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ABSTRACT

This work will focus on the characterization of different dielectric barrier discharges
(DBD) that are used in analytical applications. These discharges are primarily used
as ion sources that provide charged species for the subsequent detection with at-
mospheric mass spectrometers (MS) or ion mobility spectrometers (IMS). The main
method of investigation for the DBDs will be based on optical methods such as
temporally-, spatially-, and spectrally-resolved optical emission spectroscopy (TSSR-
OES). The small size of the DBDs investigated in this work complicates physical
probing with e.g. Langmuir-probe, which means that optical measurements such as
the TSSR-OES is the only feasible approach to characterize the mechanisms of said
DBDs.

The findings of the these characterizations will be correlated with mass spectro-
metric measurements to evaluate the analytical performance of each discharge at
different parameters. Combination of fundamental discharge characteristics respec-
tively parameters to a meaningful ionization efficiency of a given plasma source will
eventually improve the understanding of soft-ionization mechanisms that are a key
part of current analytical applications and greatly help optimizing them.

Diese Arbeit konzentriert sich auf die Charakterisierung verschiedener dielektrisch be-
hinderter Entladungen (DBD), die in analytischen Anwendungen verwendet werden.
Diese Entladungen werden in erster Linie als lonenquellen verwendet, die geladene
Spezies fiir den spateren Nachweis mit atmosphéarischen Massenspektrometern (MS)
oder lonenmobilitdtsspektrometern (IMS) bereitstellen. Die Hauptmethode der Un-
tersuchung fiir die DBDs wird auf optischen Methoden wie der zeitlich, raumlich und
spektral aufgelosten optischen Emissionsspektroskopie (TSSR-OES) basieren. Die
geringe GroBe der in dieser Arbeit untersuchten DBDs erschwert die physikalische
Untersuchung mit z.B. Langmuir-Sonden, was bedeutet, dass optische Methoden
wie die TSSR-OES der einzig mogliche Ansatz zur Charakterisierung der Mechanis-
men der DBDs sind.

Die Ergebnisse dieser Charakterisierungen werden mit massenspektrometrischen
Messungen korreliert, um die analytische Leistung jeder Entladung bei verschiedenen
Parametern zu bewerten. Die Kombination von grundlegenden Entladungseigenschaf-
ten bzw. Parametern zu einer aussagekraftigen lonisationseffizienz fiir eine bestimmte
Plasmaquelle wird letztendlich das Verstandnis von weichen lonisationsmechanismen,
die ein wichtiger Bestandteil aktueller analytischer Anwendungen sind, verbessern und
wesentlich dazu beitragen diese Anwendungen zu optimieren.
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1 INTRODUCTION

lonization sources are integral parts of analytical applications such as mass spectrom-
eters (MS) or ion mobility spectrometers (IMS). These two methods can be used
to identify and quantify analytes by either sorting them by their molecular masses in
the case of MS or using the substance specific mobility in a gaseous phase for IMS
[1-5].

Both methods require that the analytes are ionized prior to the measurement,
due to the use of electric fields to either identify their masses or their mobility. Some
of the ion sources usually used for these analytical detectors are e.g. electrospray
ionization (ESI) [6, 7], UV photoionization lamps, B-radiation electron emitters or
atmospheric pressure chemical ionization (APCI) [8-10]. An important aspect of
these sources is that they are capable of the so called “soft ionization” which means
that they can ionize whole molecules without breaking them up by dissociation or
other destructive processes. One of the main processes of soft ionization is the
addition of a positively charged hydrogen atom [H]" to a molecule [M] to form a
protonated molecule [M+H]™.

All these sources are commonly used, their applicability however often depends on
several factors and they all are subject to several restrictions. This creates a constant
demand for alternative ionization sources and subsequently lead to a steady increase
of research in the field of plasma based ionization sources. Plasmas genereted by
dielectric barrier discharges especially are of high interest due to the their properties
thy offer to analytical applications [11-17].

Plasma discharges in general are extensively studied since the early 1920's [18]
and play important roles in several industrial branches such as semiconductor fabrica-
tion [19, 20], material processing [21-23], lighting media [24, 25], energy production,
waste treatment [26, 27], sterilization [28, 29] and many more. Dielectric barrier
discharges (DBD) are a special form of plasma discharges and are the base of the
recent interest in plasma based ionization sources that arose with the introduction
of the dielectric barrier discharge for soft ionization (DBDI) [30-32].

The DBDI and similar designs use dielectric capillary tubes which allow for a
compact, robust and also cheap construction of discharge systems which can be eas-
ily implemented into existing analytical applications. These discharges demonstrate
promising attributes as ionization sources and could either complement or completely
replace established sources such as APCl or ESI.

A DBDI can be operated in atmospheric pressure at ambient conditions without
the need to isolate it from the outer atmosphere. This greatly simplifies its opera-
tion and reduces the requirements to an analytical application. Furthermore, a DBDI
can be used with a variety of gases and gas mixtures, as long as the geometry and
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power supply allow for the ignition and operation of a plasma. The choice of gas is
not completely irrelevant as it greatly influences the properties of the plasma and its
ionization efficiency due to the potential reactive species a plasma can generate.

A very common gas used for DBDs is helium as it greatly simplifies the ignite and
subsequent operation of plasma due to its properties. As a noble gas it is chemical
inert and therefore safe to use under almost all circumstances. A closer look at the
physical properties of helium also reveals that helium atoms in a plasma reach rela-
tively high energetic states which can easily break chemical bonds in collisions with
molecules and thus create high energetic reactive fragments.

Recent studies show that these reactive species might play a major role in the
atmospheric ionization capabilities exhibited by the DBDI and similar DBD based
discharges [33, 34]. This means that the matter of the correct gas choice might not
only be related to the simple question of cost optimization and ease of operation but
might be more fundamentally rooted to the overall potential ionization efficiency of
a discharge.

The aim of this work is the characterization of capillary DBDs like the DBDI to
identify fundamental mechanisms in the formation and development of the plasma.
Understanding these mechanisms should lead to a clearer insight to the interaction
between high energetic plasma species with atmospheric molecular components and
the formation of highly reactive species that might be an essential catalyst for chem-
ical reactions under atmospheric conditions.

The main means for the investigation of these interactions is temporally-, spa-
tially- and spectrally-resolved optical emission spectroscopy (TSSR-OES) which al-
lows for a detailed observation of selected emission lines of the discharges on plasma
relevant time and position scales. With the help of this optical method it is possible
to observe the influence of global parameter changes to the plasma, such as e.g. a
change to the applied voltage, electrode gap, gas flow or gas mixture, and correlate
these changes to the observed development of the plasma. At the same time these
observations can be correlated to the changes of the ionization efficiency of a DBD
that is used with the same global parameters. A suited method to determine the
ionization efficiency of DBD is to use it with a mass spectrometer and determine the
influence of the global plasma parameters in the detected mass spectra.

Combination of these two different approaches might subsequently lead to a more
complete picture on how an atmospheric plasma generate soft ionized molecules and
potentially lead to new methods to directly influence and optimize this generation
process. This would greatly help out the development of ionization sources for ana-
lytical applications and open up new paths for more sensitive and efficient devices.
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The exact description of a plasma is often difficult due to the fact that the choice
of the correct model requires detailed knowledge of the given discharge to ensure
that the assumptions used in the model are valid. This work primarily deals with
atmospheric dielectric barrier discharges driven with high frequency voltages in the
10kHz range. These discharges are mainly used for the ionization or excitation
of analytes. The theoretical discussion of this work will only deal with this very
special kind of plasma discharges and important mechanisms that are necessary to
understand the formation and development of the plasma.

2.1 Plasmas and dielectric barrier discharges

A common glow or direct discharge is usually operated with a DC voltage ranging
from some 100V to several 1kV depending on parameters such as electrode gap,
gas pressure and the composition of the gas. Application of a constant electric field
between two electrodes leads to acceleration of electrons and ions that are in the gas
volume between these electrodes. The accelerated charged particles can collide with
neutral atoms and molecules and ionize them if the energy gained by the acceleration
is high enough. If the applied voltage surpasses a certain break-down value, which
can be described by the Paschen’s-law [35], the degree of ionization is high enough
for a self-sustained plasma discharge to form. This kind of plasma is also referred to
as a Townsend discharge named after John Sealy Townsend who first described this
kind of plasma mechanism.

By putting one or more dielectric layers on the electrodes such a direct discharge
can be transformed into a so called dielectric barrier discharge or short DBD. Appli-
cation of a voltage will lead to an initial polarization of the dielectric layers which is
further illustrated in figure 2.1. This polarization is caused by sorting the charged
species inside of the dielectric layers along the axis of the applied electric field and
can be expressed by the polarization density P which is, in the case of a homogeneous
and linear electric field E, given by,

P = €oXxeE (2.1)

where €q is the electric permittivity of vacuum and x. is the electric susceptibility of
the material. . in principle indicates a materials ability to be polarized and is related
to the electric permittivity in the following way:

e =€ — 1. (2.2)

This means the higher the relative permittivity or dielectric constant €, of a material,
the better said material can be polarized by an applied electric field. A common
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Figure 2.1: a) Parallel electrode configuration with dielectric layers covering the surface. The blue
+ and red - represent the unsorted charged species in the absence of an externel electric
field E. b) Application of an external voltage creates the electric field E between the
electrodes which sorts the charged species inside the dielectric leading to the formation
of E" and E".

material that is considered to be suited dielectric for dielectric barrier discharges is
glass with a dielectric constant in the range of 3.5 to 10 depending on the exact
composition of the glass!.

The composition of the dielectric and the applied voltage play a major role in
the polarization process, however another important factor is the geometry of the
system which will be discussed in more detail in the following.

2.1.1 Capillary dielectric barrier discharges

a) ring-electrodes dielectric capillary

— —~—~ |

Figure 2.2: a) Schematic of a capillary dielectric barrier discharge. The dielectric tube (blue) is
the basis of the discharge. The voltage is applied at the ring electrodes (grey) which
are wrapped around the dielectric tube. b) Image of a capillary DBD in operation with
partially opened electrodes.

Capillary dielectric barrier discharges use hollow glass, quartz or ceramic tubes as
a dielectric material and are often found in analytical applications. The diameters

'The dielectric constant of fused silica or quartz glass which is used in the majority of this work
is €,(quartz) = 3.75
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and lengths of these capillaries can vary depending on the application but they are
in general cheap and robust and can be exchanged with low effort in the case of
contamination or damage.

Constructing a dielectric barrier discharge out of such a dielectric tube is com-
paratively easy as the separation of the generated plasma from the electrodes can
be achieved without much effort as one can see from figure 2.2. The capillary is
filled with a gas mixture that is suited for the operation of plasma, in the most cases
helium or other noble gases, while the ring-electrodes are affixed to the outside of the
capillary and cannot come into contact with the the inner volume of the capillary.
The plasma is able to ignite inside of the capillary due to the polarization of the
dielectric material.

Using the cylindrical symmetry of the capillary it is possible to illustrate the po-
larization of the capillary in only two dimensions in figure 2.3. The application of an
external voltage to the ring electrodes will lead to the polarization of the dielectric
material in the direct vicinity of the electrodes. This realignment of the charged
species inside of the capillary will lead to shift of the surface charge inside of the
capillary and subsequently to an inner electric field E" which in turn can acceler-
ate charged species along the axis of the capillary and ignite a plasma if the right
conditions are met.
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Figure 2.3: lllustration of the polarization inside of a dielectric capillary tube. Application of a voltage
leads to the creation of an electric field E between the ring electrodes outside of the
capillary. The voltage furthermore leads to the polarization of charged species inside of

the dielectric and the creation of an inner field £/. The dotted line at the bottom implies
the cylindrical symmetry axis of the capillary.

Contrary to a direct discharge, a DBD cannot rely on a steady flow of electric
current or secondary electrons from the surface of the electrodes as they are cov-
ered by the dielectric material. The initial ignition process, which will be discussed
later on in more detail, has to be repeated perpetually to sustain a quasi continuous
plasma discharge under these conditions. This is the reason why capillary DBDs and
DBDs in general are operated by suited AC voltage supplies. These power supplies
periodically switch the direction of the applied voltage and the discharge process can
be restarted over and over again. The operation of a dielectric barrier discharge only
seems to be continuous to the human eye because it is to slow to follow the quick
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ignition processes on a microsecond scale, similar to the normal everyday lighting
which is modulated by the electric grid frequency of 50 Hz.

With the help of suited optical detectors it is possible to resolve the ignition pro-
cesses of dielectric barrier discharges and observe the highly dynamic processes in
the plasma. Studies by Horvatic et al. in 2015 [36] measured the temporally- and
spatially-resolved emission of several significant emission lines of a capillary dielectric
barrier discharge operated in helium. These kind of discharges are often referred to
as “plasma jets” due to their characteristic plasma plume that forms outside of the
capillary orifice in open atmosphere.

These plumes have been claimed to be afterglows of the plasma that forms in-
side of the capillary and then carried out by the gas flow. However Horvatic et al.
showed that the plasma instead starts in the vicinity of the powered front ring elec-
trode and develops from there in two directions at the same time, downstream out
of the capillary orifice to form the plasma jet and upstream of the capillary towards
the grounded ring electrode.

The authors of the study refer to the inner plasmas as early plasma and coinci-
dent plasma due to the time frame given by the accompanying current measurements
of the discharge. This work will carry on these studies and try to develop a com-
prehensive approach for a better understanding of the discharge dynamics. The
most plausible model that explains the observed discharge behavior so far is based
on streamer propagation in plasma discharges which will be further discussed in the
following.

2.2 Streamer propagation in capillary DBDs

The development of a plasma in atmospheric DBDs has already been the focus of
several studies. The formation of discrete “plasma packages” on a nanosecond scale
that can be observed in capillary DBDs in particular, has lead to the coinage of the
term “plasma bullets” for these phenomenons [37, 38]. The authors of Horvatic et
al. 2015 [36] decided to refer to the observed phenomenon as “plasma jet” and while
it is an open question to debate which term more fittingly describes the observed
phenomenon, it is more important to clearly describe the underlying mechanism that
leads to the observed formation of distinct plasma packages and their propagation.

The mechanism that best describes the measurements conducted throughout this
work is that of an atmospheric streamer driven plasma discharge. The description for
these kinds of discharges by Fridman [39] is fairly detailed and can be easily followed
however it does not describe the formation of streamer like discharges in a DBD.
However the described streamer mechanism can easily be adapted to the DBD case
and will therefore be the basis for the following explanations.

