken after every change in the gas composition. A wait time of a mini-
mum of 10 min is regarded after changing the gas composition.

All measurements are performed with 300 accumulations if not otherwise stated.
A wait time of 12 min for the scans is ensured to reach steady-state.

3.4.2 Fitting routine

The transmission spectra are fitted based on the spectral data in the HITRAN
database [84]. Fitting is performed automatically based on error minimisation. A
reference spectrum is altered in terms of density and wavelength shift to fit the
data. Fitting of H2O2 is performed in the region of 1100 cm−1 to 1350 cm−1.

An example of a measurement of the H2O2 absorption signal at 6 W plasma
power, 6400 ppm feed gas humidity and 1 slm gas flow rate with simulated H2O2

signal and underlying Gaussian curve is shown in figure 3.4.2. The residual is
shown in the bottom graph. Only the regarded data points are considered in the
residual. One can see that the fit matches the measured H2O2 signal very well.

Baseline correction is performed prior to the spectrum fit to reduce the tilt of the
baseline. A linear fit is applied to the data based on the mean baseline values
in the region of 950 cm−1 to 1000 cm−1 and 2450 cm−1 to 2550 cm−1 as no absorp-
tion lines are present here. The baseline is then tilted to horizontal over the whole
spectral range. An additional distortion of the baseline in the region of the H2O2

signal is present which has a Gaussian distribution. This may originate from de-
position on surfaces as several molecules with C-O bonds feature C-O stretching
vibrations here.
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Figure 3.4.2: Measured H2O2 FT-IR spectrum (black solid) with fitted spectrum (red
dashed), Gaussian baseline (green dash-dotted) and regarded data point of measured
spectrum without H2O lines (blue dots). Spectrum taken for 6400 ppm feed gas humid-
ity, 6 W plasma power and 1 slm gas flow rate.

The Gaussian-shaped signal underneath the H2O2 signal is fitted simultaneously
with the spectrum. Line broadening is held constant during the fitting routine to
improve computation.

As the absorption signal of water interferes with the signal of H2O2 in the spec-
trum, selection of regarded data points is performed. The spectral lines of the
water signal are obtained from a reference spectrum. If spectral lines in the trans-
mission spectrum pass a threshold of 2 % of the line intensity of the reference
spectrum in positive direction, the data points in this region are not regarded in
the fitting process.

The fitting routine then yields the concentration c relative to 100 % of the particles
in the gas for an absorption length of 720 cm. The density ρ at room temperature
is then calculated from the relation

ρ = c · 2.4 · 1025m−3. (3.36)

Uncertainty estimation

The uncertainty of the FT-IR fits depends on several parameters. The pressure
inside the multipass cell is assumed to be constant at atmospheric pressure and
fluctuations of the pressure are regarded negligible. The absorption length is one
major determinant. It is determined by the settings of the screw and given by the
calibration sheet. Widening of the beam may lead to additional loss of intensity
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leading to a slight underestimation of the species density inside the multipass
cell. As the optics are not changed, this causes a constant factor in the species
densities, the trends are not influenced by this underestimation.

Additionally, adsorption of H2O2 on the walls of the multipass cell can signifi-
cantly lower the number of H2O2 molecules in the beam path. Thus, this adds
to the reduction of the measured density in the multipass cell. At a constant gas
flow, equilibrium between flux of H2O2 to the walls contributing to adsorption
and flux through the multipass cell sets in. Thus, the measured H2O2 density is
diminished by a constant factor at a constant gas flow rate. The trend is not in-
fluenced by this. For varied gas flow rate, the equilibrium between flux to wall
and through multipass cell changes and hence, no constant factor can be assumed
anymore and the trend can be significantly altered.

The reproducibility of the H2O2 density at a constant plasma setting is deter-
mined by measuring the H2O2 density three times with plasma turned off in be-
tween and the chamber flushed with helium to recreate a comparable starting
point. The measured H2O2 densities equate to 6.34× 1013 cm−3, 6.26× 1013 cm−3

and 6.70× 1013 cm−3. The mean and standard deviation are then (6.43± 0.20)×
1013 cm−3 which corresponds to an uncertainty of 4 %. The absolute densities are
discussed in the results.
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4. Results and Discussion

While studies on the COST-jet have shown that here, a "significant portion of
power manifests as heat on the plasma dynamics timescale (ñs) via electron im-
pact reactions [...] and ion heating" [85], inelastic collisions drive chemical reac-
tions via dissociation and ionisation [33].

In the following chapter, heating of the gas and plasma source such as some of
these chemical reactions should be further investigated. For this, a characterisa-
tion of the plasma source in terms of temperature is presented first. Then, the
focus is set on the formation of OH and H2O2. Here, spatially resolved measure-
ments of OH are presented first to get a first impression of the distribution of OH
in the effluent. Then, air entrainment is investigated for the calculation of abso-
lute OH densities. These are investigated together with the H2O2 density for a
variation of several parameters. The chapter is concluded with a discussion of
possible adaptions of the experiment for future needs.

4.1 Temperature characterisation of the source

Knowledge of the gas and effluent temperature, as well as heating of the compo-
nents of the source gives information on the distribution of energy into the sys-
tem. Also, the temperature is an important factor in the reaction rates for several
chemical reactions [51]. Therefore, the characterisation of the thermal behaviour
of the setup is essential for further analysis and is presented in the following.

The temperature of the gas in the plasma zone is determined by two diagnostics.
This approach is taken to validate the diagnostics as both do not measure the tem-
perature directly. Thermocouple measurements in the effluent are extrapolated to
the end of the plasma to obtain the gas temperature (section 3.2.1). Optical emis-
sion spectroscopy determines the temperature from the emission of excited OH
inside the plasma (section 3.2.2).

A comparison of the results from both diagnostics is shown in figure 4.1.1. All
temperatures are given in °C (left) and Kelvin (right) to allow for better compa-
rability with known temperature ranges and values used for chemical reaction
rates.

The temperatures obtained from both methods are in good agreement. Tem-
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Figure 4.1.1: Gas temperatures obtained from extrapolation of the temperature of the
effluent (black squares) and rotational temperature (red circles). Measurements are taken
for a gas flow rate of 1 slm and dry helium.

peratures measured with the thermocouple increase linearly with the dissipated
plasma power from (62± 7) ◦C at 1 W to (232± 18) ◦C at 12 W.

The rotational temperature increases linearly from (79 ± 5) ◦C at 1 W plasma
power to (226 ± 9) ◦C. The error is determined from multiple measurements,
a potential systematic error is not regarded in this case.

In the range of 3 W to 12 W, the diagnostics yield the same temperature with re-
gard to their error. The temperatures only deviate for 1 W plasma power. This
may be caused by a slight offset of the thermocouple in the gas stream and er-
ror propagation through the extrapolation. As the extrapolation would ideally
be performed for each power individually, as the heat exchange with the sur-
rounding gets more effective with increasing temperature, this also influences
the precision of the extrapolated gas temperature. Just under 1 W plasma power,
the plasma transitions into Penning-mode and may therefore be less stable here.
Also, the uncertainty of the rotational temperature is rather small and does not
reflect the systematic error of the setup but only the uncertainty of the fitting rou-
tine. Considering potential uncertainty due to the setup, the total uncertainty is
expected to be higher. Nevertheless, temperature measurements with both meth-
ods are regarded as trustworthy based on their agreement in temperature.

While the presence of H2O is the prerequisite for H2O2 production in the plasma
and an increase in the H2O concentration is associated with an initial increase
in the H2O2 production, the dissipated plasma power serves to drive chemical
processes. Thus, both variations of the feed gas humidity and plasma power are
performed.

50



CHAPTER 4. RESULTS AND DISCUSSION

(a)

300

350

400

450

500

550

ga
s 

te
m

pe
ra

tu
re

 / 
K

0 1000 2000 3000 4000 5000 6000 7000
feed gas humidity / ppm

0

50

100

150

200

250

300

ga
s 

te
m

pe
ra

tu
re

 / 
°C

1W
3W

4W
6W

8W
12W

(b)

300

350

400

450

500

550

ga
s 

te
m

pe
ra

tu
re

 / 
K

0 1000 2000 3000 4000 5000 6000 7000
feed gas humidity / ppm

0

50

100

150

200

250

300

ga
s 

te
m

pe
ra

tu
re

 / 
°C

3W mean, extrapol
6W mean, extrapol
12W mean, extrapol

3W
6W
12W

Figure 4.1.2: Gas temperature obtained from (a) thermocouple measurements and (b) ro-
tational temperature depending on the feed gas humidity. Measurement at a gas flow
rate of 1 slm helium. The mean temperature obtained from the extrapolated thermocou-
ple measurements at constant plasma power is indicated by a horizontal line in both
plots.

The dependence of the temperature on the dissipated plasma power and feed
gas humidity is shown in figure 4.1.2a. The temperatures show a slight increase
from 0 ppm feed gas humidity to feed gas with added humidity. The temperature
then does not change significantly in a feed gas humidity range up to 6400 ppm
but only increases linearly with the dissipated plasma power. The investigated
feed gas humidity levels are below 1 %. Therefore, it is deduced that helium still
predominantly determines the thermal behaviour of the plasma, the fraction of
humidity does not influence the temperature significantly.

A comparison of the mean temperature obtained from thermocouple measure-
ments and rotational temperatures depending and feed gas humidity for 3 W,
6 W and 12 W is shown in figure 4.1.2b. As shown in figure 4.1.1 and discussed
for dry helium, the temperatures match with regard to the uncertainty for feed
gas humidity levels up to 640 ppm. At higher feed gas humidity, the temperature
exceeds the extrapolated temperature by up to 50◦.

Consequently, the results of temperature measurements performed by optical
emission spectroscopy may overestimate the rotational temperature for higher
feed gas humidity. A possible cause of this phenomenon is the overpopulation of
higher rotational states in He-H2O plasmas. The overpopulation has been found
to cause an overestimation of the temperature when applying a single temper-
ature distribution [73]. The authors have also found that a single temperature
Boltzmann distribution yields a good fit of the OH(A-X) spectrum for a feed gas
humidity up to 1000 ppm. This limit found by Bruggeman et al. [73] matches the
observations in this work. While temperatures obtained from both diagnostics
are in good agreement at feed gas humidity levels under 1000 ppm, rotational
temperatures then increase with increasing feed gas humidity. Therefore, the
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thermocouple measurements are used as an estimate of the gas temperature.

The conducted mean gas temperatures are in the range of 64 ◦C to 241 ◦C for 1 W
to 12 W. Here, significant heating of the plasma source is expected. Therefore,
measurements of the heating of the plasma source are taken to gather information
for a more comprehensive thermal characterisation of the source.

An overview of the temperatures of the individual components of the plasma
source operated with dry helium at a gas flow of 1 slm and 6 W plasma power
is shown in figure 4.1.3. The temperature of the capillary is determined at the
end of the plasma zone as well as the capillary end. The electrode temperature
is determined as representative of the housing temperature in proximity to the
discharge.

The temperature of the effluent 1 mm from the capillary end is lower than the
gas temperature but still significantly elevated. The temperate increases from
(55± 4) ◦C to (207± 6) ◦C. Especially at high plasma powers, the temperature
of the effluent is too high to work with biological enzymes in liquids. Even if the
enzymes were resistant to high temperatures, evaporation of the liquid would
require constant refilling of the solution.

The temperature of the capillary in the plasma zone rises linearly from (40.0±
0.8) ◦C at 1 W to over (141.3 ± 2.5) ◦C at 12 W plasma power. The tempera-
ture at the capillary end is significantly lower ranging from (36.2 ± 0.6) ◦C to
(109.0± 2.3) ◦C and is similar to the electrode temperature which was measured
at 1 W, 6 W and 12 W. At 1 W, the electrode temperature was measured to be
approximately (34.5± 0.6) ◦C and rises to (105.2± 1.4) ◦C at 12 W plasma power.
The temperature of the plasma source is therefore expected to rise to a steady state
temperature that results from heating and cooling by ambient air. Only compo-
nents in direct contact with the plasma exceed this temperature. For low plasma
powers, the temperature of the setup approaches room temperature.