A streamer discharge can occur when the product between discharge gas pres-
sure and electrode gap referred to as p- d is too large for the formation of a normal
Townsend avalanche discharge. A streamer discharge starts with an initial avalanche
where electrons are rapidly accelerated towards a positively charged HV electrode or
anode. Such an anode can form on the inside of a dielectric capillary by polarization
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due to an external electric field as shown in figure 2.3. The formation of this kind
of anode will accelerate free electrons on the inside of the capillary towards the di-
electric surface and leave behind positive charged species inside the capillary volume
as depicted in figure 2.4 (a). At the same time the acceleration of the electrons will
lead to collisions with the neutral background gas atoms and excite them, which will
lead to the emission of photons and potentially photoionization (see 2.2.1).
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Figure 2.4: Schematic of streamer development and propagation in a capillary DBD. a) Initial accel-
eration of electrons (-) towards the capillary surface. The positive ions (+) are left behind
in the capillary volume. Colission with the electrons create exited atoms (E) that emit
photons. b) Creation of new electron-ion-pairs by photo-ionization. The new secondary
electrons are accelerated towards the left behind ions and create a quasi neutral plasma
channel. ¢) Propagation of the plasma channel along the capillary axis due to continuous
photo-ionization.

Newly created secondary electrons will be accelerated towards the positive species
that were left behind of the initial avalanche and create a quasi neutral plasma chan-
nel shown in figure 2.4 (b) and (c). This creation of new electron-ion-pairs and
acceleration of the electrons propagates through the capillary like a wave until the
formed quasi neutral plasma channel reaches the other electrode respectively the
cathode. The velocity of this excitation wave is highly dependent on parameters
such as the applied field or the gas pressure but in general it can be assumed to be
in the range of 10-10*m/s up to 10-10°m/s and is therefore much faster than
any movement that can be conducted by any heavy particles such as ions or neutral
atoms and molecules.

Considering that the secondary electrons compensate the charge of the ions in the
quasi neutral plasma channel, the movement of the gas background is only caused
by the initial gas flow with which the capillary is flushed. The linear gas velocity of
DBDs used throughout this work is in the order of only some 10 m/s even assuming
best case scenario and therefore several orders of magnitudes slower than the prop-
agation velocity of the excitation waves.

The quasi neutral plasma channel forms a conductive connection between anode
and cathode as soon as the streamer reaches the vicinity of the opposite electrode.
This leads to the ignition of a so called spark discharge which can lead to the for-
mation of very high peak currents. However, in the case of a DBD the maximum
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amount of current that can flow is restricted due to the dielectric layers that shield
the electrodes. The amount of charge that can flow during the spark discharge, pre-
viously referred to as coincident plasma, is directly proportional to the capacitance
of the discharge and therefore the amount of charges it can hold. This limitation of
potential current that can flow through a DBD also means that a spark discharge in
this kind of arrangement cannot be sustained indefinitely.

Optical measurements in fact reveal that no significant amount of emission can
be measured from the discharge capillary after only some microseconds have passed.
This means the plasma extinguishes long before the polarity of the AC voltage is
switched to start a new discharge cycle and once more stresses the need for a re-
peated re-ignition to sustain a quasi continuous operation of plasma.

2.2.1 Photoionization in gas mixtures and its effect on plasma
development

An important part of the streamer mechanism is the photoionization as was men-
tioned before, which creates secondary electrons and improves the overall degree of
ionization to sustain a plasma [40, 41]. Photoionization itself is highly dependent on
the gas with which the plasma is operated as it determines the photons and their
energies available for said ionization. The most important gas to consider for this
work is helium as it is used in the majority of the discharges throughout this work
and also one of the most common gases used for DBDs.

Helium as the second element in the periodic tables has the first complete electron
shell and is therefore considered a chemical inert noble-gas. He has two electrons
which occupy the 1s? 1Sq state when the atom is in its unexcited ground state. The
first excited state of He is the 1s2s 3S; state which has an energy of 19.81 eV which
means that an He atom has to gain at least this amount of energy for one of its
electrons to reach this higher energy state.

An atmospheric He DBD is normally operated in the range of 1 kV to 3 kV, which
means it should be easy for an electron to gain the needed amount of energy. How-
ever the high amount of particles at atmospheric pressure drastically reduce the free
mean path of the electrons to around 10 nm to 100 nm meaning that an electron
can only travel a few nanometer before it will hit a particle in its way. The energy
an electron can gain per collision is thus drastically reduced and only in the order of
some 0.01eV to 0.1eV per collision, assuming an electric field in the order of 1kV
is applied over a 1 cm gap.

The reason electrons can gain any meaningful amount of energy is that they are
colliding mainly with He atoms which will only take energy from a collision with an
electron when the energy is high enough to excite an electron state in the He atom.
All collisions with electrons which have a lower energy will be inelastic and mostly
conserve the energy of the electrons. This means that an electron can slowly build
up energy over several collisions until it has enough to excite the first state of He
atom which is 1s2s 3S;.

The 1s2s 3S; state is a so called triplet state due to its spin multiplicity which re-
sults from the parallel spin orientation of its two electrons. The 1s? 'Sy ground state
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Figure 2.5: Energy states of the helium atom. The states are sorted in singlet and triplet states
according to their 25+1 spin multiplicity. The downward pointing colored arrows represent
possible optical transitions from the indicated upper level to the associated lower level
with respected color coded wavelengths.

of He has spin multiplicity of 1 due to the anti-parallel orientation of the electrons
which otherwise could not occupy the same electronic state. An optical transition
cannot change the orientation of an electron spin due to the conservation of the spin
momentum. For this reason, the 1s2s 3S; cannot relax back to the ground state via
emission of a photon.

The only way for a He atom in the 1s2s 3S; state to lose energy is via collisions
which take much longer than optical transitions and increases the lifetime of the
excited state. For this reason this state is referred to as He metastable state. The
metastable states play an important role in the further excitation of He as they func-
tion as energy reservoirs from which higher energetic states can be further excited
by relatively low energetic electrons and particles.

Two other important energy states are the 1s2s 'Sy and 1s2p 'PJ states which
are the first two singlet energy states of helium. In particular the 1s2p 1P state is of
interest as this state can directly de-excite to the ground state via resonant optical
transition as it also has an anit-parallel spin orientation. The energy of the emitted
photons is 21.21 eV which corresponds to a wavelength of only 58.43 nm and belongs
to the vacuum ultra-violet (VUV) spectrum of light.

Optical transitions generally have a shorter lifetime than atomic collisions which
means that the singlet energy states 1s2p 'PS and the associated 1s2s 'Sy should
also have a much shorter lifetime than the metastable 1s2s 3S; triplet state. The
lifetime of the emitted photons is reduced due to the high particle density at at-
mospheric pressure leading to an almost instantaneous re-absorption of the emitted
photon. The most likely candidate to absorb the VUV photons is a helium atom in its
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ground state, as it is the most abundant constituent of helium atmosphere, leading
to a re-excitation of the 1s2p 'P3 energy state. This process can be repeated several
times, which overall extends the lifetime of the energetic 1s2p 1P} state making it
“quasi-metastable”.

As shown helium possesses metastable and quasi-metastable states in both spin
multiplicity branches that have significant lifetimes even at high particle density at
atmospheric pressure, which usually leads to a high probability of collision and de-
population of energetic states. As mentioned before, these states can be considered
as energy reservoirs which simplify the further excitation of higher energetic states,
as their high lifetimes increase the chance of them to interact with another energetic
particle that further increases their energy. These energy reservoir states are impor-
tant for the ionization processes in a helium plasma, not only as a stepping stone for
the direct ionization of helium but also considering that a helium atmosphere under
more realistic conditions does not exclusively consist of only helium atoms.

The helium used throughout this work has a purity of 99.999 % and is referred to
as Helium 5.0. A purity of 99.999 % at the same time means that 0.001 % or in other
word 10 out every one million volume particles (10 ppmy/) of the gas mixture is an
unknown particle that is not helium. This means that 2.5-10%* of the overall 2.5-10%°
particles a cubic-centimeter of volume filled with atmospheric pressure helium can be
seen as an additional trace impurity. This number of particles is quite interesting as
it is in the same order of magnitude as the number of helium metastables per volume
element in a capillary DBD as determined by previous studies [42].

As the amount of trace additions is on a scale that seems to be relevant for a
plasma, it is not unreasonable to assume that they can impact the formation and
development of said plasma to a certain degree. Preliminary measurements have
revealed that an increase of the trace amount of the nitrogen concentration in a
helium discharge can influence the behavior of the plasma drastically. First explana-
tions of the observed effects imply that nitrogen enhances the ionization processes
in the plasma due to the much lower ionization energy.

The energies of the molecular bands of nitrogen are much lower than the atomic
levels of helium as shown in figure 2.6. Furthermore the ionization energy of molec-
ular nitrogen is only 15.6 eV which means that helium metastables, helium quasi-
metastables as well as the resonant photons emitted by this state carry enough
energy to ionize molecular nitrogen. The energy of the helium is even high enough
to excite the upper state of the first negative emission system of the N -ion which
could explain the high amount of emission from the 391.56 nm line that can be usu-
ally measured in helium discharges.

Further indication of the importance of nitrogen for the ionization of a atmo-
spheric capillary DBD helium plasma can be found when the same discharge is op-
erated with argon instead of helium. The energetic states of argon have less energy
than helium and it also requires less energy to be ionized, therefore it could be
assumed that the operation of argon is easier than the operation helium. Actual
measurements however show that argon needs higher voltages to be operated than
helium and can be considered to be the harder to ignite gas. This contradiction can



2.2. STREAMER PROPAGATION IN CAPILLARY DBDS 11

be explained by the fact that the argon metastable states have a lower energy than
helium metastable and cannot ionize nitrogen in the same way as helium most likely
can.
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Figure 2.6: Energetic states of Ny (red),NJ (blue), He (black), Ar (green) and O (dark blue). The
schematic shows some selected energy levels and associated optical transitions with their
respective wavelengths.

It is possible to find and add a substitute to argon with a lower ionization energy
than the argon metastables which have an energy of 11.55eV, which in turn would
verify the supposed importance of nitrogen for the ionization of helium in an indirect
way. A potential substitute for nitrogen in argon could be e.g. propane (CsHg)
with an ionization energy of 10.95eV and will be extensively tested in this work
to demonstrate the importance of additional trace gas components in a noble-gas
mixture for the ionization efficiency of the plasma.
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2. THEORY




3 THE DBDI: A MODEL CASE FOR
DIELECTRIC BARRIER DISCHARGES
IN ANALYTICAL CHEMISTRY

This part will focus on the characterization of a specific dielectric barrier discharge
(DBD) which is used in several analytical application, the dielectric barrier discharge
for soft ionization (DBDI) [17].

As the name implies it can be used as a soft ionization source for the detection
of molecules, but at the same time it is also a suitable source for the detection of
atomized species. To use the DBDI efficiently for these contradicting tasks, it is
crucial to understand the ionization and excitation mechanisms of the discharge in
great detail. Nevertheless, the DBDI has already established itself as an excellent
ionization source for mass spectrometer applications without a direct correlation of
such knowledge and therefore is an ideal starting point for systematic studies.

Measurement of the plasma emission offers an efficient way to gather information
about the DBDI and will therefore be the key part of the characterization efforts.
After a brief introduction of the standard DBDI used primarily as ionization source for
mass spectrometer applications, a detailed discussion of the experimental arrange-
ments and the experimental results will follow.

3.1 The dielectric barrier discharge for soft-ionization

Most notable feature of the DBDI might be its characteristic design, which helps to
create cheap and reproducible discharges and at the same time simplifies coupling
of ionization source and instrument. Core part of the DBDI design is a disposable
capillary pipette (5pl minicaps by Hirschmann Laborgerdte) which has an inner and
outer diameter of 440 pm and 900 pm, respectively. The electrodes which supply
the HV to sustain the discharge are wrapped tightly around the glass capillary and
soldered to fix them to the glass surface. The discharge gas, usually helium, can be
directly fed through the capillary.

The plasma that is ignited in the discharge gas does not come into direct contact
with either one of the electrodes (see figure 3.1). This configuration has several
advantages purely for the plasma discharge itself as well as for analytical applica-
tions: The dielectric barrier limits the total amount of charges, in other words the
total electrical current that can flow through the discharge. This ultimately limits
the total power that can be coupled into the plasma, therefore reducing heating ef-
fects that otherwise could damage the discharge or measuring instruments. Another
advantage that the strict separation of plasma and electrode surface offers is very
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unique requirement needed for the detection of analytes.

An analytical procedure in general has to be very sensitive and be able to detect
minuscule trace amounts of chemicals. To achieve this high degree of sensitivity,
it is necessary to create very clean and stable measurement environments. The in-
fluence of electrode surfaces on the plasma itself will be discussed in more detail in
the following chapter 4, however it can be assumed that a direct contact between
plasma and electrode surface will undoubtedly lead to interactions that might disturb
a stable plasma operation.

Some of these electrode plasma interaction such as, secondary electron emission,
sputtering and ion emission only to name some of the most prominent ones, are vital
processes for several industrial techniques such as plasma enhanced chemical vapor
deposition (PECVD) [43]. For analytical applications these effects can be assumed
to be in general undesired and only add to the uncertainty of a measurement.

Figure 3.1: Photograph of a DBDI that will be discussed in the following parts of this work.

Despite the advantages a DBD offers to analytical applications, the operation of
a DBD is at the same time quite demanding. Compared to a direct plasma discharge,
which can be operated with either a DC or an AC voltage supply, a DBD has to be
operated with an AC supply exclusively. The reason for this is, that the free flow of
charges is hindered in the DBD case due to the dielectric barrier. Therefore, charges
that are created during the first change of the electric potential would lead to a short
period of excitation and ionization until these initial charges are neutralized and the
discharge is extinguished.

To uphold a quasi continuous DBD plasma it is necessary to repeat the initial
ignition process, which is realized by using AC voltage supplies that use a fixed fre-
quency. The DBDI is usually operated with a square-wave HV generator operated at
20 kHz with a maximum voltage amplitude of 3.5kV,,. These square-wave genera-
tors are in-house built specifically for the operation of the DBDI and are replacements
for previously used HV generators that utilized a quasi-sinusoidal waveform [36, 44,
45]. Implementation of the square-wave voltages instead of the quasi-sinusoidal volt-
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ages creates a more stable and reproducible plasma and also inhibits the discharge
to switch into a “filamentary” regime that is unfavorable for the soft ionization of
analytes [46].