To avoid thermal stress on the component and remain in a feasible temperature
range for application, the plasma power should be limited below 12 W. The
power is therefore limited to 8 W in the further course of the work. Therefore,
the range of the gas temperature narrows down to approximately 60 ◦C to 180 ◦C
or 333 K to 453 K respectively.

Estimation of the percentage of the dissipated plasma power that is deposited as
gas heating can be obtained using equation 4.1, which assumes that a fraction
p ∈ [0,1] of the plasma power is converted into gas heating [55].
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Figure 4.1.3: Thermal characterisation of the plasma source. The temperature of the ef-
fluent and capillary wall is measured with a thermocouple. The electrode temperature is
determined by a Luxtron. The gas temperature is extrapolated from the effluent temper-
ature.

P = p · ∆m
∆t

c · ∆T (4.1)

Here, P denotes the plasma power, ∆m
∆t represents the mass flow, c is the heat ca-

pacity, and ∆T is the increase in gas temperature. For a flow of 1 slm pure helium,
the heat capacity is 5194 J kg−1 K−1 [86] and the mass flow is 2.97× 10−6 kg s−1.
For a plasma power of 6 W, the maximum temperature is estimated to be 682 K.
However, Winzer et al. [33] have found that the fraction of about 60 % of the dis-
sipated plasma power is deposited as gas heating for the setup used in this work,
leading to a maximum gas temperature of 527 K.

In this work, the measured temperatures are significantly lower than the expected
temperature based on the plasma power deposited as gas heating, indicating that
only a fraction of the power (>30 %) is transferred to the gas phase. As an exam-
ple, the gas temperature is estimated to be at (421± 14)K at 6 W plasma power
and dry helium. As temperatures obtained from extrapolation of the effluent
temperature corrected by a factor of (1.12± 0.06) from the mean temperature in-
crease and temperatures obtained from the OH(A-X) rotational bands show good
agreement both in this work and the work of Winzer et al. [33], reliability in terms
of the diagnostics is assumed for both.

Winzer et al. [33] have not measured the temperature in dry helium but used
an admixture of 2 % O2 to their feed gas. However, they have shown that the
temperature does not strongly vary with oxygen admixtures up to 2 %. Therefore,

53



CHAPTER 4. RESULTS AND DISCUSSION

a comparison of the temperature is assumed to be feasible even though the gas
admixture deviates slightly.

Assuming the reliability of the measured temperatures, a factor 2 in the dissi-
pated plasma is present between this work and the study by Winzer et al. [33]. As
both works are performed on the same design of plasma source, power measure-
ments are a likely cause for the deviation. Based on the explanation of the power
calculation, the same approach was taken (see section 3.1.3). The oscilloscope
raw data was checked and the power was manually calculated for some refer-
ence values. No significant difference between the power calculated by hand and
by the COST power monitor [71] was found. The programme used in [33] was a
self-programmed Labview program that does not run with the oscilloscopes that
are available here in the lab. Therefore, parallel measurements are still open for
investigation.

Concluding, it was found that 30 % of the dissipated plasma power goes into
gas heating. The temperature rises linearly with the temperature for all feed gas
humidity levels from 0 ppm to 6400 ppm. The temperature does not vary signifi-
cantly with the feed gas humidity in the investigated range.

4.2 Analysis of OH and H2O2 in the effluent

Production of H2O2 mainly relies on OH as its precursor. The production and loss
of both species is therefore closely linked and will be regarded simultaneously in
this section. Laser-induced fluorescence offers spatial resolution of the OH distri-
bution while Fourier-transform infrared spectroscopy only yields average values
in the far-field of the effluent. Therefore, a spatially resolved characterisation
of OH in the effluent along with quantification of air entrainment is presented
first. For the subsequent parameter-variant analysis of OH and H2O2, the den-
sity of OH is only considered close to the capillary end (4 mm) and 14 mm from
the capillary end, which corresponds to the value of the settings used for liquid
treatment [36].

4.2.1 Spatially resolved characterisation of OH

Spatially resolved LIF gives first information on the distribution of OH in the
effluent and is therefore conducted and discussed in the following section. Com-
parison of the LIF signal at different parameters must be performed carefully
though as the LIF signal is dependent on several parameters with the gas admix-
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ture being one of the most important ones.

Maps of the LIF signal in the xy-plane were taken at varied distance from the
capillary end to get an impression of the spatial distribution along the z-axis.
These maps are shown in figure 4.2.1 with increasing distance from top to bottom.
The left column shows the maps scaled to the individual maximum of the map to
identify the spatial profile of the signal. In the right column, all maps are scaled to
the overall maximum LIF signal for comparability of the signal at varied distance.
Asymmetry in the signal can clearly be seen close to the capillary end (figure
4.2.1a and 4.2.1c). The signal is elliptical and widens with increasing distance.
The LIF signal is broader in x-direction. This corresponds to a higher signal at the
electrodes which are placed at x = ±0.5 mm. Regarding the relative values, the
OH distribution increases both in x- and y-direction whereas the increase in y-
direction is faster so that the area of the LIF signal becomes circular (figure 4.2.1e
and 4.2.1g).

The area of the ellipse obtained from the FWHM in x- and y-direction increases by
340 % from 4 mm to 14 mm distance. While the area is at 1.1 mm2 4 mm from the
capillary end, it increases over 1.3 mm2 (7 mm) and 2.2 mm2 (11 mm) to 3.6 mm2

at a distance of 14 mm. A link between the broadening of the LIF signal and a po-
tential expansion of the gas stream is discussed in the course of the investigation
of air entrainment.

With increasing distance, the OH signal decreases rapidly. With regard to the nor-
malised scale, the signal decreases by 76 % from 4 mm to 7 mm (figure 4.2.1b and
4.2.1d). 11 mm from the capillary end, the signal is under 10 % of the maximum
measured signal (figure 4.2.1f) reducing further to less than 5 % at 14 mm (figure
4.2.1h). Therefore, only a fraction of the OH produced in the plasma reaches a
surface at 14 mm and the detected signal is spread out over a wider area.

The change of the OH distribution in x- and y- direction with increasing distance
from the capillary end is visualised in figure 4.2.2 in form of a xz- and yz-map. For
better visibility of the signal, the colourmap is set to "inferno" instead of "viridis"
in this case. Quantification of the decay and width is performed later. A map of
the OH LIF signal in the xz-plane is shown in figure 4.2.2a. One can clearly see
that the intensity close to the end of the capillary is the highest and the OH LIF
signal is at maximum in the centre of the gas stream. The OH LIF signal then
rapidly decreases with increasing distance. The intensity also decreases quickly
to the sides. At 4 mm distance from the capillary end, the signal is the strongest.
A signal is mainly present between −0.5 mm and 0.5 mm which correlates to the
position of the capillary. Therefore, no significant broadening of the signal occurs
along the first few millimetres.
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Figure 4.2.1: LIF signal measured in the xy-plane (a) & (b) 4 mm, (c) & (d) 7 mm, (e) &
(f) 11 mm and (g) & (h) 14 mm from the capillary end. Left column shows the relative
LIF signal scaled to the individual maximum of the map, right column shows the signal
normalised to the overall maximum LIF signal. Measurements are shown for a helium
plasma at a gas flow rate of 1 slm, 640 ppm feed gas humidity and 6 W plasma power.
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The OH LIF signal in the yz-plane is shown in figure 4.2.2b. While the decay to-
wards the sides of the gas stream and in z-direction is similar to the one observed
in the xz-plane, the profile is clearly narrower in vicinity of the capillary.
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Figure 4.2.2: Maps of OH signal obtained for variation in distance and position in (a)
x-direction and (b) y-direction. Measurements are shown for a helium plasma at a gas
flow rate of 1 slm, 640 ppm feed gas humidity and 6 W plasma power.

Due to the decay of OH in the effluent, estimation of the width of the gas stream
from the maps is not feasible. Therefore, the quantification of the increase in the
width of the gas stream is performed by fitting the OH LIF signal at each distance
with a Gaussian curve. The fitted spatial profile of OH in the effluent in x- and y-
direction at 4 mm distance from the capillary and the full-width half maximum
(FWHM) for distances from 4 mm to 14 mm are shown in figure 4.2.3.

The measured LIF signal clearly resembles a Gaussian curve and can be well fitted
both in x- and y-direction with R2 values of 0.994 and 0.997, respectively at 4 mm
distance (see figure 4.2.3a). The dimension of the capillary is indicated by vertical
grey lines. One can clearly see that the width of the OH LIF signal and therefore
spatial distribution of the OH density is determined by the capillary geometry.
The asymmetry in x- and y-direction, that is already visible in the maps, accounts
to a FWHM of (0.675 ± 0.009)mm in x-direction and (0.447 ± 0.005)mm in y-
direction.

Analysis of the broadening effect of the OH LIF signal distribution with increas-
ing distance from the capillary end is shown in figure 4.2.3b. For distances below
14 mm from the capillary end, the width in x-direction is always greater than
the width in y-direction. The distribution of the OH LIF signal widens with
increasing distance for both directions but this process is faster in y- than in x-
direction. The FWHM is then approximately equal at (1.041± 0.022)mm (x) and
(1.05± 0.04)mm (y) 14 mm from the capillary end. Therefore, the asymmetry in
the OH distribution, which is observed close to the capillary end, reduces with
increasing distance and the OH distribution becomes symmetrical at a distance
of 14 mm.
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Figure 4.2.3: Spatial profile of the OH LIF signal. (a) Signal at 4 mm distance from the
capillary end in x- and y-direction and (b) FWHM of signal derived from Gauss fit at
varied distance from 4 mm to 14 mm. Capillary dimensions are shown in as grey lines.
Measurements are shown for a helium plasma at a gas flow rate of 1 slm, 640 ppm feed
gas humidity and 6 W plasma power.

The rapid decay is already visible on the maps. For better quantification, z-scans
were performed at a resolution of 0.05 mm. In figure 4.2.4, the OH LIF signal
is shown in the range of 4 mm to 14 mm from the capillary end at the central
position in the gas stream. The decay of the signal can be fitted by an exponential
decay with high precision (R2 = 0.997). The signal at 14 mm is already close to
zero, therefore only a small fraction of the produced OH is present anymore at
that point.

0 2 4 6 8 10 12 14
distance from capillary end / mm

0

1

2

3

4

5

S
L
IF

 / 
10

−
8
 V

s

data
f(x) =A · e−x/k

Figure 4.2.4: Decay of OH LIF signal in z-direction in centre of gas stream 4 mm to 14 mm
from the capillary end. Measurements are shown for a helium plasma at a gas flow rate
of 1 slm, 640 ppm feed gas humidity and 6 W plasma power.

This decay is partly caused by the loss of OH during transport to the point of
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observation. Additionally, air entrainment enhances quenching and thus reduced
the LIF signal.

In summary, the spatial profile of the OH LIF signal is determined by the dimen-
sion of the capillary. It features a strong asymmetry in width as it is broader in x-
than in y-direction but is Gaussian shaped in both directions. The asymmetry re-
duces with increasing distance from the capillary end. Simultaneously, the signal
decays exponentially in z-direction.

The asymmetry of the width of the OH LIF signal distribution in the gas stream
can be linked to the discharge behaviour of the plasma. The emission is not ho-
mogeneous throughout the whole discharge channel but burns more intensely
in the sheath region in front of the electrodes. Therefore, the OH production is
expected to be more pronounced in the sheath than the bulk which causes the
broader OH profile in x- than in y-direction.

PROES measurements performed by Boeddinghaus [37] support this hypothesis.
Local emission of OH in the sheath that is nearly constant in time is visible and
can be explained by Penning ionisation. Only for low plasma powers under 1 W,
the OH emission is mainly present in the bulk and is caused by ionisation due to
Ohmic heating. Around 1 W, the discharge switches from Ω- to Penning-mode,
therefore the observation of emission is in accordance with the mode.

The asymmetry of the OH distribution in the effluent of the capillary jet is in
contrast to the observed profile of NO in the COST-jet [87]. Preissing et al. inves-
tigated the NO concentration by LIF measurements in the effluent of the COST-jet
at 1 slm helium and varied air admixture. The maps show a homogeneous profile
in x- and y-direction close to the nozzle. The measured NO density distribution
is circular shaped and becomes irregular with increasing distance from the noz-
zle, partly due to buoyancy. In contrast to the capillary jet, the investigated range
of plasma power is significantly lower. The maps in the xy-plane were taken for
0.6 W plasma power. Operation in Ω-mode is characterised by bulk emission.
This difference supports that the transition into Penning-mode causes asymmet-
ric profiles. At the same time, widening of the NO stream was also observed by
Preissing et al. [87]. As the gas flow of the capillary jet is vertical while the gas
stream of the COST-jet is in horizontal direction, the profile of the capillary jet in
the xy-plane is not distorted due to buoyancy as is is for the COST-jet.

So far, the spatial characterisation has only been performed at constant plasma
power, feed gas humidity and gas flow rate. Investigation of the influence of
these three parameters on the OH distribution is performed via profile scans.
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The feed gas humidity can influence both the spatial profile in the xy-plane such
as the course in z-direction depending on the influence of the humidity of the
ambient atmosphere.
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Figure 4.2.5: Spatial profile of the OH LIF signal in (a) x- and (b) y-direction at varied
feed gas humidity. Capillary dimensions are shown in as grey lines. Measurements are
shown for a helium plasma at a gas flow rate of 1 slm and 6 W plasma power 4 mm from
the capillary end.

The OH LIF signal in x- and y-direction is shown in figure 4.2.5. For all feed gas
humidity levels, the recorded OH signal is broader in x- than in y-direction. Ad-
ditionally, the same trend with a maximum in the centre is observed for dry feed
gas and feed gas with added humidity. This indicates, that the OH is produced
mainly inside the plasma. Thus, a significant amount of impurities is present also
for dry helium.

In the case of the production of OH in the effluent, an increase of the measured
LIF signal is expected in the first few millimetres of the effluent which is caused
by an influx of humid surrounding air into the effluent [26] and would cause a
maximum OH LIF signal towards the sides of the effluent instead of the centre
[77], which is not visible in the experiments performed here. For dry feed gas,
the humidity in the shielding gas becomes dominant for the OH production pro-
cesses, and therefore the OH production takes place in the effluent, although the
produced OH is significantly lower than for a comparable feed gas humidity [26].

The impurities in dry helium may be caused by the setup of the gas supply. The
dry and humidified feed gas meet at a T-section from where the gas mixture flows
towards the plasma source. When closing the valves of the bubbler and therefore
stopping the flow of humidified helium into the feed gas, some rest tubing is
open connecting the valve and T-section. In this connecting part, there is still
some humidified helium which is then slowly drawn into the gas flow by the dry
helium flow. To reduce this issue, a wait time of at least 5 min is ensured between
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changing the admixture to dry helium and starting the measurement. As flushing
of the tubing is not feasible here though as it would require emptying the bubbler
vessel, it is expected that it takes much longer to achieve a fully clean gas supply.
A cold trap would account for this issue but is not been implemented in the setup
used for the presented measurement.
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Figure 4.2.6: (a) Decay of the LIF signal in z-direction with exponential fit f (x) = A · e−k·z

and (b) decay rate k with lines to guide the eye for varied feed gas humidity. Measure-
ments are taken centrally in the gas stream for a helium plasma at a gas flow rate of 1 slm
and 6 W plasma power.

Regarding the decay in z-direction, it follows an exponential decay for the in-
vestigated region from 4 mm to 29 mm behind the capillary end for all humidity
levels. Figure 4.2.6 shows the distance-dependent OH LIF signal from the capil-
lary end up to 20 mm. At this point, the signal does not change anymore and only
Rayleigh signal is detected. Therefore, the region shown in the graph is reduced
to the region of interest. The signal was taken at a constant gas flow rate of 1 slm
and 6 W plasma power centrally in the gas stream. The exponential fit of the data
is shown in figure 4.2.6a. The signal decreases exponentially for each feed gas hu-
midity level with a high coefficient of determination of at least R2 = 0.996. This
undermines the above-stated thesis that even for dry helium, the OH is mainly
produced inside the plasma and not strongly determined by the ambient humid-
ity. The OH signal is strongest for a feed gas humidity of 640 ppm and weakest for
0 ppm. For feed gas humidity levels above 640 ppm, the OH LIF signal decreases
again. This behaviour will be discussed in detail when regarding the absolute
OH densities in section 4.2.3.

The decay rate k resulting from the exponential fit f (x) = Ae−kz is shown in fig-
ure 4.2.6b. The decay rate increases from 0 ppm to 640 ppm and then decreases
monotonously with increasing feed gas humidity. This trend matches the trend of
the intensity of the OH signal. While the OH LIF signal is highest for 640 ppm, it
also decays the fastest here. With regard to air entrainment into the gas stream, it
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is likely that this is partly caused by quenching and is independent of the humid-
ity. In addition, the decay rate may be humidity dependent as OH in the effluent
reacts in turn with OH to form H2O2. This is an effect that is more pronounced
when more OH is present leading to a higher decay rate.

Investigation of the influence of the plasma power on the OH decay is shown in
figure 4.2.7. As for the varied humidity, the OH signal decreases monotonously
in the effluent and follows an exponential trend for investigated plasma powers
from 1 W to 8 W (see figure 4.2.7a). The OH LIF signal increases with increasing
plasma power. The power-dependent signal decay rate in the effluent is shown
in figure 4.2.7b. The decay rate in the effluent is constant for plasma powers over
3 W. It is slightly higher in the case of 1 W plasma power. The difference in the
decay rate may be caused by the difference in temperature and number of OH
species at 1 W leading to a more pronounced loss of OH.
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Figure 4.2.7: (a) Decay of the LIF signal in z-direction with exponential fit f (x) = A · e−k·z

and (b) decay rate k with lines to guide the eye for varied plasma power. Measurements
are taken centrally in the gas stream for a helium plasma with 640 ppm feed gas humidity
at 1 slm gas flow rate.

In addition to the variation of power and humidity, the gas flow rate is varied in
the experiments. As the variation of the gas flow rate changes the transport of
the species and velocity of the species in the gas stream, changes in the OH LIF
signal are expected mainly in z-direction. The course of the OH LIF signal for a
varied gas flow from 0.5 slm to 2 slm is shown in figure 4.2.8.

The OH LIF signal for varied distance up to 30 mm is shown in figure 4.2.8a.
At a gas flow rate of 0.5 slm, the OH LIF signal is significantly smaller than for
higher gas flow rates. 8 mm from the capillary end, the signal has reduced by one
order of magnitude in comparison to the signal at 4 mm. After 10 mm from the
capillary end, no major decrease is measured anymore and the signal is close to
zero. For higher gas flows, not only the maximum OH signal is higher but OH is
also increasingly far detectable. For gas flow rates of 1.5 slm and 2 slm, the OH
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LIF signal is constant up to 5 mm and 6 mm respectively. The exponential decay
therefore sets in later and species are transported further away from the capillary
end.
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Figure 4.2.8: (a) Decay of the LIF signal in z-direction with exponential fit f (x) = A · e−k·z

and (b) decay rate k with lines to guide the eye for varied gas flow rate. Measurements are
taken centrally in the gas stream for a helium plasma at with 640 ppm feed gas humidity
and 6 W plasma power.

The occurrence of a plateau in the first few millimetres behind the capillary end
may be caused by different aspects. First, the OH signal is drastically reduced by
quenching due to entrained air. In case of higher gas flows, the air admixture in
the gas stream may set in later and due to negligible air admixture close to the
capillary end, the signal does not decay instantaneously. Elevated temperature of
the background gas leads to additional quenching of the OH species. Increased
collisional quenching then leads to a reduction of the OH signal [88]. As no signal
could be recorded in the first 4 mm due to a significant scattering signal, it cannot
be estimated if the plateau is also present in the first 4 mm behind the capillary
end and may even be present for lower gas flow rates than 1.5 slm.

The difference in the decrease is compared by the decay rate k resulting from the
exponential fit f (x) = Ae−kz which is shown in figure 4.2.8b. The decay rate
decreases with increasing gas flow rate. Up to 1.5 slm the decay rate decreases
linearly, then the slope decreases towards 2 slm. This shows, that not only does
the higher amplitude of the OH signal cause a longer presence of detectable OH
species in the effluent but the OH species have a lower distance-related decay
with increasing gas flow rate.

In summary, the relative OH LIF signal is strongest centrally in the gas stream for
each investigated feed gas humidity and features a Gaussian shaped distribution
in both x- and y-direction. Asymmetry of the signal in the x-y-plane is present
close to the capillary end and decreases with increasing distance. The signal de-
cays exponentially, and the decay rate is dependent on the feed gas humidity and
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gas flow rate, as these significantly affect quenching. Additionally, the loss of OH
by reaction with OH influences the OH LIF signal.

4.2.2 Air entrainment in the effluent

The OH signal is not solely determined by the density of OH at the point of ob-
servation but is significantly influenced by quenching processes which reduce the
excited species’ lifetime. In the effluent, the admixture of air plays a crucial role
in quenching the excited species, as collision and reaction partners alter the col-
lisional dynamics. Thus, this section presents an analysis of the intrusion of air
into the helium gas flow. The amount of air was quantified based on the decay
time of the LIF signal from the model.

Figure 4.2.9 presents xy-plane maps illustrating the air admixture in humidified
helium feed gas at varying distances ranging from 4 mm to 14 mm. The colorbar
presents the fraction of air in the feed gas, with 100 % corresponding to 100 %
humidified helium feed gas and 0 % representing 100 % air. The capillary position
at 0 mm is indicated by a white square.
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Figure 4.2.9: Spatial distribution of the air admixture in humidified helium feed gas in
the xy-plane. The underlying LIF data was obtained for a helium plasma at a gas flow
rate of 1 slm, 640 ppm feed gas humidity, and 6 W plasma power.

Near the capillary, the effluent underneath the capillary consists of feed gas only.
However, at the edges of the area underneath the capillary, air starts to enter
the effluent, while the feed gas still dominates with a share of 80 % of the gas
admixture. As the radial distance from the effluent centre increases, the amount
of air progressively rises until only air remains.

With increasing distance from the capillary end, air entrainment becomes more
prominent. At a distance of 7 mm, the effluent underneath the capillary consists
of 98 % feed gas at the central position. Mostly, the amount of air does not exceed
10 % underneath the capillary towards the edges. 11 mm from the capillary end, a
substantial amount of air is present throughout the effluent. In the central region
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of the gas stream, the fraction of feed gas amounts to 92 %, while the amount of
air exceeds 15 % beneath the capillary towards the outer region. At a distance of
14 mm from the capillary end, the amount of feed gas decreases to 87 % centrally
within the gas stream.

For higher air admixtures, the fitting routine of the LIF signal decay becomes
increasingly uncertain. At approximately 50 % air admixture, the decay due to
quenching reaches a timescale similar to the laser pulse’s decay time. Hence,
accurate evaluation is unattainable.