This filamentary regime occurs when the previously used quasi-sinusoidal voltage
applied to the DBDI exceeds a critical point after which additional current spikes arise
in the discharge. While the homogeneous regime at low voltages can be character-
ized by the occurrence of a single discharge ignition peak per discharge half-cycle the
existence of additional discharge peaks indicate that the filamentary mode is caused
by multiple plasma ignitions per voltage half cycle. These multiple ignitions can only
occur with the quasi-sinusoidal voltage applied, due to the fact that it has higher
frequency parts that superimpose the main frequency that is used to operate the
plasma.
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Figure 3.2: a) Voltage (upper part) and current (lower part) of the previously used quasi-sinusoidal
HV generator that was used to operate the DBDI. The sinusoidal fundamental frequency
fi = 20kHz is superimposed by additional frequencies that would equal frequencies of
f» = 27.5kHz and 3 = 46.5kHz. Increase of the applied voltage leads to the ignition of
additional discharge phenomena at these higher frequencies (colored arrows). b) Voltage
(upper part) and current (lower part) of the currently used square-wave HV generator.
The time axis is interrupted between 8 — 23 s and 28 — 45 s to better resolve the
relevant features of the plasma discharge. The plasma currents (/) and displacement
currents (/p) are marked with respective arrows.

This will lead to steady and modulated polarization of the DBDI as shown in 3.2
(a), and effectively a higher frequencies with which the plasma is operated. This very
well could lead to the increase of the rotational temperatures of the NI molecular
emission bands observed by Miiller et al. indicating that the overall discharge tem-
perature is rising in the filamentary regime due to an increase of the overall plasma
power. In turn, the plasma might switch from a “soft” to “hard” regime which is
detrimental for the soft ionization of analytes.
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Problems caused by the plasma uncontrolled switching to a filamentary regime
can be easily circumvented by usage of the square-wave HV generator, which only
operates with a single “clean” frequency as can be seen in 3.2 (b). While this gener-
ator was primarily intended for the time and space resolved optical characterization
of the DBDI, it also leads to a complete suppression of the filamentary regime and
its most characteristic feature, namely the multiple plasma ignitions during a volt-
age half cycle. An appearance of multiple discharge ignitions is physically impossible
using the square-wave HV generator, due to the fact that only a single temporally
well defined polarization will occur, yielding a sharp displacement current /5 marked
in figure 3.2 (b) by respective arrows.

The displacement current /p will always occur when the generator switches its
polarization either from negative HV to positive HV or vice versa independent of an
actual ignition of a plasma. The plasma currents (/,) on the other hand can only
be measured in the presence of an ignited plasma and are therefore characteristic to
the operation of these plasmas. As presented in figure 3.2 (b), only a single plasma
current will develop per voltage half-cycle after the initial fast polarization indicated
by the displacement current independent of the amplitude of the applied voltage.
This means no filamentary regime occurs during the operation with a square-wave
generator.

The absence of a filamentary regime however, does not mean that the plas-
mas generated by the square-wave generator will be exclusively “soft”. Instead, mass
spectrometer measurements using the DBDI with the square-wave generator have
shown that increasing the voltage beyond a certain ideal operation voltage will also
deteriorate the ionization efficiency. In contrast to the the sudden switch to a fila-
mentary regime, this slow deterioration of the ionization efficiency can not be linked
to a critical voltage anymore, making the definition of suited operation parameters
for the DBDI in a way more complicated. A detailed understanding of the DBDI and
its mechanisms is necessary to efficiently use it in analytical applications.

One approach presented in the following is the use of temporally-, spatially-
and spectrally-resolved optical emission spectroscopy (TSSR-OES) as a non inva-
sive plasma diagnostic. It will be shown that these measurements give reproducible
and predictable results, that help understand excitation and ionization mechanisms in
the DBDI and can also be linked to time resolved plasma current measurements that
can be done in parallel. These current measurements require virtually no additional
experimental effort and can be executed during mass spectrometric measurements
without disturbing them. This creates an ideal monitor for the mass spectrometer
applications and helps optimizing them in a more controlled way.



3.2. TEMPORALLY-, SPATIALLY-, AND SPECTRALLY-RESOLVED OES 17

3.2 Temporally-, spatially-, and spectrally-resolved
optical emission spectroscopy

The temporal, spatial- and spectral-resolved optical emission spectroscopy (TSSR-
OES) is the key diagnostic for this work. It allows for detailed investigation of dis-
charge mechanisms with nanosecond and micrometer resolution, without disturbing
the plasma itself. While the instruments used for the detection of the discharge light
underwent some drastic changes, the core part of the experimental arrangement, a
1 m Czerny-Turner grating spectrometer from McPhearson instruments, remained
the same throughout most parts of this work.

Usually, photo-multiplier tubes (PMT) are used with theses kinds of spectrometer
arrangements, due to the fact that they can sufficiently amplify the weak emission
that is still able to pass the long optical paths of the spectrometer, while still re-
taining a high temporal resolution. A satisfactory spectral and spatial resolution can
additionally be achieved with the help of the spectrometer entrance slits.

To create a resolved map of the emission, the discharge has to be moved per-
pendicular in front of the entrance slit to create data points for each point of the
discharge [47]. This restricts the spatial resolution as well as it reduces reproducibil-
ity. For these reasons the PMTs were eventually replaced by an ICCD camera from
Andor instruments. This special kind of CCD camera has an integrated light inten-
sifier with additional gating options, giving it better low light capabilities and time
resolution than the available PMTs.

For simplicity and clarity, the following description of the experimental arrange-
ments of the TSSR-OES will assume that only the ICCD was used as a detector and
all presented emission data were taken by this upgraded arrangement.

Experimental arrangement

Core part of the TSSR-OES is the Czerny-Turner grating spectrometer from McP-
hearson instruments. A Czerny-Turner grating spectrometer usually consists of two
mirrors M1 and M2 that are used to image the light that enters through the entrance
slit S1 onto a rotatable grating G through the outlet slit S2 onto a detector as shown
in figure 3.3.

The concave mirrors and the grating are positioned in a way that they form an
optical plane at the position of S1 and S2, meaning that an object positioned at
S1 will be imaged with a ratio of 1:1 at S2. Using a detector like the Andor iStar
DH720-18F-03 ICCD camera essentially makes the use of slits redundant, due to
the fact that the camera produces 2D resolved pictures as presented in figure 3.4.
Therefore, the slits of the spectrometer are only necessary when a PMT is used and
are otherwise usually removed when the ICCD camera is installed.

Without slits, the plasma can be positioned directly in front of the spectrometer.
This reduces the loses that would be caused by the additional lens L that would be
otherwise necessary to accurately image the discharge. The rotational axis of the
discharge capillary has to be oriented parallel to the ridges of the transmission grating
to achieve spectral and quasi spatial resolution at the same time. As one can see in
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figure 3.4 (a) it is possible to produce complete spatially resolved 2D images, if the
angle of the grating is set to 0™ order. The spatial resolution is effectively reduced
to 1D if the dispersion angle of the grating changes and a specific wavelength is
selected, due to the minimal dispersion that is given by the instrumental profile.
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Figure 3.3: Schematic of the experimental arrangement used to characterize the DBDI. The arrange-
ment can be divided in an optical part, shown mainly in the left, that is used to investigate
the emission of the plasma discharge and a generator part that supplies the discharge
with the necessary voltage and gas. The commercial Ocean Optics USB broadband spec-
trometer only requires an optical fiber aligned to the discharge to obtain time integrated
optical spectra. It can be used as an additional monitor when the DBDI is operated in
combination with an analytical detector, e.g. a MS or gaschromatograph (GC).

Assuming a perfect monochromatic, point-shaped light source, the instrumental
profile would still cause the dispersed light to be spatially distributed across the
detector surface. For the case of a spatially resolved imaged discharge, as described
above, this would mean that the spatial information of the imaged discharge will
be overlapped with additional emission contributions and will give a slightly blurred
image that might be hard to interpret.

For this reason, and also to reduce data size and measurement time, the ICCD
camera was usually operated in single track binning mode. This mode enables the
camera to reduce and bin the vertical data rows of the CCD chip to a single data row
which only contains the rotational axis and intensity information of the discharge.
These 1D binned data rows can be easily displayed as simple line plots as shown in
figure 3.4 (c) or can be used to produce 2D heatmaps as is done from figure 3.6 on
page 36 onward.

Time resolution is achieved by the triggered short gate times of the ICCD, with
5 ns being the shortest gate times available for the iStar DH720. The gate time is the
time interval in which light is effectively intensified by the cameras image intensifier
tube. Even if the camera chip is illuminated respectively read out for longer time
intervals, the camera is only effectively collecting light during the gate on time. It
is possible to take several individual images with short gate times in succession and
advance the trigger point of each measurement, to image a time series that shows
the time dependent development of a plasma discharge with high time resolution.
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The time resolution is therefore given by the shortest gate time possible as well
as the step width by which the gate can be shifted time wise. The smallest step size
given by the software of the camera is 25 ps meaning that several images with 5ns
gates can be superimposed to generate super sampled data points with 25 ps time
resolution. This option was never enabled during this work and it can be assumed
that the highest time resolution achieved for all presented measurements is 5ns, or
higher if longer time periods were investigated.
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Figure 3.4: Different imaging modes of the ICCD camera. a) Monochromatic full 2D image of a
DBDI used for alignment purposes. b) Cropped monochromatic 2D image series of the
emission development of a DBDI. Each shown frame has a time resolution of 5 ns. Only
some representative frames of the series are shown. c) Single track binned 1D data of a
comparable series as shown in b).

A maximum time resolution of 10 ns was deemed to be more than sufficient for
depicting the development of a typical discharge half cycle which in general takes
2 — 3ps. A full screening of this time frame with 10 ns resolution already means
that 200 to 300 individual images have to be taken. Using the highest theoretical
resolution of 25 ps would increase this number to 80000 to 120 000, which cannot
be handled by the camera software anymore. Depending on the intensity of the
observed emission line and therefore possible long integration times, a full time series
with only 200 to 300 individual images can take up to several minutes, requiring a
very stable measurement environment and plasma in particular.
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For easier handling, the capillary of the DBDI is embedded in a 3D printed struc-
ture, which is shown in figure 3.5 and is used as a support structure for the in general
delicate glass or quartz capillaries used for the DBDI. The capillaries are glued into
the 3D structure with a two component adhesive two prevent any air leakage to the
gas feed. The 3D structure itself is printed with a threading that fits to commercial
swaglock connectors that are used on the tubing of the gas supply, enabling an easy
connection of the DBDI.

The HV generator, that supplies the necessary voltage to ignite a plasma, is con-
nected to the electrodes that are usually directly “soldered” to the glass surface of
the capillary (see figure 3.1 and 3.5 (b) ). The soldering is primarily used to enhance
the mechanical bonding of the cables that are wrapped around the capillary and to
ensure a good contact between metal and glass surface. First attempts to sput-
ter electrodes directly unto the capillary surface showed promising results, indicating
that the electrical contact is increasing, however it was not possible yet to produce
and connect the sputtered electrodes reliably enough to justify the additional effort
compared to the relatively easy soldering process.

a) b)

W

Figure 3.5: CAD model a) and photograph b) of a DBDI embedded in a 3D printed support structure.
The sectional view in the CAD model shows how the DBDI capillary is inserted in the 3D
structure. In addition one can identify the square holes for the two component adhesive
and the threading used for the commercial Swagelok connectors.

The cables connecting capillary and generator have to be kept as short as possi-
ble, to minimize disturbances to the plasma. As mentioned in chapter 2.1 a dielectric
barrier discharge can be simply seen as a capacitor. The capacitance of this capacitor
can be easily disturbed by external influences, due to the fact that it is very small
and can be noticeably changed by just touching the capillary. While these changes of
the capacitance can be easily detected by e.g. changes in the time resolved plasma
current, they should be avoided at all cost when long term measurements with the
TSSR-OES are implemented.

The HV generator has two connections, one HV output which alternates with a
given frequency between a positive and negative voltage and a fixed ground connec-
tion. When the generator is set to output 3.0 kV, the HV output alternates between
+1.5kV and —1.5kV while the ground remains fixed at 0 kV. This creates a poten-
tial difference between both outputs that is passed on to the electrodes when they
are connected.
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A 100 Q2 resistor can be put between the grounded electrode and the ground con-
nector of the generator. An oscilloscope can be used to measure the time resolved
voltage drop over the resistor which subsequently gives an estimate for the amount
of current/charge that flows through the discharge. It has to be kept in mind that
this is purely an estimate for the total amount of charges, due to the fact that no
distinction between ion and electron current can be made and also leak currents
cannot be excluded and are highly probable in this arrangement. However, due to
its simplicity and non invasive nature the current measurement is an ideal tool to
compare different discharge parameters and will give valuable information, as will be
shown later on.

The gas to the DBDI is supplied by at least one mass-flow controller (MFC) from
Analyt-MTC, to ensure a stable and controlled supply of the operating gas. A stable
gas supply is exceptionally important for the DBDI, considering that it is operated
under ambient conditions which makes it susceptible to pressure variations. Using
the MFC also simplifies the use of different gases, due to the fact that a MFC can
always supply the same volume of gas independent of its atomic weight.

While the DBDI is in general operated with helium 5.0 which has a purity of
99.999 %, the use of different gases and mixtures, such as argon, argon mixed with
propane, nitrogen and air is of particular interest for this work. For this reason, the
output of several MFCs can be combined to create a constant mixed gas flow [47].
This allows for very accurate and minor supply of certain gas additives to the gas
flow in the range of only some ppmy or even ppby if necessary. It will be shown that
even minuscule changes of the gas composition in this range can have a noticeable
influence on the discharge ion formation and ignition behavior, which will be discussed
in detail in the following chapter of this work.

3.3 Investigation of the discharge development

This chapter of the work will give a detailed, general description of the discharge
development to retrace some of the notations that developed throughout the dif-
ferent scientific studies dedicated to the characterization of the DBDI prior to this
work. Figure 3.6 shows the plasma development of a representative DBDI that was
operated with what could be referred to as standard conditions. The gas flow was
set to 500 ml/min He 5.0 and the applied voltage was set to 3.0kV at a frequency
of 20 kHz.

The discharge development can be broken down into three stages as shown in the
graph, the 1% stage or “early stage”, the 2"¢ stage or “coincident stage” and the 3™
stage or “afterglow stage”. The 2" and 3™ stages were treated as one in previous
works that still used PMTs instead of the ICCD camera, due to the lack of temporal
resolution and the weak nature of the afterglow stage that made a clear separation
impossible.

The distinction of the early and coincident plasma stage already took place dur-
ing the first temporally, spatially- and spectrally-resolved optical studies on the DBDI
[36, 44]. The 1% stage addresses the development of the first emission phenomena
directly after the positive HV polarization ignites the plasma. The initial positive
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polarization can be clearly identified by the positive displacement current Ip! in the
upper part of figure 3.6 that is depicting the time resolved discharge current. For
this reason, Ip is usually used as the origin of the temporal coordinate and also as a
trigger signal.
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Figure 3.6: Development of the temporally, spatially- and spectrally-resolved optical emission of the
DBDI. The upper part shows the applied voltage (black) and the measured discharge
current (red). The arrows highlight the displacement current /p and the plasma current
Ipi. The lower part shows the spectrally integrated emission. The image of the DBDI
serves as a guide to comprehend the position scales, similarly the arrows help to follow
the propagation of the emission in the individual stages. The color scale of the graph is
normalized to the maximum intensity but was capped at 70 % to help visualize the weak
emission in the 3™ stage. The plasma was operated with an applied voltage of 3.0kV
and a He 5.0 flow of 500 ml/min.

The lower part of figure 3.6 shows the time and space resolved emission and
reveals that emission emerges simultaneously to the appearance of /p. The emission
is starting at both edges of the positively powered HV electrode and spreads in both
directions, upstream of the gas flow towards the grounded electrode and downstream

!The negative polarization can be identified by a negative amplitude /p respectively
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into the ambient atmosphere. In previous works these phenomena were referred to
as “early plasma” for the upstream and “jet” or “plasma jet” for the downstream
directed emission. From now on they will be referred to as “streamer” or “streamer
like discharge” in an attempt to create a more coherent description as was already
attempted in chapter 2.2.

As discussed streamers are photoionization driven excitation waves, that travel at
fairly high speeds up to 100 km/s. The initial, preferably fast and sudden, polariza-
tion rapidly accelerates first seed electrons that in turn excite He atoms by collisions.
The excited He atoms themselves give of emission to relax to lower energy levels,
which creates the first strong emission signals that can be observed during the igni-
tion process of the DBDI.

A very interesting transition for the development of the streamer is the He
2pP] — 1s?!Sy at 58.4nm which has an energy equivalent of 21.2eV and is
shown in figure 2.6 on page 11. This very high energetic and deep UV light is able
to ionize every atom or molecule apart from neon and helium itself, which makes
it a very potent ion producer. At the same time the lifetime of the upper 2p *P] is
prolonged by a trapping effect that is caused by constant re-absorption of emitted
photons by ground state He atoms.

This prolonged lifetime increases the chance for an emitted UV photon to be
absorbed by an atom or a molecule that is subsequently ionized in the process. While
many studies dealing with streamers already differentiate gases in classes that are
suited for photoionization (e.g. He) and classes that are not (e.g. O,), these studies
still suspect that the photoionization happens in the main component of the opera-
tion gas. Assuming He is used as discharge gas, this would mean that by for example
two photon processes the UV emission at 58.4 nm would keep the upper 2p 1P{ state
populated until a second suited photon with an energy equivalent of at least 3.4eV
would be absorbed by an excited He atom in this state to subsequently form a He™
ion which has an ionization energy of 24.8eV.

While this process is by no way impossible and the trapping of the 2p *P; does
also increase the chance for it to happen, it's still more probable for an emitted UV
photon to directly ionize a gas component with a lower ionization energy than He.
The influence of existing or purposefully added gas additions, on the ignition behav-
ior of a streamer like discharge will be discussed for different operation gases later
on in chapter 3.4.2. For now it is enough to identify photoionization as the driving
ionization mechanism in a streamer like discharge.

The newly generated ions are forming a positive streamer head that is attracting
and accelerating additional electrons towards its center, which leads to further excita-
tion. This self-intensifying process leads to a wave like accelerated propagation away
from the location of the initial polarization, that can be interpreted as the movement
of a “plasma bullet” as described in chapter 2.2. This propagation takes place until
the initial excitation is simply used up and the streamer extinguishes, which is the
case for the outside jet, or until the streamer reaches the grounded electrode and
starts the 2" stage of the discharge.
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The streamer head leaves behind a quasi neutral tunnel filled with positive and
negative particles while it propagates through the capillary. This tunnel can be inter-
preted as a volume that contains free charge carriers, which means it can be seen as
a conductor. The conductor starts at the HV electrode and is short-circuited as soon
as the streamer head connects to the grounded electrode, which leads to a sudden
re-acceleration of charged species.
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Figure 3.7: Development of the He 587.6 nm (top), He 667.8 nm (middle) and O 777.3nm (bottom)
line. The presentation of the data is the same as in figure 3.6. The intensity scale of
each spectrally resolved graph was normalized to the maximum number of counts given
by the spectrally integrated graph in figure 4.5 to determine the relative contribution of
each line. The current signal and the dotted lines help to recognize the individual plasma

stages. The plasma was operated with an applied voltage of 3.0kV and a He 5.0 flow
of 500 ml/min.

The re-acceleration can be identified in two ways: One indication is the sudden
rise in the time resolved current which is referred to the plasma current /,; and in-
dicated by an arrow in the upper part of figure 3.6 and 3.7. The other indicator is
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the occurrence of new emission that is seemingly spreading the opposite way of the
original streamer direction. This new emission can be very bright and appears to be
less sharp and focused than the bullet like appearance of the initial streamer.

The re-ignition like process was previously described as coincident plasma, due
to the fact that the emission occurred at the same time as the plasma current.
It was interpreted to be the “harder” part of the plasma that causes dissociation
of molecules and also produces atomic emission of dissociated fragments such as
the prominent oxygen radical emission at 777.3nm. These findings were already
published in the context of this work [47], but the mechanism responsible for the
dissociation of molecules and the subsequent excitation of the fragments could not
exactly be identified.

While the findings of the previous study are in general right and the dissociation
of molecules and excitation of atomic fragments indeed happens after the discharge
proceeds to its 2" stage, the higher time resolution of the ICCD camera reveals
that further differentiation of the coincident stage is advisable. As one can see
from figure 3.7, the emission of the oxygen 777.3 nm line that originates from the
3p5P3,1 — 3s3S3 transition does noticeable increase after the ignition of the 2"
plasma stage, but at the same time one can also see, that the maximum of this
emission arises at a considerably later point in time. In addition, it is clearly visible,
that the emission of the 777.3 nm line first increases and then slightly decreases in
the 2" plasma stage before it rises again in the 3 stage and reaches it maximum
and decays very slowly with a half-life period of 700 ns.

This afterglow like behavior, that is described in different studies in one way or
another [48, 49], strongly hints to a mechanism primarily involving the He metastable
states such as 2sSy or 253S;. The energetic He metastables deexcite via collisions
and create secondary excited species which can subsequently give of their energy via
emission after the initial plasma is already extinguished.

Figure 3.7 also shows the TSSR-OES results for the He 3d 'D, — 2p 'P] transi-
tion at 667.8 nm, He 3d3D31 — 2p 3P,.1 o transition at 587.6 nm. The reason for
considering two He lines at the same time is, that the 667.8 nm line belongs to the so
called singlet states of the helium atom and the 587.6 nm line to the so called triplet
states. The naming of these states can be traced back to the introduction of the
the term symbol notation 2°*1L  that used in quantum-mechanics to identify atomic
energy levels. Here, the term 25+ 1 refers to the orientation of initial spin of the two
electrons in the He atom, with parallel spin orientation giving S =1 =25+1=3
and anti-parallel orientation giving S=0=25+1=1.

Therefore, singlet refers to He atoms with electrons that have an anti-parallel
spin orientation while triplet refers to the He atoms with parallel oriented electrons.
The difference between singlet and triplet states in the He atom is of particular in-
terest as soon as excitation and relaxations processes from or to the 1s? Sy ground
state of the He atom are considered. This ground state has to be a singlet state,
otherwise the electrons have the same spin orientation and would occupy the same
quantum-mechanical state which is not allowed.

At the same time this also means that optical transitions to the ground state can
only occur from another singlet state of the He e.g. the 2p !P? state with J = 1.
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The transition from the equivalent triplet state 2p 3P, 1 o on the other hand would be
forbidden, due to the fact that the photon having an integer spin could not switch
the electron spin during the optical transition.

Excitation of He from the ground state into the triplet state and the vice versa
deexcition have to take place by other processes than optical transactions. These
processes are primarily collisions of He with accelerated electrons or other suited
particles. This however means, that the excitation and subsequently the emission of
triplet states is enhanced in the presence of a high number of excited He in particular
He™ states such as 2s3S; which have long lifetime and can efficiently transfer their
energy in atomic collisions without “losing” it in optical transitions.
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Figure 3.8: Time and space resolved absorption measurement of the He 1083.3nm line. The dis-
charge had to be operated at a very low voltage to delay the ignition of the 2" plasma
stage and still resolve the development of the discharge. The absorption was only mea-
sured in between the electrodes due to the fact that no significant He™ absorption could
be measured beyond the electrodes anymore.

Directly comparing the emission of the He 667.8 nm and 587.6 nm in figure 3.7
one can directly see that the 587.6 nm triplet line has a far stronger emission in the
region which can be associated with the re-ignition during the 2" plasma stage than
the 667.8 nm singlet line. This implies that the spark like re-ignition during the 2™
stage leads to an increased production of He™.

This assumption can be further asserted by absorption measurements of the He
1083.3 nm line that transitions from the 2p 3P, 1, down to the metastable 2s3S;
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state. These measurements were done at the laboratories of P. B. Farnsworth of
the Department of Chemistry and Biochemistry at the Brigham Young University in
Provo USA. The time and space resolved absorption measurement works similar to
the first TSSR-OES arrangements presented in chapter 3.2. The DBDI is positioned
in the optical path of a continuous wave diode laser that is tuned to the resonance
wavelength of the 1083.3 nm transition and can be moved in such a way that the
discharge axis is scanned by the laser beam. The emission of the laser is measured
with a suited PMT and oscilloscope to obtain time resolution.

The absorption measurements cannot be compared directly to the emission mea-
surements that are presented in figure 3.6 and 3.7, due to the fact that they were
not taken with the same plasma discharge respectively the same laboratories and
the discharge parameters for the absorption measurements were chosen in such a
way, that the comparatively long lifetimes of the He™ are pronounced throughout
the discharge development. Nevertheless, a clear maximum of the He™ absorption
can be seen after the plasma current arises after around 4 ps which indicates the
transition to the 2" plasma stage. Therefore it can be assumed that an increased
He™ production indeed takes place after the discharge transitioned to the 2™ stage.

Another strong argument for the involvement of noble gas metastables in the
dissociation and excitation of molecules can be found if other gases besides He are
considered. For this reason, the DBDI was operated in He and Ar and the emission of
the discharge was measured with an optical fiber that is connected to a commercial
compact USB 2000 spectrometer from Ocean Optics.
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Figure 3.9: a) Time integrated emission spectra of a DBDI operated with 3.5kV at 20kHz in
500 ml/min He (red, top) and 500 ml/min Ar (blue, bottom). The spectral range from
around 400 to 600 nm was cut out to concentrate on the relevant ranges. b) Spectra
taken with a higher integration time to enhance the darker lines. The intensity scaling
was normalized to the one used in a) to obtain comparable values again [50].
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As presented in figure 3.3, this optical fiber can be either aligned parallel to the
discharge axis to gather all the emission of the plasma from the front, or perpen-
dicular if only the emission of one point in the discharge is of particular interest.
Compared to the TSSR-OES system, the advantage of the commercial USB spec-
trometer is the possibility to observe several emission lines at the same time over a
wide spectral range of several hundreds of nanometer.

The comparison of such broadband spectra is shown in figure 3.9. As mentioned
before, the discharge was operated in He and Ar. The other discharge parameters,
e.g. the applied voltage or the gas flow, were kept the same for both plasmas, to
make sure that the observed differences are caused by the choice of the plasma gas.
However, the electrode distance of the DBDI had to be slightly reduced for a plasma
to be able to ignite in pure Ar, even with the maximum generator output of 3.5kV.

The alternative way of operating the discharge in He and Ar at the same condi-
tions would be to use a suited additive for the Ar discharge that would help in the
ionization process during the streamer development. One of such additives can be
propane (C3Hg) which leads to lower operation voltages for a DBDI operated in Ar,
as will be shown in later chapters of this work (see chapter 3.4.2).

Addition of propane was not a valid option of reducing the operation of the Ar
discharge at this point in time, due to the fact that the addition of propane could
very well change the collision energetics in the discharge, which are important for the
following considerations. Examples for relevant collision processes that could lead
to the dissociation of molecular oxygen and subsequently to the emission of atomic
oxygen are given in equation 3.1 and 3.2:

He™ (25°S1) + 02 (X%, ) — He (1s°'Sg) + O (3p°Pps—y) + O (35°S5) (3.1)

19Xev OK/ O‘eg/ 107ev 9 .IreV
Ar™ (457 [3/2]3) + O, (X, ) — Ar (3573p°'Sg) + 0O (3p°Ppz17) +O(...) (3.2)
11.5eV OeV 0ev 10.7 eV 0.8eV

Both metastable atoms He™ and Ar™ could collide with an oxygen molecule in
the X3Zg‘ ground state, dissociate it and produce oxygen fragments that still have
considerable amount of energy. However only He™ carries enough energy to produce
two energetically nearly equivalent oxygen radicals, while the energy of the Ar™ is
used up nearly completely to produce a single oxygen radical in the 3p°P3, ; state,
which is the upper level of the 777.3 nm transition shown in figure 2.6.

The consequence of this energy difference of both metastable species is a re-
duced emission of the 777.3 nm line in the case of Ar which is around ten times less
compared to He in the presented case in figure 3.9. Even more striking however is
the fact that other emission lines of the oxygen radical are not excited at all in the
Ar plasma. One of these lines is at 615.7 nm and can only be observed in He. The
reason for this is, that the upper level 4d °D° of this transition has an energy of
12.8 eV depicted in figure 2.6 on page 11, which is more than 1eV higher than the
Ar™ could potentially carry into the collision. This means that only emission lines
below the energy threshold given by the involved noble gas metastable will be excited
efficiently in a plasma that is operated in a comparable regime to the DBDI.
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The completion of the afterglow stage, which is dominated by collisions driven
by excited metastables, concludes the discharge development during the positive
half-period of the applied voltage. However, the complete discharge development
also encompasses an ignition process during the negative half-period of the applied
voltage which is shown in figure 3.10.
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Figure 3.10: Development of the temporally, spatially- and spectrally-resolved optical emission of the
DBDI during the negative voltage half-cycle starting at 25 us. The presentation is the
same as in figure 3.6, the only difference is that the intensity scaling that was normalized
to the maximum number of counts obtained during the positive voltage half-cycle. The
plasma was operated with an applied voltage of 3.0 kV and a He 5.0 flow of 500 ml/min.