The width of the gas stream does not exhibit significant changes. Instead, the
mixture of helium and air changes as the fraction of air in the effluent increases
with increasing distance. This phenomenon becomes particularly apparent in the
air intrusion maps presented in the xz- and yz-planes in figure 4.2.10. The scans
are shown true to scale and in high resolution in both planes. The width of the
gas stream remains constant in both planes. In the xz-plane (figure 4.2.10a), the
area with minimal air intrusion is slightly wider compared to the yz-plane (figure
4.2.10b). Also, in the xz-plane, the OH LIF signal is more pronounced. Since the
air admixture is deduced from the OH LIF signal, this effect may also be reflected
in the admixture. It is anticipated that the gas stream possesses a radial symmetry,
and the observed asymmetry mainly arises due to the LIF signal’s detectability
being limited to regions where OH is present.
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Figure 4.2.10: Maps of air admixture in effluent obtained for variation in distance and
a) xz-plane and b) yz-plane adjusted to scale (left) and in high resolution (right). Air
admixture is deduced from measurements of a helium plasma at a gas flow rate of 1 slm,
640 ppm feed gas humidity and 6 W plasma power.

These findings align with the spatial distribution of air in a helium effluent re-
ported by Cosimi et al. [78] for an atmospheric pressure plasma jet (APPJ) oper-
ating at a gas flow rate of 3 slm. They found that up to 2 mm from the outlet of
the plasma jet, only helium is present centrally in the effluent. Towards the sides,
the air admixture increases. With increasing distance, the air admixture increases
to approximately 20 % in the helium effluent. Fluctuations are observed along
the gas stream, but no substantial widening of the gas stream is evident within a
20 mm range.
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Similarly, Preissing et al. [87] have investigated the air intrusion into the efflu-
ent of the plasma jet in the xz-plane. They found no air intrusion near the nozzle.
With increasing distance, the air admixture increases to 30 % centrally in the efflu-
ent. The detection of helium is not limited to the width of the plasma channel but
extends to a width of 2 mm at an electrode distance of 1 mm. These observations
align with the findings presented in this thesis.

Above, air entrainment was regarded for a constant gas flow rate. In this thesis,
the gas flow is varied from 0.5 slm to 2 slm. With increasing gas flow rate, the
velocity of the particles inside the gas stream increases. The effect on the intrusion
of air into the effluent at varied gas flow rate is again determined from maps in
the xy-plane 4 mm from the capillary end.

The measured OH densities are displayed in figure 4.2.11. While the diameter of
the gas stream does not change significantly, there is no pure air atmosphere in the
case of 0.5 slm gas flow rate. The amount of humidified helium still dominates
with 97 % contribution to the gas admixture at central position but air holds a
share of 3 %. Towards the sides under the capillary, this percentage increases to
over 10 %.

In the case of a higher gas flow rate, the area with pure helium increases and the
amount of air in the gas mixture underneath the capillary stays below 10 %. Thus,
quenching and VET are not only dependent on the feed gas humidity as a deter-
minant for the gas admixture of the feed gas and the distance from the nozzle but
also on the gas flow rate. In addition, quenching and VET are also temperature
dependent and thus, varying gas temperature will influence the decay time of the
LIF signal [40].
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Figure 4.2.11: Spatial distribution of the air admixture in humidified helium feed gas in
the xy-plane for varied gas flow rate. The underlying LIF data was obtained for a helium
plasma at 640 ppm feed gas humidity and 6 W plasma power 4 mm from the capillary
end.

The determination of the air admixture from the LIF decay signal has the ad-
vantage that it is precise even for low air admixtures. Raman scattering is also
suitable to determine the air admixture but is not as precise for air admixtures
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below 1 % [89]. The determination of the admixture is limited by the decay of the
OH radicals by spontaneous emission and towards higher gas admixtures by the
pulse width and thus decay of the laser beam. The latter one can be improved
by using a laser with lower pulse duration which was not possible here. Dis-
advantages of the diagnostics are that the admixture can only be determined if
enough OH radials are present at the point of observation and that the accuracy
of the modelled decay is strongly dependent on the precision of the quenching
and VET rates [89]. With regard to the good agreement of the obtained spatial
distribution of the air-humidified helium mixing ratio found here and the high
LIF OH signal, the chosen approach is reasonable here.

In conclusion, no air entrainment is found 4 mm from the capillary end centrally
in the gas stream. Towards the sides and with increasing distance, the amount of
air in the effluent increases. The width of the gas stream stays constant up to a
distance of 14 mm.

4.2.3 OH and H2O2 production under parameter variation

In the following, the production of OH and H2O2 is investigated. For this, the
absolute OH density 4 mm and 14 mm from the capillary and the H2O2 density
in the far-field are compared for a variation of the feed gas humidity, plasma
power, modulation of the plasma power and variation of the gas flow rate.

In the following, the error bars in all figures represent the uncertainty deduced
from the reproducibility of the data. The OH densities feature an additional un-
certainty resulting from the calibration method. The accuracy of the obtained
values is therefore expected to be within a factor of 2. This must be taken into
consideration when regarding absolute values. As the uncertainty percentage to-
wards lower densities is not equal to the one towards higher densities [40], no
uncertainty is stated with the absolute densities in the text. The H2O2 densities
are underestimated due to adsorption. As this effect has not been quantified suf-
ficiently in this thesis to account for it in the absolute values, the data is also
plotted with the uncertainty resulting from its reproducibility to gain an impres-
sion of the uncertainty of the trends. As for OH, no uncertainty is given in the
text to avoid a misleading trust interval as the measured density with adsorption
is not equal to the density in the effluent.
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Feed gas humidity

Feed gas humidity has a significant effect on both production and loss of OH.
The presence of water molecules in the feed gas is necessary for the formation
of OH. However, high concentrations of water can lead to the production of OH
at a level where OH itself becomes an important species in the loss process, as it
reacts to form H2O2 (section 2.2).

In a first approximation, the yield of H2O2 is expected to increase linearly with
the feed gas humidity, as the square of OH is known to scale linearly with the
humidity in the feed gas [19, 38]. However, at higher feed gas humidity levels,
the linear correlation is expected to break down due to the significant role of
OH in the destruction of H2O2. Additionally, changes in the electron density and
temperature at higher feed gas humidity can introduce deviations from the linear
trend.

The influence of feed gas and shielding gas humidity on the production of hydro-
gen peroxide in atmospheric pressure plasmas has been investigated by Reuter
et al. [90]. Their results show that the net production rate of H2O2 in the gas
phase significantly increases with higher feed gas humidity, while the humidity
of the shielding gas has only a weak impact on the production. Therefore, they
conclude that "humidity-related processes in the feed gas have a greater impact
than ambient humidity" [90]. Although measurements of OH and H2O2 densities
in a liquid after plasma treatment with the capillary jet were conducted in the
presence of ambient air as the surrounding gas [35, 36], the FT-IR measurements
in this thesis are performed in a closed system, making them unaffected by vari-
ations in ambient humidity. The influence of ambient humidity is considered to
be negligible based on the existing literature mentioned above, and it is therefore
assumed that the observed trends are comparable to those obtained in a system
with ambient air.

Selected results obtained on OH in the effluent for a varied feed gas concen-
tration are shown in figure 4.2.12. At 1 W plasma power, the relative OH LIF
signal increases up to 1900 ppm feed gas humidity. It then gradually decreases
with increasing feed gas humidity (not shown here). The relative OH LIF sig-
nal for 6 W plasma power is shown in figure 4.2.12a. At higher plasma power,
the maximum OH LIF signal is reached rapidly, around 640 ppm feed gas hu-
midity. Subsequently, the signal exhibits a slower decline compared to the initial
increase. Similar trends are observed for plasma powers of 3 W and 8 W. Notably,
even without additional humidity added to the feed gas, a detectable amount of
OH is measured close to the capillary end. This phenomenon may be attributed
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Figure 4.2.12: (a) Relative OH LIF signal and (b) absolute OH density with the assump-
tion of equal humidity in feed gas and effluent for varied feed gas humidity 4 mm and
14 mm from capillary end. Measurements are taken at 6 W plasma power and gas flow
rate of 1 slm.

to impurities in the gas pipes that are sufficient to generate a sufficient amount of
OH to produce a LIF signal.

The OH production in the plasma is enhanced with increasing feed gas humidity
due to increased electron impact dissociation of H2O [51]. In a lower feed gas
humidity regime, the production of OH dominates. At higher feed gas humidity,
here above 640 ppm, consumption of OH plays an increasingly significant role in
the decline of the observed OH LIF signal. The transition from prevailing pro-
duction to loss can be attributed to the impact of OH on its loss reaction. The
transition has also been attributed to the effect of increasing humidity on electron
density and gas temperature. Changes in these two factors influence the reaction
rate coefficients and therefore alter the chemistry [51, 91]. As shown in section
4.1, the temperature does not change strongly with varying feed gas humidity
and heat conduction is mainly determined by helium. Therefore, this effect is ex-
pected to be negligible in the investigated regime. Schröter et al. [30] have found
that towards higher water concentrations, the impact of H on the consumption
of OH becomes more important and adds to the loss of OH. Additionally, the
impact of H and atomic oxygen (O) also contributes to the consumption of OH,
especially in the effluent [36]. This aligns with the measured relative OH LIF
signal.

Regarding the absolutely calibrated OH densities, this trend does not hold any-
more. When a constant feed gas of 0 ppm, 640 ppm, 1900 ppm, 3200 ppm and
6400 ppm is assumed in the model with no air admixture 4 mm from the capil-
lary end, the resulting absolute OH density features an increasing trend (figure
4.2.12b). At 6 W plasma power, the calculated OH density is at 3.7× 1013 cm−3

for dry helium. At 640 ppm feed gas humidity, a OH density of 1.0× 1015 cm−3 is
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reached which further increases up to 2.5× 1015 cm−3 at 6400 ppm.
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Figure 4.2.13: Fit of measured OH LIF signal and modelled OH LIF signal for (a) equal
humidity in feed gas and effluent and (b) reduced humidity in effluent. All data are
normalised to unity. Measurements are taken at 1900 ppm feed gas humidity, 6 W plasma
power and gas flow rate of 1 slm.

In reality, a part of the water vapour is consumed in the plasma. Consequently,
the feed gas humidity is higher than the humidity of the effluent. This effect be-
comes increasingly prominent for higher feed gas humidity levels and can only
be evaluated close to the capillary end with a pure helium-water atmosphere.
Further away, air dominates the quenching and therefore, the water concentra-
tion at the point of observation cannot be estimated from the data. Instead, slight
fluctuations in the amount of air become important. The assumption of a con-
stant feed gas humidity throughout the system causes a significant overestima-
tion of quenching by H2O in the effluent which can be seen in the deviation of
measured and modelled LIF signal decay time, which increases with increasing
feed gas humidity. An example of the fitted OH LIF signal at 1900 ppm and 6 W
generator power with the modelled LIF signal for a constant water admixture
(figure 4.2.13a) and under assumption of water consumption (figure 4.2.13b) is
shown in figure 4.2.13. Quenching is overestimated in the case of constant water
admixture. Consequently, the OH density is also estimated as too high. Hence,
results with adapted humidity in the effluent with regard to water consumption
are presented in the following. The consumption of water in the plasma will be
discussed later with regard to the plasma power.

In the following, the measurement without added humidity is not considered
as here, the humidity cannot be further decreased. When feed gas humidity is
decreased until the decay times of measured and modelled LIF signal match, this
results in assumed humidity in the effluent of 580 ppm, 1450 ppm, 2550 ppm and
4000 ppm which is significantly lower than the feed gas humidity added by the
bubbler.

The resulting OH densities 4 mm and 14 mm from the capillary end are shown in
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Figure 4.2.14: Absolute OH density 4 mm and 14 mm from the capillary end with con-
sideration of water vapour consumption in the plasma. Measurements are taken at 6 W
plasma power and gas flow rate of 1 slm.

figure 4.2.14. The trend for the absolutely calibrated OH densities with consider-
ation of water consumption in the plasma in the model yields a different trend at
4 mm distance than the absolute values under the assumption of equal humidity
in feed gas and effluent. Without added feed gas humidity, the OH LIF signal is
very weak and the density caused by impurities calculates to 3.5× 1013 cm−3. The
OH density then rises rapidly and reaches a value of 9.1× 1014 cm−3 at 640 ppm
feed gas humidity. Above 640 ppm, the OH density only increases weakly and
comes to saturation above 6400 ppm where the absolute OH density reaches 1.1×
1015 cm−3.