The ignition during the negative half-cycle strongly resembles the positive version
on first glance, with the emission propagating essentially in the same direction as
indicated by the grey arrows. The development of the discharge can again be divided
into three stages that can be characterized by the same features as in the positive
half-cycle, however the negative half-cycle can still be clearly differentiated from the
positive half-cycle. The most obvious difference is the time resolved currents and
the relative intensities that are shown in figure 3.6 and 3.10. Displacement current
I and plasma current /,; have a positive amplitude during the positive half-cycle of
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the discharge, which change to a negative amplitude when the discharge switches to
the negative half-cycle after 25 ps.

While the amplitudes of the negative currents are to some extent smaller than the
positive ones the overall charge, given by the current during a specific time interval
and obtained by integration of the time resolved currents, is the same for each half-
cycle. The reason for this is that the charge generated during the positive half-cycle
has to be compensated during the negative half-cycle, otherwise the quasi-neutrality
of the plasma would be violated. This neutralization is caused by a negative electron
wave, which is fundamentally different from the positive streamer propagation that
was described before.

In contrast to the positive polarization where electrons are attracted to the HV
electrode, they are suddenly repulsed from the HV electrode during the negative
polarization. This leads to a collision dominated wave like phenomenon traveling
to the GND electrode which in the end ignites a spark like second discharge with a
reversed current flow compared to the positive half-cycle.
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Figure 3.11: Temporal distribution of the He 587.6 nm (black) and 667.8nm (red) emission lines
during the positive a) and negative b) voltage half-cycles. The temporal profiles where
taken from different points of the TSSR-OES spectra.

Comparing the relative intensities of figure 3.6 and 3.10, on first glance it seems
that the negative half-cycle is much darker than the positive because it only peaks at
21 % of the positive half-cycle. This false conclusion is caused by the different overall
timescales of the positive and negative half-cycles. While the positive half-cycle is
essentially finished after 800 ns, the negative half-cycle takes roughly double as long
meaning that it is significantly slower.

Similar to the total amount of charges, the total amount of light emitted during
both discharge half-cycles is again the same. While the same amount of electrical
charges can be expected due to the quasi-neutrality of the plasma, it is surprising
to find the exact same amount of light emission during both discharge half-cycles
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too, considering that the excitation mechanisms are clearly different. This difference
becomes apparent when the half-life times t;,, of the He 587.6 nm emission lines pre-
sented in figure 3.11 are compared for the positive and negative voltage half-cycles.

The temporal profiles show the time dependent development of the emission at
certain fixed points, which were chosen in a way that it is possible to clearly assign
the emission to either the 1t or the 2" plasma stage. The lifetimes of the He states
is clearly shorter in the 15t stage of the plasma for both voltage half-cycles and does
increase considerably after the ignition of the 2" stage. At the same time, it is ob-
vious that the lifetimes of the negative half-cycle are much longer than the lifetimes
of the positive half-cycle, in particular if one considers that the lifetime obtained for
the 1%t of the positive half-cycle is effectively limited by the maximum time resolution
of the TSSR-OES and could very well be even shorter than the 8 ns given in figure
3.11.

The results presented in figure 3.11 (a) vividly illustrates the transition of the
temporal well defined and sharp streamer like discharge of the 1t to the collision
dominated spark like discharge of the 2"¢ stage. The emission events of this spark
like regime have a broader temporal distribution, due to the fact that the collisions
are orders of magnitudes slower than the photoionization that drives the positive
streamer. Another difference between the two regimes is the intensity of the reduced
electric field which can be estimated by the ratio of the 587.6 nm and 667.8 nm line.

As mentioned before, these lines belong to the singlet and triplet states of the
He and the ratio of these lines can directly be used to measure electric fields under
certain discharge conditions [51]. The model described by Ivkovi¢ et al. is only ap-
plicable in a plasma regime with a relatively low He metastable density, due to the
fact that the emission triplet lines is over pronounced and therefore would yield a
false line ratio. Therefore, it is only applicable in the positive streamer regime of the
1%t positive plasma stage. All other stages are dominated by He metastables as was
discussed before and also show a higher He 587.6 nm line compared to the 667.8 nm
line as expected by the model for this case.

This concludes the description of a complete discharge cycle of a DBDI that
is operated with a square-wave HV generator with 3.0 kV applied at 20 kHz using he-
lium as discharge gas. To summarize: The plasma starts after the first initial positive
polarization that occurs after the HV generator switches from the low (—1.5kV) to
the high (+1.5kV) amplitude. This polarization rapidly attracts electrons towards
the HV electrode, which in turn excite He atoms and leave behind a positive cloud
of ions.

While the excited He atoms create new ions via photoionization, the ions create
a high electric field which attracts new electrons and starts a wave like propagation
that leads away from the HV electrode. This positive streamer propagates either
until the initial polarization is depleted or it reaches the GND electrode. As soon as
the streamer reaches the GND electrode it closes the external electric circuit, which
leads to a short circuit and a spark like re-ignition of the discharge.

The spark like re-ignition can be characterized by a rapid acceleration of charged
particles through the ion channel that was formed by the streamer. The high amount
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of electron collisions throughout this stage lead to a strong occupation of He™ states
that are primarily responsible for the dissociation and excitation of molecules and
molecular fragments in the third and last afterglow stage of the DBDI.
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Figure 3.12: Development of the temporally, spatially- and spectrally-resolved optical emission of the
DBDI during the negative voltage half-cycle starting at 25ps. The presentation is the
same as in figure 3.6, the only difference is that the intensity scaling that was normalized
to the maximum number of counts obtained during the positive voltage half-cycle.

The positive half-cycle is essentially finished after this point in time and the dis-
charge remains in a passive state until it is re-ignited after the negative polarization
occurs 25 ps later. Contrary to the positive streamer, electrons are repulsed from the
HV electrode by the negative electric field, creating a collision dominated electron
wave that travels towards the GND electrode. This electron wave does not produce
an as strong electric field as the positive streamer and therefore the photoionization
is less efficient and focused. Similar to the positive streamer however, the arrival of
the electron waves ignites a spark like discharge which transitions and finishes in a
metastable collision dominated afterglow phase.
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The complete discharge development should not be seen as a singular event, but
instead as a series of accumulated reproducible events that create a stable equilibrium
with a noticeable memory effect. This memory effect is primarily caused by charged
species and reaction products that survive longer than a half-period and therefore
until a new discharge ignition takes place. This means that charges created in the
positive half-cycle of the discharge influence charges in the negative half-cycle and
vice versa. Therefore, it takes some time until a discharge “warms up” and also for
changes to a once found equilibrium to take effect.

The next part of this work will discuss the systematic influence of different pa-
rameters on the discharge development and also highlight how some of the observed
effects can only be explained by a memory effect and stable equilibrium conditions
created by the discharge itself.

3.4 Influence of external parameters on the discharge
development

The previous part of the work dealt with the general description of the discharge
development with a focus on the fundamental ionization and excitation mechanism.
For this reason, the discharge was operated at quasi standard settings that were
arbitrarily chosen as suited parameters. The voltage was set to 3.0 kV, the gas flow
was set to 500 ml/min and the same DBDI capillary was used for all measurements.

The last point in particular is important for reproducible measurements, due to
the fact that all DBDI capillaries are handmade with slight differences that can have
drastic influences on the discharge development, as will be shown later on. This part
of the work will therefore begin with the easier to control parameters which are the
applied voltage and gas-flow and then move on to the more complex geometry of
the DBDI itself.

3.4.1 Applied voltage: Influence of amplitude, duty-cycle and
frequency on the discharge development

The first approach that is considered is to either reduce or increase the voltage
applied to the DBDI. Figure 3.13 summarizes the results of the voltage variation in a
range of 1.9kV to 3.5kV with 100V voltage increments. Reducing the voltage from
3.0kV to 2.5kV shown in figure 3.13 (a) has two effects on the plasma discharge.
The first, and most obvious is an increase of time until the discharge transitions from
the 1%t to the 2" plasma stage. This time, given by At clearly increases from 0.263 ps
to 0.875 ps after a voltage decrease of 500 V. The second effect is a decrease of the
total amount of charge that is coupled into the discharge.

The charge Q is given by the electrical current that flows in a certain time interval
and can therefore be obtained by integration of the time resolved plasma currents.
However, a direct comparison of the hatched areas in figure 3.13 (a) is quite difficult,
due to the fact that the amplitude and width of the current peak changes quite
drastically. Therefore, figure 3.13 (b) directly shows the integrated charge Q in
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dependence of the applied voltage for the plasma current peaks occurring in the
positive and negative half-cycles.

Considering that the current during the negative half-cycle also has a negative
sign it is more convenient to depict the absolute value |@| instead of the normal
charge @ which is of course also negative during the negative half-cycle. The charge
that is obtained in that way shows essentially the same absolute charge during the
positive and negative half-cycles and a linear dependence on the applied voltage in a
range of 3.5kV down to 2.6 kV.
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Figure 3.13: Influence of the applied voltage on the ignition behavior and total amount of charges in
the DBDI. The upper part a) shows two time resolved current signals at representative
voltages (3.0kV (red) and 2.5kV (black)) and shows the changes in ignition time delay
(At) and charge (hatched areas). The lower part shows the dependence of the total
amount of charges Q b) and At ¢) on the applied voltage.

This is in good agreement with the assumption that the DBDI can in principle
be seen as a capacitor and the quasi neutrality requirement of a plasma. The charge
Q@ a capacitor can hold is given by Q = C - U with U being the applied voltage and
C the capacitance of the system. Assuming that the presence of a plasma does not
drastically change the capacitance of the system, an increase of the voltage leads
to a linear increase of the charge. However, this linear dependency only seems to be
valid until a minimal voltage of at least 2.6 kV.

Below this voltage a clear bend in the linear dependency of the charges in the
positive half cycle occurs and linear fits of the respective ranges also show clearly
different slopes as one can see in figure 3.13 (b). This effect is more pronounced in
the positive half-cycle indicating that something drastically changes in the discharge
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in the voltage range below 2.6 kV that mostly effects the development of the positive
half-cycle. Taking a closer look on the behavior of At for different voltages further
strengthens this assumption.

Similar to the charges before, the development of At can be differentiated in
a seemingly linear range from 3.5kV down to 2.6 kV and a non-linear range from
2.5kV down to 1.9kV that primarily affects the positive half-cycle. While the slight
kink in the presented charge can be easily overlooked or attributed to measurement
uncertainties, the deviation of At in the low voltage regime is far too extreme to be
explained in that way.

The shift of At spans over two orders of magnitude considering that the short-
est time for the second plasma stage to develop at the maximum voltage was
Atnin (3.5kV) = 0.17ps and the longest time measured was At (1.9kV) =
15.11 ps and therefore increases by a total of 14.94 ps. The total increase of At
during the negative half-cycle is only 0.92 ps with Atni, (3.5kV) = 0.272ps and
Atmax (1.9kV) = 1.19 ps, which means that At is only increased by roughly a factor
of five or in other words half an order of magnitude. The reason for these clearly
different At shifts can be identified in the contrasting excitation mechanisms during
the positive and negative half-cycle and become apparent if the time and space re-
solved emission of the DBDI for different representative voltages is compared as is
done in figure 3.14.

The description used to characterize the development of the 1t plasma stage
was until now purposefully simplified to focus on the important principle mecha-
nisms. While the statement that the 15t plasma stage is dominated by a positive
streamer that propagates from the HV to the GND electrode is still true, it has to
be specified now that it does not do so in a smooth and constant way as implied by
the straight arrow in figure 3.6. The middle part of figure 3.14 instead shows that
the positive streamer in the 1t plasma stage could itself be divided into two stages
that starts off with a linear regime where two comparable fast traveling excitation
fronts expand down- and upstream from the HV electrode.

In previous descriptions it was assumed that the upstream excitation front propa-
gates until it reaches the GND electrode and triggers the second stage of the plasma,
whereas the downstream front slowly uses up the initial excitation in the ambient at-
mosphere and in the absence of a guiding dielectric or grounded surface cannot
trigger a re-ignition of a new plasma stage and subsequently extinguishes. For the
case of low voltages it also seems as if the upstream excitation only travels until it
reaches a certain point at which it halts its initial constant propagation and switches
to an accelerated propagation regime.

While the medium velocity of this regime V4, = 7.9 km/s is only slightly slower
than the velocity of the first linear regime vy; = 8.7 km/s it is still obvious from the
curvature of the arrow that a strong acceleration of the propagation takes place in
this second regime. For higher voltages the difference of v4; and V4 is negligible
and it can very well be assumed that the upstream excitation front develops and
propagates in one smooth process.



36 3. THE DBDI: A MODEL CASE FOR DBDS IN ANALYTICAL CHEMISTRY

Due to this dependence on the voltage it is likely to assume that the occurrence
of a second propagation regime is closely connected to the absolute amount of
charges in the discharge and the electrical fields produced between the dielectrics in
the DBDI that subsequently determine the transport of these charged species. The
measurement of the field between the dielectrics in the DBDI is a very complicated
task and was not yet realized due to technical limitations and an overall complicated
measurement parameter regime. Still it can be assumed that the field between the
dielectrics inside the DBDI is more or less directly proportional to the applied voltage
and therefore should change in a comparable way as the applied voltage.
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Figure 3.14: Development of the temporally, spatially- and spectrally-resolved optical emission of the
DBDI for 2.3kV (black) and 3.2kV (red). The colored dotted vertical lines indicate
the transition form the 15t to the 2" plasma stage and the grey arrows help identifying
the down-and upstream excitation fronts of the streamer development. The color scale
was normalized to the maximum intensity of the measurement series that was reached
at an applied voltage of 3.5kV.
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The reduced velocity of the excitation fronts for the lower voltages could very
well be explained by a weaker electrical field and therefore slower acceleration of the
initial electrons that start the streamer propagation. A smaller electric field also
leads to a lower number of electrons that is involved in the initial formation of the
streamer, due to a reduced polarization of the dielectric. This subsequently produces
excitation fronts that seemingly stops midway in the capillary. This weaker form of
a streamer needs an extended accumulation phase in which it gathers new electrons
in the vicinity of the positive streamer head to upkeep the excitation, ionization and
propagation.

As this accumulation phase continues the streamer gets stronger, which leads to
the noticeable acceleration until it reaches the grounded electrode and triggers the
2" plasma stage. The difference between the initial and the accumulation stages of
the streamer can be even more drastic than presented in figure 3.14 as one has to
consider that the time until the streamer finally reaches the grounded electrode can
easily be prolonged to several microseconds as shown in figure 3.13 (c).

A decrease of the voltage beyond a critical value however, will lead to ignition
times which are too long for the plasma to fully develop during a single positive half-
cycle. An incomplete discharge cycle usually means that no stable plasma can form
and a further operation is not possible. Nevertheless it is still possible to change the
applied voltage in way that the full development of the plasma is interrupted before
the 2" stage ignites.

The method in question is called “plasma tuning” and was first presented by
Schiitz et al. in 2016 in the context of this work and is used to improve the ana-
lytical performance of the DBDI as an ambient ionization source [52]. The “plasma
tuning” method was first developed after the initial characterization measurements
of the DBDI which revealed that the plasma discharge ignites in several stages, as
was published [47] and also described in the previous part of this work (see chapter
3.3).

The conclusion of the initial characterization of the DBDI was that the outer
“jet plasma” is the part plasma that is primarily responsible for the soft ionization
of molecules while the inner “coincident plasma” is responsible for dissociation and
excitation. Therefore, to enhance the soft ionization capabilities of the DBDI, it was
assumed that the operation of a “jet only” discharge without the inner coincident
plasma contribution is beneficial or at least easier. This kind of “jet only” DBDI
can be realized without too much effort if the duty cycle of the applied voltage is
changed.

The duty cycle gives the time ratio of the positive and negative half-cycles and is
usually set to a ratio of 50/50 or 50 % for the standard DBDI. However, by changing
this ratio and shortening the positive half-cycle it is possible to switch the polarity
before the full discharge development is completed and the transition to the 2" dis-
charge stage is suppressed, as shown in figure 3.15.

Another thing that should be taken into consideration is the fact that changing
the duty cycle already influences the discharge development before the 2" stage is
fully suppressed. Decreasing the duty cycle from 50/50 to 17.5/82.5 respectively
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17.5 % at the same time drastically increases At from 0.73 ps to 5.96 ps. The reason
for this increase of At is similar to the increase that occurs when the applied voltage
is reduced, however a reduction of the duty cycle does not effectively decrease the
total number of charges in the discharge, it only influences the amount of time these
charges decay before a new discharge ignition occurs.
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Figure 3.15: TSSR-OES measurement of a DBDI operated with 500 ml/min He and a voltage of
2.7kV. The duty cycle was set to 50/50, 17.5/82.5 and 17/83, whereas the latter
two can be identified by the earlier occurrence of the negative displacement currents at
8.9 pus and 8.65 s respectively.

The time between the positive HV polarization that starts the positive discharge
half-cycle and the negative HV polarization that starts the negative half-cycle
amounts to 25ps at an applied frequency of 20 kHz. Changing the duty cycle to
17.5/82.5 shortens the time between positive and negative half-cycle to 8.75 ps and
prolongs the time between negative half-cycle and the next positive half-cycle to
41.25 ps. It has to be stressed again that the whole discharge development described
in the previous parts is not a singular event but a repetition of periodic, similar events
that form a relative stable equilibrium.
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A relevant factor for this equilibrium is the amount of charged and excited species,
which are produced in one discharge half-cycle and survive until the next half-cycle
starts. This amount of charged and excited species is directly influenced by the
duty cycle in such a way that more species, which are produced during the positive
half-cycle, survive until the negative half-cycle ignites, due to the fact that it starts
sooner. The amount of species supplied to the next positive half-cycle on the other
hand is reduced due to the increased decay time, resulting in a more pronounced
accumulation phase during the 1t plasma streamer stage and an increase of At.

The shift of charged and excited species caused by the change of the duty cycle
can also be identified by its influence on the current peak shapes and the linked exci-
tation mechanisms in the discharge, which is not as obvious as the already discussed
change of At and requires a more detailed examination of the measurements. The
plasma current peaks, both during the positive as well as in the negative half-cycle,
have a very particular shape that was not discussed in great detail yet. The plasma
current peaks seem to consist of at least two current contributions that can be clearly
differentiated into a 1%t and a 2" peak, whereas one can directly take from figure
3.16 (a) and (b) that the expression and discernability of these peaks strongly depend
on the duty cycle.

The peaks during the positive positive half-cycles can be best distinguished for
low duty cycle values and begin to merge when the the duty cycle is increased until
they seem to be a singular current peak. The same behavior occurs for the negative
half-cycle except that the best separation of the peaks occurs at high duty cycle
values and the merging occurs when the duty cycle is reduced.

While the impact of the duty cycle on the current shape and time delay At is
very notable, at the same time it does not influence the total amount of charges
that are produced in the discharge as one can see in figure 3.16 (e). Considering
that the duty cycle clearly influences the excitation mechanisms and development of
the plasma, it is interesting that it obviously is not changing the total amount of
charges that are present in the discharge. This further implies that the charged and
excited species are only shifted from one half-cycle to the other, due to a change to
the established equilibrium.

Another indicator that documents the strong impact of this changed equilibrium,
can be observed in the emission of the plasma presented in figure 3.16 (f). The
normalized intensities of some chosen emission lines that are representative for ex-
cited species in the discharge such as He, N, and O, show similar non-monotonous
fluctuations as the positive peak height, which means that the duty cycle impacts
the emission in a similar way.

Figure 3.16 (f) also shows that some emission lines are impacted more by the
duty cycle than others, which changes the overall ratios of the emission lines. This
strongly hints at changes in the excitation mechanism and the most noteworthy
emission lines in this case are the He lines which are He 667.8 nm, 706.7 nm and
in particular 587.6 nm. The intensity of these lines heavily depends on the occupa-
tion of the helium metastable states, as was discussed before and a strong decrease
as can be observed in figure 3.16 (f) subsequently indicates a decrease of the He
metastables.
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This observation fits very well with the previous conclusions that a change of the
duty cycle shifts the established equilibrium and favors one voltage half-cycle on the
expanse of the other. This effect can best be observed in the duty cycle range below
50 % which represents the case of a weakened positive voltage half-cycle in favor of
the negative one. The positive streamer discharge has to develop in an environment
that suffers from an increased loss of charged and excited species due to increased
decay times.
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Figure 3.16: Time resolved current measurements a) positive, b) negative, current peak delay c),
current peak heights and current maximum d), integrated charges e) and normalized
intensity ) in dependence of the applied duty cycle for a DBDI operated with 2.7 kV
at 20 kHz and 500 ml/min He. The results from c) - f) all show discharges without a
suppressed 2" plasma stage (duty cycle > 20 %) to either avoid missing points due to
non existing data ¢) and e) or jumps in the presented curves d) and f).

This leads to stronger expressed accumulation phases of the streamer that could
already be identified to be less pronounced in the case of a reduced applied voltage.
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This increased accumulation phase will subsequently create a less dense interac-
tion regime during this discharge half-cycle, where excitation processes involving He
metastables statistically decrease. At the same time the negative discharge half-cycle
starts in an environment where it is proving generally more species from the previous
positive half-cycle than it normally would receive from the standard 50 % case.

This concludes the examination of the two important plasma parameters that
are related to the applied voltage, namely the amplitude of the applied voltage and
the duty cycle which determines the ratio between positive and negative voltage half-
cycle. The amplitude of the applied voltage is a rather straightforward parameter
that directly controls the total amount of charges coupled into the discharge and in-
fluences the discharge development in a quite predictable way. The behavior due to
changes of the duty cycle is partly surprising and requires interpretations that involve
the shift of established equilibrium of charged and excited species in the discharge,
which is hard to predict without suited observables or models.

Nevertheless, the duty cycle is a particularly powerful parameter that enables
additional control over the discharge and its excitation mechanisms as was already
presented by Schiitz et al. [52]. However, further work on the duty cycle in par-
ticular is necessary since some of the mechanism in the plasma tuning that lead to
an actual improvement of the analytical performance are still not fully understood at
this moment.

While the investigations presented in this part of the work document most of the
changes the applied voltage and duty cycle have on the plasma discharge and its
development itself, a distinct connection to the analytical performance of the DBDI
is not possible at this moment in time. One reason for this is that the mechanism
of soft ionization occurring in the DBDI itself is still a topic for investigations. The
mass spectra used to evaluate the impact of the duty cycle, and the overall analytical
performance of the DBDI only show the finished soft ionized molecule without giv-
ing much information on the reaction chain that leads from the DBDI to the signal
of this soft ionized molecule measured by the mass spectrometer. It can only be
concluded that changes to the duty cycle can have various benefits on the analytical
performance of the DBDI, but it cannot be said what the exact mechanism behind
the improvement is.

One approach to explain this improvement is that the overall chemical reactivity
of the atmosphere in and around the DBDI is changed due to the shift of charged
and excited species during the variation of the duty cycle, as was discussed before
and can be partly observed in the fluctuating plasma emission. The gas composi-
tion plays an important role in the operation of the DBDI, in particular due to the
fact that the DBDI is normally operated under ambient conditions. The following
part of this work will highlight the influence that gas flow and gas composition can
have on the behavior of the discharge and will try to elaborate in how far these two
parameters cannot be as easily separated as other discharge parameters can be.
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3.4.2 Gas-flow and -composition

Gas-flow, -pressure and -composition, including the choice of the main gas compo-
nent, are crucial factors for a plasma discharges. The DBDI is usually operated in
ambient atmospheric conditions and uses helium as the main gas component, due to
previous studies which evaluated the anayltical performance of the DBDI or DBDI
like discharges [53].

The gas choice for the operation of dielectric barrier discharges is not restricted
to He and in principle any gas can be used provided the requirements for the plasma
to ignite are still fulfilled. The choice of other gases such as e.g. argon, nitrogen or
even synthetic air for a DBD based ion source would provide several advantages to
potential ambient MS applications, such as e.g. a higher cost efficiency due to lower
gas prices or a better compatibility to ambient measurement conditions. However,
the aforementioned studies by Meyer et al. determined that DBDIs operated in He
outperform DBDIs operated in pure Ar.

One of the main reasons for this, claimed by these studies, was that DBDIs oper-
ated in He produce a homogeneous and “soft” plasma while the other gases produce
a filamentary and “hard” plasma. This reasoning was already discussed during the
introduction of chapter 3.1, where the problematic behavior of the previously used
quasi-sinusoidal HV generator also implied a sudden mode change of the He DBDI
from a “soft homogeneous” to a “hard filamentary” mode.

Careful evaluation of the ignition behavior displayed by the DBDI revealed that
an increase of the quasi sinusoidal voltage simply leads to multiple discharge ignitions
during a fixed plasma voltage-cycle, which in turn leads to a sudden rise of power
that is converted in the discharge due to a quasi higher effective applied frequency.
Use of the newer square-wave HV generators solved this problem by inhibiting multi-
ple ignitions during a single voltage half-cycle, subsequently making the behavior of
the DBDI more predictable and demonstrating that no sudden change to a so-called
filamentary mode occurs in DBDIs that are operated in He. The better analytical
performance of He can be explained by the fact that He can be operated with lower
applied voltages than Ar, presumed all other experimental conditions are the same.

The DBDI can be operated with voltages in the range of 2.0kV using He as
discharge gas and still produce a stable plasma discharge. This leaves over 1.5kV
of the generator output to tune the discharge to a given analytical application and
optimize the signal yield of the mass spectrometer. The same DBDI operated in Ar
does not produce a stable plasma in a voltage range below 4.0 —5.0 kV and therefore
far exceeds the maximum output of the standard square-wave generator. Simple
solutions to still use Ar as discharge gas is to either use generators with a higher
maximum voltage amplitudes such as the older quasi-sinusoidal HV generators, or to
change the geometry of the DBDI enabling an Ar plasma to be operated at lower
voltages. The latter solution will be discussed in following parts of this work in
chapter 4 onward which deals with the influence of the discharge geometry on the
development of the plasma.
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The former solution, which is an increase of the discharge voltage, turned out
to be unsuitable for analytical applications as reported on by Meyer et al. due to
the fact that a DBDI operated at high voltages will dissociate analytes instead of
soft ionizing them. The question that needs to be solved before Ar can be used as
discharge gas for the DBDI, therefore is why the DBDI can be operated at lower
voltages when it is operated in He.

The following part of this work will focus on this question, using the characteri-
zation of the DBDI up to this point and focus on the role of gas impurities for the
formation of ions and on the overall ionization mechanism of the plasma discharge.

263
] He' 24.6 eV

24 _: 353 """"" 34°D,,, sl 3d'D,

22 1 N | 728.14nm\ ___667.82nm

2058.7. nm

] 2p°P,,,°
20 I 108;;1}%3 """" ‘

1 2s°s,

energy (eV)

Figure 3.17: Selected energy states (horizontal lines) and optical transitions (downward arrows) of
He (blue), Ar (pink), N2 /N3 (black/red) and C3Hg (green). The waved-arrows and fol-
lowing upward arrows show possible photon-absorption paths that visualize how energy
can be transferred from one atom/molecule to another. The upward arrows represent
the energy gain of the excited electrons. Upward arrows passing a ionization thresh-
old (dash-dotted lines) mean that the energy gain of an electron is sufficient for the
formation an ion and an additional free electron.

Thus far the development of the plasma in the dielectric barrier discharge was
described as multi-stage development with an initial streamer dominated early plasma
phase that transitions to a spark like discharge as soon as the streamer fully develops
and reaches the grounded electrode. It was mentioned in chapter 2.2.1 and 3.3 that
ions are formed primarily by photoionization and not by direct electron collision or
atom collisions with heavy metastables [40, 41]. It could also be shown in chapter
3.3 that metastable collisions are much more likely responsible for the dissociation
of molecules and subsequent excitation of the fragmented atoms (see figure 3.9 and
equations 3.1 and 3.2).

The most likely source of photoionization in a He discharge is the resonant tran-
sition 1s2p *P; — 1s? 'Sy, which is called resonant due to the fact that the excited
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He returns to the ground state and emits the complete energy it had before in the
form of a photon with a very small wavelength of only 58.43 nm, as illustrated in
figure 3.17. These vacuum ultra violet (VUV) photons have an energy equivalent
of 21.22eV, which means that they can directly ionize every atom except neon
(Ei(Ne) = 21.56eV) and helium (E;(He) = 24.59¢eV).

It can be assumed that the standard DBDI studied so far is contaminated with a
considerable amount of additional gas impurities although it was operated with He
5.0 exclusively, which means the He has a purity of 99.999 %. At the same time
this means that at least 0.001 % of the gas is not He, which are 10 particles out of
1000000 He particles.