This can again be explained by the reasoning given above. For low feed gas hu-
midity, OH production prevails. At higher feed gas humidity, loss mechanisms
intensify and the OH density does not increase further.

Additional reasoning for the flattening of the OH density is related to the elec-
tron energy distribution function (EEDF). The EEDF only changes weakly in no-
ble gases with small admixtures of molecules like H2O [82]. Thus, an increasing
admixture of molecules comes with increasing dissociation. When the admixture
is sufficiently large, changes in the EEDF occur due to energy losses to attachment
as well as rotational and vibrational excitation. Consequently, the amount of en-
ergy going into the dissociation of the molecules decreases and causes a reduction
in the degree of dissociation [82].

The OH densities 4 mm from the capillary end calculated for lowered humidity
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in the effluent are in good agreement with the trends observed by Brisset et al.
[51], Verreycken et al. [40] and Benedikt et al. [92]. Brisset et al. [51] studied the
production of OH in a helium-driven atmospheric pressure RF-plasma. For hu-
midified helium feed gas, a rapid increase in the OH density was measured up to
a few hundred ppm. Afterwards, the OH density further increases in the investi-
gated range of 500 ppm to 10 000 ppm but at a slower pace. Verreycken et al. [40]
studied the absolute OH density for varied water concentration 1 mm from the
nozzle of an RF-driven plasma jet operated in argon. Here, a steep increase was
found for low feed gas humidity levels which then slowly declines. Levelling off
is found in the region of 6500 ppm to 26 000 ppm which matches the findings of
this work, even though operated in different feed gas. Benedikt et al. [92] have
studied the OH density for a setup similar to the COST-jet and have found a rapid
increase in the OH density up to 2000 ppm. Afterwards, the OH density levels off
and comes to saturation between 6000 ppm and 10 000 ppm.

At a distance of 14 mm from the capillary end, the absolute OH density features
a trend that is similar to the relative trend but reveals a weaker decrease after
640 ppm. The OH density increases up to a few hundred ppm feed gas humidity
and reaches its maximum at 640 ppm at 4.6× 1014 cm−3. The OH density then
gradually decreases with increasing feed gas humidity and reaches an absolute
value of 3.2× 1014 cm−3 at 6400 ppm.

The explanation for the decrease is identical to the one given above for the flat-
tening of the OH density. At higher feed gas humidity, consumption of OH dom-
inates leading to a decrease in the OH density. The more OH, the stronger is the
consumption of OH by OH.

The observed trend of the relative OH LIF signal and absolute OH density at
14 mm is consistent with the results of measurements of OH in the liquid and
closely resembles the trend obtained from the simulation of the species density in
the plasma source by Schüttler et al. presented in [36]. They measured and mod-
elled an initial increase followed by a gradual decline in the OH density 14 mm
from the capillary and above 640 ppm feed gas humidity. Measurements of the
OH density by Gorbanev et al. [29] conducted in a liquid treated by the COST-jet
also feature a similar trend.

The OH density has a direct influence on the H2O2 production. The more OH is
produced in the plasma, the more H2O2 can be formed.

The measured H2O2 densities are shown exemplary for plasma powers of 1 W
and 6 W in figure 4.2.15. Measurements without additional feed gas humidity
were also performed, but they are not presented here as the H2O2 signal is too
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Figure 4.2.15: H2O2 density in the far field at 1 W and 6 W for varied feed gas humidity
at a gas flow rate of 1 slm.

weak to be accurately fitted. The contribution of feed gas impurities is expected
to be the primary source of water content for hydrogen peroxide production at
0 ppm, resulting in detectable traces only. Since the system is sealed, the entry
of ambient humidity into the plasma through backflow is prevented. In an open
setup exposed to ambient air, additional humidity from the environment could
further increase the H2O2 concentration.

When humidity is added to the feed gas, H2O2 production increases rapidly. At
640 ppm, H2O2 densities of 2.59× 1013 cm−3 and 5.64× 1013 cm−3 were measured
for plasma powers of 1 W and 6 W, respectively. The measured H2O2 density
then further increases with increasing feed gas humidity to 4.87× 1013 cm−3 and
1.382× 1014 cm−3, respectively.

In a simplified model neglecting all other generation and loss processes, one
molecule of hydrogen peroxide is formed via OH from two water molecules.
Consequently, a linear relationship is anticipated between the concentration of
H2O and the concentration of H2O2 [38]. Thus, a doubling of the humidity would
result in an increase by a factor of two in the H2O2 concentration.

However, this linear trend persists only until the consideration of loss mecha-
nisms. At sufficiently high OH concentrations, OH becomes a significant contrib-
utor to the destruction of H2O2, causing deviations from the linear trend at higher
feed gas humidity levels [19]. Here, it is assumed that losses due to gas tempera-
ture are negligible, as the temperature remains well below 500 K (see section 4.1),
and thermal dissociation rates within this range are orders of magnitude slower
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than other loss mechanisms [19].

The observed increase in the H2O2 production holds across the investigated range,
up to 6400 ppm, without reaching saturation. Regarding the OH density, the
number of OH molecules decreases above a feed gas humidity of 640 ppm. This
loss could be attributed to the reaction with the formed H2O2 molecules. How-
ever, since no change in the gradient above 640 ppm is observed, the loss of OH
above 640 ppm is rather contributed to the formation of H2O2.

The trends of the H2O2 densities align with the findings of various groups such as
Vasko et al. [19], who observed an increase up to 10 000 ppm, as well as [90], who
reported a non-linear dependency within the investigated range up to 2000 ppm.
Schröter [93] investigated the concentration of H2O2 in a liquid treated with a
modified version of the COST-jet under varied humidity. They observed a rising
trend up to approximately 7000 ppm, followed by a saturation effect at higher
feed gas humidity.

This saturation trend has also been observed in the case of the capillary jet, where
measurements in a plasma-treated liquid using spectrophotometric diagnostics
were performed [36]. This deviates from the increase observed across the entire
investigated humidity range in this study. In the work of Schüttler et al., satu-
ration was already observed from 2000 ppm feed gas humidity. While the FTIR
measurements are performed in the gas phase, the study by Schüttler et al. is car-
ried out in a plasma-treated liquid, indicating that interaction mechanisms with
the liquid may further contribute to the loss of H2O2 at sufficiently high H2O2

densities.

Regarding the absolute values, the obtained densities are significantly lower than
the ones expected from the work of Schüttler et al. [36]. This may be attributed to
widening of the beam inside the multipass cell and therefore a greater intensity
loss than expected for the regarded absorption length. The major reason may be
adsorption of H2O2 to the walls though. By this, a significant portion of H2O2 is
not detectable in the multipass cell anymore and thus, the H2O2 density appears
to be lower than expected from the simulation performed on the setup in [36].

In summary, the OH density increases rapidly up to a few tenths of a percent
feed gas humidity. Close to the capillary end, the increase slows down above
640 ppm and reaches a plateau. At greater distances, the OH density decreases
after reaching its maximum at 640 ppm. The H2O2 density also increases rapidly
along the first few hundred ppm feed gas humidity. The increase then slows
down but the H2O2 density still rises monotonously with feed gas humidity.
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Plasma power

The energy needed for the chemical reactions inside the plasma must be provided
externally. Thus, the production of reactive species inside the plasma is closely
related to the plasma power. Here, the effect of varied plasma power is studied
in the range of 1 W to 8 W for feed gas humidity levels from 0 ppm to 6400 ppm.

The fitted humidity in the effluent in comparison with the feed gas humidity
added by the bubbler is shown in figure 4.2.16. The estimated water vapour con-
centration in the effluent deviates increasingly from the feed gas humidity with
increasing plasma power. For 640 ppm, the humidity decreases to 550 ppm at 8 W
which corresponds to a decrease to 86 % of the input. For 6400 ppm feed gas hu-
midity, the fitted water vapour concentration in the effluent is already lowered
to 5500 ppm (86 %) at 1 W plasma power. This deviation further intensifies with
increasing power to a water vapour concentration in the effluent of 3900 ppm
(60 %).
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Figure 4.2.16: Fitted humidity in the effluent compared to feed gas humidity 4 mm from
the capillary end at varied plasma power. Constant humidity shown as grey line. Data
points of estimated humidity in effluent are connected by lines to guide the eye.

The OH production under variation of plasma power is shown in figure 4.2.17.
A rising trend is observed both for the relative LIF signal (figure 4.2.17a) and the
absolute OH density (figure 4.2.17b and 4.2.17c). Fitting of the OH LIF signal
without regard to water consumption in the plasma leads to an overestimation of
quenching which increases with increasing plasma power. This causes an overes-
timation of the OH density in the effluent. Hence, results with adapted humidity
in the effluent with regard to water consumption are presented in the following.

The absolute OH densities in the effluent are estimated with regard to a lowered
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Figure 4.2.17: (a) Relative OH LIF signal 4 mm and 14 mm from the capillary end for
640 ppm feed gas humidity and absolute OH density (b) 4 mm and (c) 14 mm from the
capillary end for 640 ppm to 6400 ppm at varied plasma power. Measurements are taken
at a gas flow rate of 1 slm.

water vapour concentration in the effluent. While even slight changes in the wa-
ter concentration have a significant effect on quenching and can therefore alter
the trends of the OH density like in the case of varies feed gas humidity. The
trend stays consistent here but the increase of the OH density with plasma power
is weaker.

For 0 ppm, only a small OH density around 5 × 1013 cm−3 is obtained for all
plasma powers (figure 4.2.17b). With regard to the uncertainty of the diagnos-
tics, no clear trend can be seen here. With added feed gas humidity, the signal
gets stronger and increases with the plasma power. 14 mm from the capillary
end, only Rayleigh signal is measured. Thus, no OH is detected at this point.

For 640 ppm, the absolute OH density increases from 6.8× 1014 cm−3 at 1 W to
1× 1015 cm−3 at 8 W. At 6400 ppm feed gas humidity, the rising trend continues.
Here, the increase is from 9.3 × 1014 cm−3 to 1.2 × 1015 cm−3 from 1 W to 8 W
plasma power.

At 14 mm distance (figure 4.2.17c), the OH density has decreased significantly to
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8.0× 1013 cm−3 at 1 W and 7.6× 1014 cm−3 at 8 W for 640 ppm. For higher feed
gas humidity levels, this decrease is even more pronounced. The absolute OH
density equates to 9.0× 1013 cm−3 for 1 W and 5.6× 1014 cm−3 for 8 W. A linear
increase is observed 14 mm from the capillary end.

Hence, only a minor amount of OH is left in the effluent when treating liquids at
larger distances as it was performed by Schüttler et al. [35]. As the OH density
decreases with increasing distance in the effluent, reduction of the interaction of
OH with treated liquid samples can easily be achieved by small increases in the
distance between the capillary end and the liquid surface.

The linear increase in the OH density with plasma power can be explained by the
energy provided. The energy coupled into the plasma through electron heating
provides energy for both elastic and inelastic collisions. Whereas the former con-
tributes mostly to heating the plasma, the latter drives dissociation and ionisation
inside the plasma. In first approximation, the more energy is provided, the more
OH is produced through dissociation.

The observed trend matches the results presented by Schüttler et al. [35, 36] who
have also found a linear increase.
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Figure 4.2.18: H2O2 density in the far field for varied plasma power at a gas flow rate of
1 slm.

In contrast to the monotonous increase of OH with increasing plasma power, the
H2O2 production (figure 4.2.18) reaches a maximum at 6 W for feed gas humid-
ity levels above 640 ppm. Up to 3 W plasma power, the H2O2 density increases
with increasing plasma power. At higher plasma powers, the increase levels off.