Nitrogen has an ionization energy of E;(N,) = 15.6eV and represents the most
abundant part among these residual impurities found in He, and it can be assumed
that the percentage of N, in the gas mixture of the usual DBDI is even higher, due
to the fact that it is operated in an open environment at ambient atmosphere.

N, is an ideal gas component in regards of the photo-ionization, due the fact that
the VUV photons created by the 1s2p 'P — 1s? 'S, transition can be absorbed
by N>. In turn, an electron is excited in the N, over the ionization threshold forming
a free electron and N3 ion, as indicated in figure 3.17.

The energy transferred to the N, is sufficient to create electrons with consider-
able energies of over 2eV and at the same time can produce NJ ions in the excited
B2?3Y_ (V') state which forms the upper state of second negative emission system of
the NJ ion with 391.56 nm being the most prominent emission band. This photo
ionization is very efficient in the He DBDI, due to the fact that the concentration of
the N, is in a range of only some 10 ppmy to 100 ppmy and also due to the atmo-
spheric pressure that leads to a radiative trapping of the 1s2p 1P{ state of the He.

The resonant nature of the 58.43 nm transition leads to a direct reabsorption of
the emitted photon by a ground state He atom, restoring and therefore trapping the
1s2p 'PJ state that emitted the photon initially. This emission and re-absorption of
these VUV photons is repeated continuously and artificially prolongs the lifetime of
the upper state, especially under atmospheric conditions where the free mean path
of the photons is reduced due to the high density of particles.

The trapping of this state is only released, when the VUV photon is absorbed by
an atom or molecule other than a He in the ground state, e.g. either a He in an
excited state or a N, molecule in ground state and therefore lost from the constant,
spiral-like emission and re-absorption process. The loss of the VUV photon will lead
to the formation of an ion and free electron, which means that the energy deposited
in the excited He states is efficiently transferred towards the formation of charged
species in the plasma discharge that are essential for its development.

One sign for this energy transfer can be seen in figure 3.18 which shows the distri-
bution of He 667.8 nm and N3 391.6 nm emission lines inside the discharge capillary
at different points of time. The emission of the N ion (blue) clearly trails behind
the emission of the He 667.8 nm (red), which is an evidence for the initial excitation
of high energetic He states and subsequent transfer of energy to Ns.

A systematic study was conducted in the context of this work, to find further
evidence of the overall importance of N, for the ionization mechanism of the DBDI
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[54]. One of the biggest challenges of this systematic study was the fact that it
nearly impossible to conduct a control measurement between pure and polluted He
gas mixtures to indisputably show the effect of N, on the ion formation of the DBDI.
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Figure 3.18: Distribution of the emission produced by the He 667.8 nm (red) and NJ 391.6 nm (blue)
line. a) Shows the plasma at an earlier stage of the plasma development (+0.155ns
after Trigger). b) Shows the plasma directly before the transition to the 2" plasma
stage at +0.245 ns after the trigger.

As already mentioned, the used He 5.0 still has a considerable amount of N
and although several methods exist to further purify the gas, such as e.g. cleaning
the gas by appropriate filters, none of these methods were feasible for this study.
The ambient operation of the DBDI gives access to a sufficient supply of N, from
the atmosphere. In addition, preliminary tests showed that it is simply not possible
to operate the DBDI in a reasonable voltage, respectively, power range without a
minimum amount of N, still left inside, which means that even if it would be possible
to create a completely pure He gas mixture it would not be possible to operate the
DBDI in it.

For this reason a comparison with a model-system using argon as discharge gas
was introduced. The energetic states of Ar are significantly lower than the states of
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He, as presented in figure 3.17. The paschen notated 2p;p_; and 1s5_, states create
the well known emission system of the Ar discharge that creates the characteristic
emission consisting of multiple strong lines in the near-IR range, partly shown in
figure 3.9 (b).

In addition to this excited emission system, Ar also has resonant transition lines to
the ground state, the 104.82 nm line originating from the 1s, state and the 106.67 nm
line originating from the 1s, state. The energy of these photons is slightly below
12 eV and therefore significantly smaller than the energy that the photons created
by the resonant He transitions carry. This makes the Ar resonant transitions a much
less potent source of photoionization.

Absorption of these photons by N, could lead to the excitation of the C3M,(v")
energy band, which is the upper state of the second positive emission system of the
neutral N, molecule, but the energy is not sufficient to form an ion and free electron.
Subsequently this means that N, is not a “suited” addition to Ar, as it does not help
the formation of ions in the plasma discharge, due to the high ionization threshold
energy of N, which is in the range of the Ar ionization energy itself. A suited gas
addition to Ar can be found in C3Hg (propane), which has an ionization energy of

Ei(CsHg) = 10.9eV which is therefore clearly lower than the resonant transitions of
Ar.
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Figure 3.19: Influence of the C3Hg concentration on a Ar discharge. a) An increase of C3Hg per-
centage decrease the minimum operation voltage, which is required to still maintain a
stable plasma ignition. b) Increase of C3Hg concentration at a constant applied voltage

of 4.5kV decreases At revealing an acceleration of the transition from 1%t to 2" plasma
stage [54].

Adding C3Hg to Ar clearly affects a plasma discharge that is operated with this gas
mixture, as the minimum operation voltage significantly decreases, with an increase
of the C3Hg in the gas mixture, as shown in figure 3.19. The minimum operation
voltage is, as the name implies, the minimum voltage required to operate a stable
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discharge or prevent the discharge formation from breaking down. While the defi-
nition of a stable discharge is highly subjective and the exact voltage at which the
discharge formation breaks down can be hard to determine, the minimum operation
voltage proofed to be the best experimental value to describe the impact that the
added C3Hg has on Ar as the main gas component of the DBDI.

The investigated DBDI operated in pure Ar without additional C3Hg requires at
least 5.0 kV to be operated in seemingly stable way over the period of at least a
couple of minutes. It has to be noted however that, the discharge was ignited re-
spectively started at a higher voltage of 6.0 kV until it stabilized and warmed up. A
customized HV square-wave generator was used for these measurements that used
two power supplies and can provide roughly twice the HV amplitude output of the
standard square-wave generators used so far.

An addition of 50 ppmy C3Hg to the Ar leads to a significant decrease of the
minimum operation voltage of 500V from 5.0 kV down to 4.5 kV as shown in figure
3.19. However, before the applied voltage is reduced and a new minimum opera-
tion voltage is determined, the discharge needs a couple of minutes before a new
equilibrium state sets in and the gas mixture with the new concentration of C3Hg is
sufficiently flushed and stable.

The reason for the decrease of the operational voltage can be found when the
development of the plasma discharge is taken into consideration, in particular At as
it represents the transition form the 15t to 2" plasma stage and therefore marks the
full ignition of the plasma. Figure 3.19 (b) illustrates the reduction of At with rising
CsHg concentration for a fixed applied voltage of 4.5 kV.

The reduction of At and quickened transition of the plasma stages is caused by
a more efficient ionization during the 1% stage of the plasma. C3Hg can absorb the
VUV photons of the resonant Ar transitions and form C3Hg ions. This means that
CsHg is a suited acceptor of this radiation and will make the photoionization process
in the discharge more efficient in contrast to N, which would only absorb the photons
without providing ions and subsequently only disturb the discharge.

The enhanced ionization efficiency and reduced time of the plasma stage transi-
tion caused by a higher percentage of C3Hg mean that the discharge can be sustained
at gradually lower voltages respectively minimal operation voltage, as shown in figure
3.19 (a). The influence of the C3Hg concentration on the discharge development is
strongly non linear and the strongest reduction of the minimal operation voltage can
be observed in the range between 0 ppmy to 200 ppmy added C3Hsg.

A further increase of CsHg concentration leads only to moderate decrease of
the operation voltage and At, subsequently leading to saturation for concentrations
above 1000 ppmy. The Ar-C3Hg model demonstrates that deliberate addition of a
suited gas in a low concentration range can clearly influence the discharge develop-
ment by increasing the efficiency of the photoionization that occurs during the 1
plasma streamer stage.

It has to be mentioned at this point that adding suited gases to increase the
ionization efficiency, does not increase the total amount of charges that are formed
in the DBD, as presented in figure 3.20 (a). The relative strong deviation of the
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individual measurement values from the obtained mean values for Q, indicated by the
large error bars, are primarily caused by the rather unstable output of the customized
HV square-wave generator that has to be used for voltages above 3.5kV.

It can be assumed that the charge @ is independent from the C3Hg concentration
provided all other parameters, in particular the applied voltage, can be kept constant.
This means that increasing the ionization efficiency only accelerates the formation of
ions but the overall amount or yield of ions remains a constant value predetermined
by the applied voltage and capacitance of the discharge.
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Figure 3.20: a) Total amount of charges @ depending on the concentration of C3Hg admixed to
discharge operated with 300 ml/min of Ar at 4.5kV and 20kHz. Q was obtained by
taking nine time resolved measurements of the discharge current without averaging,
integration of the signals and assessing a mean value. The strong deviation of the
individual values form the obtained mean values, indicated by error bars, is caused by
the custom HV square-wave generator that uses to power supplies and runs not as
smooth as the normal HV square-wave generators. b) Normalized intensity of selected
emission lines in dependence of the N, concentration in a discharge operated with
500 ml/min of He at 3.0kV and 20 kHz [54].

The acceleration of the photoionization as presented in figure 3.19, shows a
strongly non-linear dependence subsequently leading to saturation at higher concen-
trations of C3Hg. Further increase of the additional gas component beyond this
saturation is actually disadvantageous for the discharge development, as can be seen
in figure 3.20 (b).

The presented measurement, using He as discharge gas again, illustrates the ef-
fect of increasing the N, concentration on the intensity of several normalized emission
lines that represent species in the discharge that are most likely affected by the addi-
tion of N5. Initial increase of the N, concentration leads to an enhancement of the
Nj 391.56 nm and N, 337 nm emission, indicating that production of excited N, neu-
trals and more importantly N3 ions is improved, as was expected and also intended.
Increase of the concentration of N», beyond 400 ppmy however, only increases the
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neutral No 337 nm emission while a slow decrease of the 391.56 nm sets in. This
behavior implies that a further increase of the N, concentration does not improve the
ionization efficiency of the discharge anymore, on the contrary an increase beyond a
certain concentration level seems to be detrimental for the discharge development.

Several emission lines decrease with the addition of N, to the discharge which
can be expected due to the fact that an enhanced excitation of N, naturally means
that the excitation of other species becomes less favored. However, the exceptionally
strong decrease of the He 587.6 nm and O 777.6 nm line suggest that a high level of
N, primarily disturbs mechanisms in the discharge that are related to He metastable
states, by either disturbing the formation or the collision reactions of the metasta-
bles.

The most likely explanation for the observed strong decrease of He metastable
reactions is a decline in the formation of He metastables, caused by a lack of elec-
trons that are quenched by N, before they can reach the necessary energies to excite
He. The energy an electron can gain in an electric field is given by the strength of
the field respectively the acceleration the particle gains and the length of the path
that the electron can travel before it collides with an atom or another suited acceptor
of the energy it gained thus far.

It can be assumed that most of the energy an electron has gained is preserved
throughout a collision, due to the fact that a collision between a low energetic
electron and a atom can be regarded as highly inelastic, caused by the high mass
difference of the two particles. An electron can only lose its energy when it has
gained enough energy through successive collision, to excite an electron in the He
atom to a higher energy state.

Introduction of N, in the gas mixture means that electrons have new collision
partners with lower energy states available, which means that an increase of N, will
naturally decrease the amount of high energetic electrons and therefore also reduce
the amount of excited He species.

In conclusion it can be said, that suited additions to the main gas component of
a discharge such as N, or C3Hg play an important role in the ionization mechanisms
of the DBDI. Addition of said gases in the range of some 100-1000 ppmy lead to
an increase of the photoionization efficiency during the 1t plasma stage, which in
turn means that the discharge can be operated and sustained at significantly lower
voltages.

In particular for the case of Ar, which does not a have natural gas addition such
as N, in He, addition of C3Hg helps to operate the discharge in voltage regime that is
suited for analytical applications. DBDIs using pure Ar previously had to be operated
in a higher voltage regime, resulting in strongly fragmented mass spectra that could
not compete with mass spectra obtained by DBDIs operated in He at much lower
voltages. However Schiitz et al. [55] demonstrated that using Ar in combination
with C3Hg and an appropriate duty cycle tuning can have several advantages for mass
spectrometric measurements.
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4 GEOMETRY OF DBDS: COMPARISON
OF FULL- AND HALF-DIELECTRIC
BARRIER DISCHARGES

So far all investigations on the DBDI were carried out with a standard version of
this particular type of plasma discharge, which primarily consists of a glass capillary
with an inner diameter of d, = 466 pm, outer diameter of d, = 900 pm and two
approximately 1 mm wide electrodes that are fixed directly on the glass capillary.
The distance of the front electrode to the capillary orifice is usually 1 mm and the
distance between the electrodes, also called electrode gap, is generally 10 mm.

The electrodes are made out of copper cables that are wrapped around the cap-
illary and then fixed by soldering. While this method produces a very sturdy bond
between copper cable and glass surface, it is very difficult to produce two DBDs with
exactly the same electrode configuration. This reproducibility problem was avoided
in the previous chapter by only using a single DBDI in all of the measurements but
is not a practical solution for the actual problem.

This chapter deals with the geometry of the DBDI and the influence that the
electrode width, electrode gap and capillary dimensions have on the development of
the plasma. Another important part of this chapter will be the discussion and com-
parison of different discharge types. These different types of discharges are so called
full- and half-dielectric barrier discharges and a systematic comparison of these types
of discharges was published in 2017 in the context of this work [56].

The motivation for this kind of comparison originates from the many different
kind of DBD based plasmas that are used in the field of analytical chemistry as ion-
ization sources for ambient mass spectrometers. These discharges are often simply
defined as dielectric barrier discharges without further regard to operational param-
eters or geometry, which leads to a wide variety of different discharges that are used
for analytical applications that can drastically differ from each other.

Two very prominent examples of DBDs used in analytical applications are the di-
electric barrier discharge for soft ionization (DBDI) and the low temperature plasma
probe (LTP) [12]. The DBDI is primarily used for the soft ionization of analytes for
the subsequent measurement with a mass spectrometer and usually needs a supply
that provides the analytes in a gaseous form. The LTP can be used as a desorption
ionization source, which means that it can desorp analytes from a carrier surface
and ionize the analyte after or while lifting it from the surface. Attempting to use a
LTP in the same way as a DBDI usually leads to strongly fragmented mass spectra
indicating that the direct ionization mechanism of the LTP is harder than the DBDI
for potential analytes.
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Both discharges, DBDI and LTP, are quite different regarding their capillary di-
ameters, applied voltages, power consumption and gas flows, but the most striking
difference is the electrode configuration. The DBDI belongs to the aforementioned
full-dielectric barrier discharges, with two ring electrodes on the outside of the cap-
illary, which means that the electrodes cannot come into direct contact with the
plasma itself. The LTP has only a single ring electrode outside of the capillary and
a pin electrode inside of the capillary that comes into direct contact of the plasma,
making the LTP only a half-dielectric discharge.