77



CHAPTER 4. RESULTS AND DISCUSSION

For 640 ppm, a rather plateau like shape is observed from 3 W to 8 W. The max-
imum H2O2 concentration accounts to 10.46× 1013 cm3 at 1900 ppm and 13.82×
1013 cm3 at 6400 ppm, both at 6 W. For a feed gas humidity of 640 ppm, the high-
est H2O2 density has not been found to be at 6 W but 8 W with 6.41× 1013 cm3.
Deviation of the trend here may rather result from the fitting routine than truly
be a dip in the density. As the Gaussian background is fitted simultaneously with
the spectrum, error minimisation may lead to an overestimation of the Gaus-
sian background and resulting underestimation of the H2O2 density especially
for spectra with weak H2O2 signal and some noise due to water.

Simulations of the H2O2 density at a distance of 24 mm from the plasma source
presented in [36] revealed a similar trend, albeit at lower power levels. The con-
centration of H2O2 shows a sharp increase up to 2.5 W plasma power, followed
by a gradual decline. In contrast, measurements conducted in the liquid phase
did not exhibit a decrease but instead show a plateau. It is possible that the accu-
mulation of H2O2 in the liquid diminished the slight decrease observed in the gas
phase, thereby reducing the overall decline of H2O2 concentration at high plasma
powers [36].

One potential mechanism influencing this trend is the gas temperature increase
with rising plasma power (see section 4.1). As chemical reaction rates are temper-
ature-dependent, temperature variations can have a significant impact on the
plasma chemistry. Specifically, for H2O2, its concentration is known to decrease
with increasing temperature [19]. As mentioned earlier in the discussion of hu-
midity variation, one of the main loss mechanisms for H2O2 is OH. As the OH
density increases with higher dissipated plasma power, loss via OH becomes
more likely.

Additionally, studies have shown that the electron density in the plasma also rises
with increasing plasma power [94, 95]. This heightened electron density leads
to enhanced electron impact dissociation of water, resulting in the generation of
more OH. While this enhanced dissociation may contribute to the formation of
H2O2 at lower powers, where the OH concentration remains relatively low, it can
potentially contribute to the destruction of H2O2 at higher plasma powers [36].

In conclusion, the OH density increases with rising plasma power. The H2O2

density, however, levels off after an initial increase up to 3 W and then slightly
decreases above 6 W plasma power. At low plasma powers, the plasma power
enhances the OH production and thus the formation of H2O2. As the OH pro-
duction further intensifies for higher plasma powers, it does not only contribute
to the formation but also loss of H2O2 leading to a decrease at higher plasma
powers.
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Power modulation

Regarding energy efficiency, low plasma powers up to 6 W are favourable to
higher ones as the cost of energy can be reduced while still reaching desired H2O2

production. Energy efficiency can be further improved by pulsing the plasma.
While pulsed plasmas are often used to reduce heating, their operation also saves
energy compared to permanently operated plasmas. By employing pulsed op-
eration, energy consumption can be optimised while maintaining the necessary
production levels of H2O2. This approach ensures efficient utilisation of energy
resources, contributing to overall cost savings and sustainability in plasma-based
processes.

This "power modulated operational mode" [19] is characterised by the ratio of
plasma-on and plasma-off time, namely duty cycle and frequency, which deter-
mines the length of each on-off cycle. The plasma RF-frequency is then modu-
lated with an overlaying rectangle pulse. An overview of the frequency corre-
sponding to the number of pulses per residence time is given in table A.1.
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Figure 4.2.19: Relative OH LIF signal for varied distance from capillary end for (a) 10 %
and (b) 50 % duty cycle and varied frequency. Measurements taken at 1 slm helium with
6400 ppm feed gas humidity and 6 W unmodulated plasma power.

As there is no constant OH production in the power modulated operational
mode, a triggering system is used to account for the additional temporal com-
ponent and fix the temporal point of observation. A scan of the OH LIF signal
at varied distance from 0 mm to 20 mm from the capillary end at a fixed time is
shown in figure 4.2.19 to determine the dynamics of OH in the effluent in the
pulse modulated case. For a frequency of 120 Hz, the signal decays steadily with
increasing distance for both 10 % and 50 % duty cycle. For higher frequencies in
the contrary, the OH LIF signal first decreases and then increases again up to a
maximum around 8.5 mm distance from the capillary end.
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The unmodulated mode is characterised by a constant flux of OH radicals in the
effluent. When regarding the power modulated operational mode, this shifts to-
wards "packets" that leave the capillary jet and travel through the effluent. The
observed maxima correspond to the OH produced during the plasma-on time
and transported by the gas flow into the effluent. The transport of these OH
packets in the effluent is determined by the gas flow rate. Therefore, the OH den-
sity peaks at approximately the same distance from the capillary end regardless
of duty cycle and frequency for a constant gas flow rate. While these packets
travel, the OH density decreases as it reacts with other particles in the effluent.
Therefore, the intensity of the OH LIF signal decreases. In addition, the amount of
air increases with increasing distance from the capillary. Therefore, more packets
further away from the capillary end may be present but not detectable anymore
due to quenching.

In the following, the OH LIF signal and calculated OH density 4 mm from the
capillary end are regarded only as there is no OH LIF signal at 14 mm distance
anymore. The results depending on the number of pulses per residence time are
shown in figure 4.2.20.
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Figure 4.2.20: (a) Relative OH LIF signal and (b) absolute OH density 4 mm from capillary
end for varied frequency in power modulated operated mode at 10 % and 50 % duty
cycle. Measurements taken at 1 slm helium with 6400 ppm feed gas humidity and 6 W
unmodulated plasma power.

The relative OH LIF signal is shown in figure 4.2.20a. For 50 % duty cycle, the OH
LIF signal increases with an increasing number of pulses per residence time and
levels off above 1 pulse per residence time. Towards 5 pulses per residence time,
the OH LIF signal decreases slightly again. At 10 % duty cycle, the OH LIF signal
is significantly lower and increases only slightly with an increasing number of
pulses per residence time.

The calculated absolute OH density is in figure 4.2.20b. For better comparison,
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the mean absolute value obtained for the same plasma parameters without power
modulation is displayed. The absolute values show a similar trend to the relative
ones. The only difference is that the OH density does not decrease as significantly
towards a higher number of pulses per residence time at 50 % duty cycle and that
the absolute OH density for 10 % increases quite significantly. For the determi-
nation of the absolute values, it was assumed that no air intrusion is present.
For 10 % duty cycle, the humidity is constant at 640 ppm. For 50 % duty cycle
and a higher number of pulses per residence time, there is a significant increase
in the OH production and a decrease in the humidity is deduced from the eval-
uation of quenching. The fitted humidity then accounts to 640 ppm, 640 ppm,
640 ppm, 530 ppm, 480 ppm and 620 ppm. For the highest OH densities, the de-
viation between feed gas humidity and estimated humidity in the effluent is the
largest which is consistent with the assumption that the water vapour concentra-
tion must decrease with increasing production of species that are formed from
dissociation of water.

The absolute number density accounts to 2.6× 1014 cm−3 at 0.2 and 8.3× 1014 cm−3

at 3 pulses per residence time for a duty cycle of 10 %. At 50 % duty cycle, the OH
density increases from 4.5× 1014 cm−3 at 0.2 to a maximum of 1.3× 1015 cm−3 at
2.4 pulses per residence time. The determined OH density may be higher than
the one obtained without power modulation because the loss via OH is less pro-
nounced as the species towards the edges of the packets face pure helium which
does not contribute to the loss of OH as other molecules do. Time-resolved LIF
would offer a deeper insight into the phenomenon and allow for spatial and tem-
poral tracing of the motion and density decrease inside the OH packets.

The measured H2O2 densities are shown in figure 4.2.21. For a duty cycle of
10 %, the plasma produced H2O2 concentration is around a factor 5 lower than
for the unmodulated operational mode. It rises slightly up to 2 pulses per resi-
dence time and then decreases again. For a duty cycle of 50 % on the contrary, the
H2O2 density is slightly higher in comparison to the unmodulated mode and
therefore rather unaffected by the applied modulation. It first increases from
1.39 × 1014 cm−3 at 0.5 pulses per residence time up to 1.49 cm−3 at 0.8 pulses
per residence time and stays constant nearly constant for higher pulse numbers.
At 5.8 pulses per residence time, a density of 1.56× 1014 cm−3 is reached.

Regarding the gas temperatures, pulsed operation of a plasma jet is accompanied
by lower temperatures [96]. Both components and gas temperature do not heat
as strongly as in continuous operation. Temperature measurements at 6 W and
1 slm gas flow rate for the power modulated operational mode (not shown in this
work) yield approximately (89± 4) ◦C for 50 % duty cycle and frequency varied
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Figure 4.2.21: Absolute gas phase H2O2 density derived from FTIR measurements in
a multipass cell in power modulated operational mode. Measurements taken at 1 slm
helium with 6400 ppm feed gas humidity and 6 W unmodulated plasma power.

between 208 Hz and 2000 Hz. For a duty cycle of 10 % and frequencies of 42 Hz
to 1250 Hz, the temperature is even lower around (42.3± 1.3) ◦C. In comparison
to the values obtained for the continuous case (figure 4.1.3), these prove to be
indeed significantly lower.

Lower temperatures both enhance the production and lower the destruction of
H2O2 and are therefore favourable to higher temperatures. In addition, OH pro-
duction is the dominant factor for the production of H2O2. OH is mainly formed
in the plasma and rises to its maximum density after 0.36 ms (6 mm) in continu-
ous mode where it then saturates [36]. Comparing this to the plasma-on time and
number of pulses per residence time, we see that in the case of a duty cycle of
50 %, the OH density can rise to its maximum. Therefore, the effect on the H2O2

production is minimal. Lower gas temperatures can even enhance the OH and
therefore H2O2 production.

Regarding lower duty cycles and higher frequencies, this assumption does not
hold anymore. The plasma-off time is long enough for significant loss of the OH
molecules as they are known to be highly reactive. In addition, plasma-on time is
not sufficient to reach the maximum production and therefore the initial OH den-
sity is already reduced which then also results in a decreased H2O2 production
as it mainly relies on three-body recombination of OH.

Vasko et al. [19] present a chemical model adapted to the power modulated oper-
ational mode. In experimental studies, they have also found for their parameters
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that power modulation yields the same H2O2 concentration as operation in con-
tinuous mode. Similar results as presented here have been found by Schüttler
et al. in measurements of H2O2 in the liquid [36]. For low duty cycles, the H2O2

concentration in the liquid is significantly lower than in the unmodulated case.
For a duty cycle of 50 %, the H2O2 concentration increases for low pulse numbers
and then comes to saturation around the value obtained in the unmodulated case.

In conclusion, similar trends have been found for the OH and H2O2 densities in
the power modulated operational mode. The density of both species is signifi-
cantly lowered in comparison to the unmodulated case for a duty cycle of 10 %.
For a duty cycle of 50 %, the density obtained for both species is in the range of
the unmodulated case and is even slightly elevated in comparison to the unmod-
ulated mean value. Thus, power modulation is an effective strategy to decrease
the energy input without affecting the H2O2 production significantly.

Gas flow rate

In the power modulated case, the excitation time inside the plasma is adapted
by applying an overlaying pulse. Additionally, also the residence time inside
the plasma can be alternated. For this, alternation of the gas flow rate is studied.
Next to the theoretical point of view, from which studying the effect of varied res-
idence time is interesting to improve the understanding of the plasma behaviour,
gas is one of the main consumables. Therefore, the effect of the gas flow and cor-
responding residence time in the plasma on the achieved H2O2 concentration is
desired.
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Figure 4.2.22: (a) Relative OH LIF signal and (b) absolute OH density at 4 mm and 14 mm
from capillary end with regard to varied air admixture and for humidity around 640 ppm
for varied gas flow rate. Measurements taken at 640 ppm feed gas humidity and 6 W
plasma power.

The results on the OH production in the effluent for all gas flow rates are shown
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in figure 4.2.22. The obtained relative LIF signal is shown in 4.2.22a. 4 mm from
the capillary end, the OH LIF signal increases with increasing gas flow rate up to
1.5 slm. For higher gas flows, the OH LIF signal reaches a plateau from 1.5 slm
to 2 slm and no significant increase in the LIF signal can be detected anymore.
14 mm from the capillary end, the trend of the relative OH LIF signal is opposite
to the one close to the capillary end. Here, the observed OH LIF signal increases
monotonously with increasing gas flow rate and rather follows an exponential
increase.

This deviation is related to quenching in the relative values. With varying gas
flow rate, the ratio of helium and air at the point of observation changes. There-
fore, the conditions are not the same and thus, the trend is distorted as shared
conditions are needed for comparability but are only given close to the capillary
end where there is mainly a humidified helium atmosphere. Hence, air admix-
tures of 40 %, 18 %, 8 % and 3 % for 0.5 slm to 2 slm are used for the calculation of
the density. The amount of air is deduced from the decay time of the signal with
the estimation that the water vapour concentration is around 640 ppm and minor
deviations do not influence the density greatly as quenching by air dominates
because the fraction of water vapour from the feed gas is only a fraction of the air
at the point of observation.

The absolutely calibrated results with regard to water consumption and changes
of the gas admixture depending on the gas flow rate are shown in figure 4.2.22b.
Assuming a pure helium atmosphere 4 mm from the nozzle for 1 slm to 2 slm and
2.3 % air admixture for 0.5 slm as shown in section 4.2.2, OH densities in the order
of 10× 1015 cm−3 are obtained. For these, water consumption is also regarded
and the fitted water vapour concentration in the effluent accounts to 640 ppm,
610 ppm, 400 ppm and 320 ppm. The obtained trend is similar to the relative OH
LIF signal, but the density rather follows a rapid increase that comes to saturation
above 1 slm gas flow rate. By regarding quenching for 0.5 slm, the modelled refer-
ence signal becomes smaller and thus, the calculated density increases compared
to the relative trend. 4 mm from the capillary end, the OH density first increases
from 6.4× 1014 cm−3 at 0.5 slm to 9.3× 1014 cm−3 at 1 slm gas flow rate. Above,
the OH density gradually decreases to 8.1× 1014 cm−3 at 2 slm gas flow rate. The
decrease at high gas flow rates may be caused due to the fitting routine. The LIF
signal at a gas flow rate of 2 slm features a slightly noisy decay, therefore the fit of
the signal without noise slightly differs from the integration over the full signal.

14 mm from the capillary end, a monotonous increase in the OH density is ob-
served in the examined regime. For 0.5 slm gas flow rate, only Rayleigh sig-
nal is detected, therefore the OH density is below the detection limit here. At
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1 slm gas flow rate, the OH density is at 3.9× 1014 cm−3 and further increases to
7.6× 1014 cm−3 at 2 slm gas flow rate. The increase levels off above 1.5 slm.

OH is formed on a very fast time scale and reaches its maximum density within
a few hundred nanoseconds inside the plasma [36]. Thus, the residence time in
the plasma at 2 slm is still sufficient to reach the maximum OH production. The
OH density in the effluent would then be expected to be close to constant.

At 0.5 slm gas flow rate, the transport time up to the point of observation is suf-
ficiently large for a significant loss of OH. Hence, the measured OH density is
lower. The decay above 1 slm close to the capillary end may be linked to the loss
of OH via reaction with OH to H2O2 before being measured in the effluent. This
effect especially sets in for higher OH levels. In addition, uncertainty in the fitting
routine becomes more pronounced here.

The trend at 14 mm is likely a result of several factors including air intrusion and
transport time. A higher air admixture offers several collision partners for OH
and enhances the loss. This is especially prominent for 0.5 slm where the amount
of air is so high that no LIF signal is measured anymore which is likely caused by
a combination of quenching and a very low OH density. If the OH density was
high and only quenching caused the small signal, the amplitude of the signal
would be higher as it is the case closer to the capillary. Here, the amplitude of
the recorded signal is close to the amplitude of the Rayleigh signal. Additionally,
the time of the species that have passed since leaving the plasma differs when
regarding the same point in space. For 2 slm, the period between leaving the
plasma and reaching the observation point is four times smaller than for 0.5 slm.
Thus, the timescale for OH to react with other species is longer for lower gas
flows.

The trend of the absolute OH density observed 14 mm from the capillary end is
in good agreement with the measurements by Schüttler et al. [36] in the liquid.
They have found that for 0.5 slm, the OH density is very low. With increasing gas
flow, the OH density gradually increases until the increase slows above 1.5 slm.
Also, the order of magnitude of the calculated OH density matches the results
which lay in the order of 1× 1014 cm−3 to 1× 1015 cm−3 for 640 ppm.

For the determination of H2O2 density in the effluent, the transport time of the
species from the plasma to the multipass cell must be considered. While a varia-
tion of the gas flow changes the residence time of the particles in the plasma, also
the transport time of the particles in the system is altered. Therefore, a steady
state in the multipass cell is reached at a later point for low gas flow rates. To
account for this, the wait time for the spectra is adapted and all H2O2 spectra are
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Figure 4.2.23: H2O2 density in the far field for varied gas flow rate with applied linear fit.
Measurements taken for 6400 ppm feed gas humidity and 6 W plasma power.

taken when the gas admixture in the multipass cell is at equilibrium. Addition-
ally, higher transport time in the system may influence the surface losses of H2O2

in the tubes. Due to the choice of the material, these are assumed to be relatively
low.

In the case of a closed system, the travel time of the species in the effluent with
air admixture is not regarded. This deviation from an open system is expected to
have a minor effect though as Jeß [34] has shown in his bachelor’s thesis, that the
residence time is the main determinant for the H2O2 production and the travel
time in the atmosphere has only a minor effect.

The gas flow was varied between 0.5 slm to 2 slm for 6400 ppm humidity concen-
tration at 6 W dissipated plasma power. The experimental results (figure 4.2.23)
show, that the measured H2O2 density increases linearly with the gas flow.

The absolute number H2O2 density accounts to 8.45× 1013 cm−3 at 0.5 slm and
increases to 2.27 × 1014 cm−3 at 2 slm. A linear fit of the data in the range of
0.5 slm to 2 slm then yields the relation ρH2O2(Q) = (9.4± 0.4)1013cm−3 slm−1 ·
Q + (4.0± 0.5)1013cm−3 for the H2O2 density depending on the gas flow rate Q
with an R2 value of 0.9978.

While the linear trend holds for lower gas flow rates, it would be expected that the
H2O2 density is nearly constant in the regarded regime as the OH density does
not change drastically and the measured variation is rather linked to the transport
than production. In addition, the residence time in the plasma is sufficient to
reach the maximum H2O2 density for higher gas flow rates. If the gas flow rate
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was increased even further, the resulting decrease of the residence time would
eventually lead to a decrease in the H2O2 production because the residence time
inside the plasma is not sufficient anymore to produce the same amount of H2O2.

Vasko et al. [19] measured H2O2 in a plasma treated liquid. They report, that
the H2O2 concentration increases with increasing gas flow rate and decreasing
residence time respectively. A linear trend has also been observed by Schüttler
et al. [36]. Measurements of the H2O2 concentration in a plasma-treated liquid
show a linear increase with the gas flow rate. For the gas phase, it is deduced that
the H2O2 density is constant here, as the increase is an effect of the larger number
of particles reaching the liquid surface in a fixed amount of time for higher gas
flow rates.

This is in contrast to the densities observed here. The contradiction between the
results is attributed to the diagnostics. In case of the FT-IR measurements, adsorp-
tion of H2O2 to the walls becomes a main loss channel for H2O2 in the gas phase.
The lowered densities were already contributed to this. The measurements here
show, that this is likely the explanation as for higher gas flow rates, the flux to the
walls is reduced and thus, a larger amount of the H2O2 species stays inside the
gas phase. In the future, heating of the multipass cell should be increased further
to reduce adsorption to the walls. In this case, potential losses due to additional
heating of the gas inside the multipass cell must also be reconsidered though.

In conclusion, variation of the gas flow rate is used to vary the residence time of
the particles inside the plasma. The OH density increases up to 1 slm gas flow
rate 4 mm from the capillary and comes to a slight decrease for higher gas flow
rates. 14 mm from the capillary end, the OH density increases monotonously with
increasing gas flow rate but levels off above 1.5 slm. The H2O2 density increases
linearly with increasing gas flow rate across the whole investigated range which
is attributed to adsorption of H2O2 to the walls. With gas flow rate, the OH
density increases where the liquid sample is positioned. Increasing the distance
between plasma and sample to treat can be used to decrease the density of the
highly reactive OH, which is damaging to the enzymes, while H2O2 is known to
be a rather stable species and is therefore rather unaffected by small changes in
the distance.

4.3 Adaption of the experiment to meet future needs

While "green" hydrogen peroxide production is desirable from an environmental
point of view, technology also needs to meet economic needs. Here, financial
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calculations demand comparability with existing technologies. For this reason,
the cost of material resources like gas and energy costs have to be reduced as far as
possible while still keeping a sufficient output for biocatalysis. First approaches
for optimisation have already been tested, like reduction of the energy input by
power modulation and reduction of gas consumption.

Cost of material can be reduced by means of choice of setup components and
choice of feed gas among others. The first option becomes of special interest
when scaling comes into action. While research is performed on a single device,
mass production uses very different technical facilities. One cost factor is the
choice of pipes. As rubber stores humidity and can intensify surface reactions
and deposition, stainless steel is recommended for the piping, even though it is
more cost-intensive [26].

The latter option, which is of higher interest from a research point of view, is
the use of a feed gas other than helium. While atmospheric pressure plasmas
operated with helium have been studied extensively over the past decades [32, 97,
98], helium is a limited resource facing growing demand from various industries
[99]. While the use of helium is not environmentally damaging, it is not a long-
term solution either. Therefore, early investigation of alternatives is a key factor
in search for green production of hydrogen peroxide. The limitation of helium
on the market causes high prices of the gas which is expected to increase even
further in the upcoming years [100, 101].

One possible alternative to the use of helium is argon. Argon has already proven
to be a suitable feed gas for the production of OH and H2O2 in the plasma [19,
27, 40]. Therefore, argon is a promising candidate as an alternative feed gas. As
it features very different discharge behaviour though, measurements should be
selectively repeated for argon to fully understand the characteristics of the argon
discharge.

Jeß [34] performed first experiments on the capillary jet operating in argon feed
gas during his Bachelor’s thesis. Here, it was shown that the discharge behaviour
of argon differs significantly from the one of helium. During first preliminary
experiments performed during this work, this difference could also be identified.

Stable operation of the argon plasma is only possible at higher plasma power.
This further aggravates with increased feed gas humidity. Feed gas humidity
levels over 640 ppm cannot be realised under 12 W at stable discharge operation.
In addition, ignition is only possible using external support like a high-frequency
spark tester. This adds additional needs for automation of the setup as the plasma
can only be turned on manually and not by the power supply. The discharge
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dimensions further deviate from the ones of a helium plasma. While the helium
plasma burns homogeneously between the electrodes, the argon plasma is either
not fully developed along the whole discharge channel between the electrodes
in the case of lower plasma power or further extends into the capillary behind
the electrode in the case of higher plasma powers. Thus, analysis of the plasma
under defined parameters is more complicated.

In terms of temperature, the gas temperature is heavily elevated for operation
with argon. This is caused by both the higher plasma power which is necessary
for stable operation and the different thermal conductivity and behaviour of ar-
gon. First measurements of the OH and H2O2 density showed that the OH LIF
signal increases in the first few millimetres behind the capillary end for 1 slm gas
flow rate and then decreases. For a gas flow of 2 slm, the signal decreases quickly
without an initial increase. Absolute number densities were not calculated in this
work as the model was optimised for helium and rate coefficients for argon are
not included yet but can be found in literature [82]. Measurements of H2O2 for
argon as a feed gas are not possible for the setup used here as the plasma cannot
be ignited or runs extremely unstable. Instead, electrodes and a capillary with a
width of 4 mm at identical distance of the electrodes were used. Here, only traces
of H2O2 could be measured.

This shows, that argon requires more intensive work to understand its behaviour.
Especially the temperature is expected to be a crucial factor when examining the
OH and H2O2 production as the production and loss rates are temperature de-
pendent. In addition, the setup must be adapted accordingly to withstand higher
temperatures over a long period of time.

During the investigation of argon as a feed gas, the energy consumption and
stability should be carefully regarded in terms of competitiveness with other so-
lutions for hydrogen peroxide production. Until now, argon seems to be disad-
vantageous in terms of H2O2 production, energy consumption and stability. In
favour of argon is its availability and cost. These factors must be weighed against
each other in the future.

Additionally, the above-mentioned use of a wider capillary enables the first steps
towards scaling up the structure. First measurements of the H2O2 density in
the effluent of the setup with a 4 mm wide capillary show that the trends are
comparable with the ones found for the 1 mm capillary. The absolute densities
are lower though. For 1 slm gas flow rate and 3200 ppm feed gas humidity at 6 W
plasma power for example, the obtained H2O2 density is a factor of two lower
in case of the wider capillary. Consequently, the assessment of energy efficiency
and costs will become even more important when scaling is considered.
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5. Conclusion and Outlook

This thesis focused on expanding the knowledge on the capillary plasma jet from
the liquid system to the effluent and the densities of OH and H2O2 there. For this,
temperature measurements were conducted, the spatially resolved gas mixture in
the effluent was analysed and densities of OH and H2O2 were calculated.

The temperature measurements have revealed that the temperature of the efflu-
ent and plasma are nearly the same for a feed gas humidity up to 6400 ppm.
The temperature of the effluent and therefore the temperature of the plasma, as
well as the temperature of the plasma source’s components, increase linearly with
plasma power. Comparison of extrapolated thermocouple measurements and ro-
tational temperature from optical emission spectroscopy show good agreement
for feed gas humidity levels up to 640 ppm.

Laser-induced fluorescence was used to determine the air intrusion in the efflu-
ent and measure absolutely calibrated OH densities close to the capillary and at
the position where a liquid sample is typically positioned. For this, the 4-level
model presented by Verreycken et al. was adapted to account for quenching by
water and air. Spatially resolved maps of the OH LIF signal show a more pro-
nounced signal along the electrodes. The asymmetry decreases with increasing
distance. Additionally, the signal decreases exponentially with increasing dis-
tance. Maps of the air admixture were derived from the fluorescence lifetime of
the OH species. A uniform atmosphere of humidified helium was found cen-
trally beneath the capillary end for higher gas flow rates. For low gas flow rates,
air intrusion is already measurable close to the capillary end. With increasing dis-
tance, the air admixture increases along the z-axis. The width of the gas stream
stays constant along the whole investigated range up to 14 mm.

In summary, OH densities in the order of 1× 1015 cm−3 were found close to the
capillary end. These decrease by more than half an order of magnitude at the
sample position. H2O2 densities in the order of 1× 1014 cm−3 were found. The
H2O2 density rises with humidity after an initial rapid increase while the OH
density levels off above a few hundred ppm feed gas humidity. The trends for
varied power are reversed to the ones for varied humidity. The OH density in-
creases linearly with power, and the H2O2 density levels off above 3 W. Both OH
and H2O2 densities are in the same order as for the unmodulated case for a duty
cycle of 50 % and multiple pulses per residence time. For lower duty cycles, both
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densities are significantly lowered. With increasing gas flow rate, the OH density
increases when measured further away from the capillary end. The H2O2 den-
sity increases linearly with increasing gas flow rate in the multipass cell which is
attributed to adsorption and not increased production of H2O2 in the plasma.

Except for H2O2 under the variation of the gas flow, the trends of the density
of OH and H2O2 in the gas phase show a high degree of agreement with previ-
ous measurements in the project performed on the species densities in a plasma
treated liquid. This highlights the close linking of the individual subsystems of
plasma, effluent and liquid and indicate a high transfer of species from the gas
phase to the liquid.

This work shows that it is possible to obtain trends for the OH density in the ef-
fluent for several parameter variations if close care is taken to correctly determine
the influence of the air admixture and humidity on quenching and VET. Values in
an order of magnitude were obtained that match the range expected from other
studies. Therefore, LIF has proven to be a promising diagnostical method for
further investigation of the source. Evaluation of the obtained densities must be
performed carefully with regard to the high uncertainty resulting from the calcu-
lation of the laser spectral irradiance and quenching and VET.

With regard to optimisation of the setup, it was found that plasma power should
not exceed 6 W in the case of helium to obtain a maximum yield of H2O2 while
keeping the OH density to a minimum and reducing the energy costs. Addi-
tionally, the plasma should be operated in pulsed mode as similar OH and H2O2

densities can be achieved here at significantly reduced energy input. The feed gas
humidity can be used as a tool to scale the yield of H2O2 without increasing the
OH density at the position of a liquid sample surface. Increasing the gas flow rate
increases the OH density at the sample position and must therefore be weighed in
terms of time savings, cost of resource and inhibition of enzymes due to contact
with OH.

First attempts at optimising the setup and scaling the plasma volume have re-
vealed the need for more detailed work on the dynamics of different feed gases
and capillary geometries.

Future investigation of OH with LIF should focus on the spectral laser linewidth
in detail which could not be performed during this thesis anymore due to de-
fective laser pumps. In addition, the setup for time-resolved LIF was developed
during this thesis and has proven to work during the measurements in power
modulated operational mode. Further investigation offers a deeper insight into
the transport dynamics of OH in the effluent and the development of a deeper
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understanding of the mode. As this mode has been found to yield promising OH
and H2O2 production with simultaneous improvement of energy efficiency, it is
a propitious approach that is likely to contribute to the goal of project B11.

Finally, it can be concluded that the work in this thesis did not only contribute
to the expansion of the knowledge of the plasma source to the effluent but also
revealed information on the behaviour of both OH and H2O2 to parameter vari-
ation as well as information on the temperatures of the system and gas mixture
in the effluent. The knowledge gained on the diagnostics helps to improve its
application on atmospheric pressure plasma jets in ambient air and opens new
fields of investigation for future works.
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A. Appendix

Calculation of feed gas humidity

The calculation of the water vapour concentration in the feed gas is based on the
pressure pvapour of the vapour over water (hPa) depending on the water temper-
ature T (K). According to the Antoine equation [86], this is

pvapour = 1000 · 104.6543− 1435.264
T−64.848 . (A.1)

Taking into account, that only a fraction of the feed gas passes the bubbler, the
water vapour concentration in the feed gas (ppm) computes to

cH2O, feed gas = 106 · ϕbubbler

ϕtotal
·

pvapour(T)
ptotal

(A.2)

where ϕbubbler is the gas flow through the bubbler, ϕtotal the total gas flow and
ptotal the total pressure in the system. As the jet is operated at atmospheric pres-
sure, the total pressure is assumed to be close to atmospheric pressure. A mean
value of (1013± 20) hPa is used for calculations.

Regarding the Gaussian maximum error ∆cH2O, feed gas, this results in an error of

∆cH2O, feed gas = 106 · ϕbubbler

ϕtotal
·

pvapour(T)
ptotal

· 1000 · log(10) · 4.6543
(T − 64.848)2 · ∆T (A.3)

assuming the contribution of the error of the gas flow through the MFC and the
error of the total pressure to be negligible.
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Parameters in power modulated operational mode

Table A.1: Parameters in power modulated operational mode. Table adapted from [36].

duty cycle frequency plasma-on time plasma-off time number of pulses
/ % / Hz / ms / ms per residence time

10

47 2.4 21.4 0.1
67 1.5 13.4 0.2
100 1.0 9.0 0.25
200 0.5 4.5 0.5
400 0.3 2.3 1
833 0.1 1.1 2

1250 0.1 0.7 3

50

208 2.4 2.4 0.5
333 1.5 1.5 0.8
500 1.0 1.0 1.2

1000 0.5 0.5 2.4
2000 0.3 0.3 4.8

Extrapolation of temperature from effluent to plasma

Table A.2: Parameters obtained from linear fit of temperature measurements in the efflu-
ent.

power cH2O a b R2 f
/ W / ppm / ◦C mm−1 / ◦C

1 0 (−0.32± 0.05) (57.9± 0.4) 0.93 (1.059± 0.019)
1 6400 (−0.341± 0.018) (57.78± 0.14) 0.99 (1.064± 0.009)
6 0 (−1.49± 0.22) (123± 3) 0.95 (1.13± 0.04)
6 6400 (−1.46± 0.09) (136.0± 1.1) 0.99 (1.119± 0.012)
12 0 (−3.08± 0.21) (209.1± 1.7) 0.98 (1.162± 0.029)
12 6400 (−3.96± 0.23) (218.7± 1.8) 0.98 (1.199± 0.030)
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Uncertainty estimation of rotational temperature
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Figure A.0.1: Example for error estimation of rotational temperature from fit of series of
20 spectra. Measurement taken at gas flow rate 1 slm with 670 ppm feed gas humidity at
4 W plasma power.

Parameters for OH LIF model

Table A.3: Experimental parameters of laser and laser-induced fluorescence measure-
ments. Layout adapted from [43].

Parameter Description Value
λL Laser wavelength 282.58 nm
∆λL Linewidth of laser 0.7 pm
∆ν Bandwidth of laser (8.9± 2.6)m−1

Γ Overlap integral 0.17
AL Area of the laser beam (11 300± 3000)µm2

EL Laser energy per pulse (7.4± 0.4)µJ
τL temporal FWHM of laser pulse (11.5± 2.2) ns
∆x Length of detection volume (200± 4)µm
∆y Width of detection volume (200± 4)µm
∆s Spatial FWHM of the laser beam

at the observation point
(60± 10)µm

η calibration factor (12 000± 500)V sr J−1
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Table A.4: Total quenching (electronic and vibrational relaxation, Q) and vibrational
relaxation (V) rates for inelastic collisions of OH with He, H2O, N2 and O2 given in
10× 1017 m3/s for OH A (ν′ = 0,1).

Collider Q00 Q11 VA Ref.
He 0 0.0040±0.0015 0.002 [102]
H2O 69.1±5.0 66±4 7.3±0.5 [103–106]
N2 2.8±1.2 23.6±1.5 23.3±1.5 [103, 104]
O2 9.6 20.6 2.1 [103, 104]

Table A.5: Coefficients used in the 4-level model. Table adapted from [40].

Parameter Value Ref.
λA00 308.9 nm [56]
λA11 314.535 nm [56]
λA10 282.792 nm [56]
A00 1.451× 10−6 s−1 [56]
A11 8.678× 10−6 s−1 [56]
A10 4.606× 10−6 s−1 [56]
B12 1.8 mJ−1 [56]
B21 2.8 mJ−1 [56]
2 f ν′′=0,J′′=2.5

B 0.153 [40, 78]
2 f ν′=1,J′=1.5

B 0.1 [40, 78]
VX 1.1× 105 s−1 [40]
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[54] J. Voráč, L. Kusýn, and P. Synek: Deducing rotational quantum-state dis-
tributions from overlapping molecular spectra. Review of Scientific Instru-
ments 90.12, 2019. DOI: 10.1063/1.5128455.

[55] S. Hofmann et al.: Power dissipation, gas temperatures and electron densi-
ties of cold atmospheric pressure helium and argon RF plasma jets. Plasma
Sources Science and Technology 20.6, 2011. DOI: 10.1088/0963-0252/20/6/
065010.

[56] J. Luque and D.R. Crosley: LIFBASE: Database and spectral simulation for
diatomic molecules. Version 2.1.1. 1999.
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