The aim of the systematic comparison of these two discharges was to find out if
the difference in the analytical performance of both discharges is only based on the
difference in operational parameters such as the applied voltage or the gas flow, or if
it is a more fundamental reason due to the full- and half-dielectric barrier discharge
configurations.

This chapter will first illustrate the influence of general geometric factors on the
discharge behavior, which include the electrode width, electrode gap and capillary
diameter and will afterwards present the results of the systematic comparison of the
two discharge types.

4.1 Influence of electrode- and capillary-properties on
the discharge development
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Figure 4.1: Assessment of the total charge @, shown in a) and At in b), of three different DBDIs
D1, D2 and D3. D1 is the capillary used throughout the previous measurments and D2
a copy of D1. D3 is a DBDI version with much wider electrodes compared to the other
two discharges. It was attempted to keep the electrode gap at 10 mm and the distance
of the front electrode to the capillary orifice roughly the same for all three DBDlIs.

The geometric proportion of a dielectric barrier discharge is a crucial factor prede-
termining the overall charge that can be handled by the discharge at a given constant
applied voltage. A DBD is in principle a capacitor and the charge coupled into such
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a capacitance is give by Q@ = U - C where U is the applied voltage and C the ca-

pacitance. The geometry of a DBDI is mostly cylindrical and the capacitance of a
cylindrical system is given by:

C_ 2mege, L

In(ry/n)

The permittivity of the vacuum ¢y and the dielectric material €, are constant values
of the material, r; is the inner and r» the outer radius of the capillary and L the
length of the electrodes covering the cylindrical surface. The DBDI is not a cylin-
drical capacitor, therefore equation 4.1 can only be seen as a very rough estimation
for the capacitance of the the DBDI. However, it can be assumed that to change
the amount of charge @ that is coupled into the discharge either a change of the
voltage U as was demonstrated in figure 3.13, or a change of the capacitance C via
geometric variation of ry, r» or L, is required.

The easiest geometric change to the capacitance of the DBDI is a variation of
the electrode surface that is in contact with the dielectric, which can be achieved
by either an increase or decrease of the electrode width, as is presented in figure
4.1. This measurement includes the acquired total charge Q and At values for three
individual DBDls.

D1 is the discharge that was used in all previous measurements so far and D2 is a
copy of D1 with special attention to try and keep the electrode size and distances as
close to D1 as possible. On this note, it is not surprising that the dependence of the
charge Q to the applied voltage is nearly identical for D1 and D2 in the higher voltage
regime above 2.5 kV and only slight variations are occurring in the more unstable low
voltage regime. However, it has to be mentioned that D2 cannot be operated at
voltages below 2.1 kV and attempting to do so will lead to the extinguishing of the
discharge.

The reason for this can be seen in figure 4.1 (b), which reveals that the At be-
longing to discharge D2 shows a much stronger response to the applied voltage than
At of D1. This means that although the two discharges D1 and D2 are very similar
and show a very similar charge dependence, they still demonstrate a considerable
difference in the much more sensitive dependence of At to the applied voltage.

A possible explanation for this different behavior of At can be seen in the pho-
tograph added in figure 4.1. The electrode gap of D2 is slightly bigger than that of
D1 as one can see in the photograph, despite the effort to create an exact copy of
D1, and during this part of this work it will be further shown that the electrode gap
has the biggest impact on At.

(4.1)

The discharge D3 is an example of DBDI with extremely wide electrodes. Both
electrodes are approximately 4.5 mm wide and are created by wrapping the copper
cable several times around the capillary before it is soldered. The area of the capillary
covered by the electrodes of D3 is roughly 3 times bigger than that of D1 or D2,
assuming that the electrodes are cylindrical and the covered area is therefore pro-
portional to the length of the electrode cylinders. In any case, figure 4.1 (a) reveals
the total amount of charges that can be coupled into D3 is much larger than the
amount of charges that can be handled by D1 and D2 which is exactly the expected
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behavior. Increasing the covered surface area should increase the capacitance C of
the system and in turn also increase Q.

A systematic investigation using several DBDs with different electrode widths,
reveals that the charge of the DBDI does indeed increase linearly with the total elec-
trode width or rather its capacitance as presented in figure 4.2. This further supports
the fact that a DBD electrically behaves like a capacitor. The total electrode width is
the sum of both the HV electrode width and the GND electrode width and figure 4.2
(a) shows the case when both electrodes are roughly the same size (wyy = wenbp)-
Keeping the proportions of booth electrodes the same is very important as shown in
figure 4.2 (b) where the results of DBDIs with either a much smaller HV or GND
electrode are presented.
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Figure 4.2: a) Charge Q in dependence of the total electrode width which is proportional to the
total surface area that is covered by the electrodes. The discharge was operated with
500 ml/min He and 3.0kV. The fit reveals that linear dependence is given and the inlet
shows the representative time resolved currents for the total electrode widths of 3.6 mm
and 13.8 mm. b) Effect of the ratio between HV electrode size and GND electrode size
which both contribute to the total electrode width. A symmetric ratio of both electrodes,
meaning HV and GND electrode are roughly the same size, leads to a linear dependence,
while a strongly asymmetric ratio leads to deviation from this linearity.

The gain of total electrode width was only achieved by increasing either HV
or GND electrode and keeping the respective other constant at a size of around
1.0mm. At a total electrode width that is bigger than 4.0 mm a clear deviation
from the previously linear behavior can be observed. The deviation can be explained
by bottleneck effects that are caused by the extreme size difference of the two
electrodes.

In the case of the large HV and small GND electrode, the HV electrode produces
a large amount of charged species that cannot sufficiently discharge at the small
GND electrode. This leads to the fact that the streamer that develops during the
1%t plasma stage does not stop in the vicinity of the GND electrode as it usually does
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but instead spreads several cm further upstream of the capillary. A much larger GND
electrode compared to the HV electrode leads to effect that not enough charges are
produced and the bigger GND electrode is not efficiently used.

In conclusion, increasing the total electrode width respectively the area surface
is another efficient way to increase the amount of charges that are produced in a
DBDI, next to the already discussed increase of the applied voltage. The benefits
of such a bigger “high power” DBDI for potential optical analytical applications was
published in 2016, where it was demonstrated that an increase of the overall charge
Q of the plasma also leads to stronger emission signals and subsequently better limits
of detection down to 0.7 ppby [47].
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Figure 4.3: Influence of the electrode gap on the plasma transition time At a) and the total amount
of charges b). While an increase of the electrode gap leads to a clear increase of At, it
only changes @ on a minor scale. The increase of the electrode gap primarily decreases
the displacement current /p and only slightly decreases the plasma current /,;, although
it heavily impacts the shape of the plasma current peak as shown in the inset in a).

The next parameter to focus on is the gap between the electrodes, which so
far was set to 10 mm. The GND electrode of the investigated DBDI was loosened
from the glass capillary during the soldering to create a ring electrode that can freely
move along the discharge axis. Using this method allows for a very tight contact
between ring electrode and glass while still having the possibility to vary the elec-
trode gap. The advantage of this method is, that the total surface area covered by
both electrodes is always the same, therefore eliminating potential systematic errors
that might be caused by using several DBDIs with different electrode gaps but also
potential different overall electrodes widths.

Increase of the electrode gap leads to a steady increase of the plasma transition
time At as presented in figure 4.3 (a) and also a strong deformation of the plasma
current peak as one can see in the inset of the graph. The plasma current peak of
the discharge with 8 mm electrode gap has clear defined 15t and 2" peak features,
as first described in figure 3.16. A decrease of the electrode gap leads to an overall
increase of the current peak amplitude in particular of the 2" peak contribution and
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a subsequent merging of both peaks. Increasing the electrode gap leads to a decrease
of the current amplitude and a strong broadening of the 2" peak that can only be
recognized as shoulder of the 1%t peak for larger electrode gaps.

Despite the clear influence on At and the overall peak shape, the electrode gap
has only a minor influence on the total amount of charges Q. Although a decrease
of Q can be seen in figure 4.3 (b) it has to be noted that it only occurs in this
magnitude if the charge contribution of the displacement current /p is considered. In
the measurements so far, the displacement current was usually integrated together
with the plasma current /,; and was seen as a linear offset of the charge value Q.

Increase of Q by either higher applied voltages or electrode width primarily in-
creased [y, as one can see in the inset of figure 4.2 (a), but a change of the electrode
gap primarily influences the charge contribution of /p as presented in the inset of
figure 4.3. This behavior is once more in good agreement with the capacitor ap-
proximation that was already used several times before. A larger electrode gap at
the same time means an increase of the dielectric layer between the two electrodes
which results in a smaller overall capacitance and subsequently charge of the system.
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Figure 4.4: Normalized intensity of chosen emission lines for different electrode gaps.

Another parameter of the discharge not mentioned so far, but heavily influenced
by the electrode gap is the volume of the plasma. The capillary structure of the DBDI
leads to a very strict spatial confinement of the plasma and prohibits the plasma
from freely spreading as it usually can happen in other discharge configurations. The
volume that the plasma can occupy in the DBDI is given by the radius of capillary
and the distance between the electrodes.

Assuming that the charges of the plasma discharge are not drastically influenced
by the electrode gap, as implied by figure 4.3, would mean that a decrease of the
electrode gap leads to a much shorter plasma column and therefore plasma volume,
while still retaining the same amount of charge. Consequently this means that the
same amount of charged and excited species are confined in much smaller volume
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which efficiently increases the density of the plasma. A strong indication for a change
in the effective plasma density due to the electrode gap distance can be seen in the
change of the plasma emission presented in figure 4.4.

The clear decrease of emission with the increase of electrode gap indicates a
reduction of excitation which can very well be caused by reduced effective plasma
density and therefore less interaction and excitation between the involved species.
However, these measurements require further validation due to the fact that the
observed reduction of emission can also be caused by the fact that the plasma is
elongated when the electrode gap is increased and the emission further upstream of
the capillary is simply further away from the optical fiber.

Additional measurements are necessary but are not reasonable with the current
setup. Although the movable GND electrode allows for a quick and easy change of the
electrode gap, it still requires a considerable amount of mechanical force to move the
electrode along the capillary. This however complicates optical measurements which
require a very fine and stable alignment of the discharge. Further measurements on
this matter will therefore be taken into the next part of this work, which deals with
the comparison of full- and half-dielectric barrier discharge designs based on the two
very popular and representative discharges in these respective fields, the dielectric
barrier discharge for soft ionization DBDI and the low temperature plasma probe
LTP.
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4.2 Full- and half-dielectric barrier discharges: com-
parison of DBDI and LTP

A common plasma discharge usually consists of two electrodes and a gas in which
the plasma is ignited when the voltage applied to the electrodes is high enough. A
dielectric barrier discharges usually also requires two electrodes and a suited gas to
ignite a plasma. The last thing necessary for a plasma to be considered a DBD is a
dielectric layer that covers at least one electrode and separates the plasma from the
metal surface of the electrode.

As mentioned in the theoretical part of this work, this dielectric layer leads to
unique properties of the DBD but also requirements for its operation. One very im-
portant factor for the operation of a DBD that usually is neglected is the number of
dielectric layers. The definition of the dielectric barrier discharge by Kogelschatz in
1997 states that at least one dielectric layer is sufficient for a plasma to be consid-
ered a DBD [57]. While this definition is certainly correct, it misses the distinction
between plasmas in which only one of the electrodes is covered by a dielectric layer
and plasmas in which both electrodes are fully covered. This leads to a wide variety of
potential different discharges and discharge types and configurations. The resulting
discharges can have very different properties and therefore can used for very different
applications and approaches. Nevertheless, they are still all clustered under the term
“dielectric barrier discharge” due to a lack of a more precise definition.

Two dielectric barrier discharges, that are used for very different analytic applica-
tions and also belong to either the full- or half-dielectric barrier discharge family, are
the dielectric barrier discharge for soft ionization (DBDI) and the the low tempera-
ture plasma probe (LTP). The LTP is build in a glass capillary, similar to the DBDI,
the only differences are the much bigger size of the LTP and the different electrode
configuration. In contrast to the DBDI, the LTP only has one ring electrode that
is fixed to the outside of the glass capillary and pin electrode that is inside of the
capillary. The HV is applied to the outer ring electrode, as it is done for the DBDI
and the inner pin electrode is pulled to ground. The inner grounded pin electrode is
in direct contact with the plasma that is ignited in the LTP making the discharge a
half-dielectric barrier discharge by the definition used in this part of the work.

Both discharges are used for the ionization of analytes for subsequent measure-
ment with mass spectrometers. The main difference between the two discharges is
the supply of analyte. While the DBDI in general requires a gaseous analyte that is
admixed to the gas via an additional gas stream e.g. headspace, gas chromatography
or laser desorption, the LTP can be used to desorp analytes directly from the surface
of materials that are tested via mass spectrometry.

Using either of the two discharges for the respective other analyte supply, in other
words the DBDI as a desorption source and the LTP as a direct ionization source,
produces inferior mass spectra that are hardly usable. Implementation of the DBDI
as a desorption source produces very low intensity spectra most likely caused by an
inefficient desorption of analytes. Even if the DBDI is able to desorp the analytes
from the surface of a sample, it might not be able to still ionize the desorped analyte
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in this configuration due to a lack of power. Placing the LTP directly in front of the
MS inlet and using it for the direct ionization on the other hand leads to strongly
fragmented spectra with a low signal to noise ratio.

As already mentioned both discharges are optimized for their respective tasks
and therefore quite differently-sized and also the applied voltages and gas-flows are
drastically different. However, it is still questionable if the observed different perfor-
mances as ionization sources can be sufficiently explained by these different sizes and
different operation parameters alone. The impression remains that these differences
are caused by the more fundamental difference of the DBDI being a full- and LTP
being a half-dielectric barrier discharge.

A systematic study was performed that uses a special discharge, the variable di-
electric barrier discharge (vDBD). This new discharge could be switched between a
full- and half-dielectric operation mode with ease, which allows to completely focus
on this geometric parameter. The approach and results of this study was published
in 2017 and will be presented in the following section [56].

4.2.1 Experimental arrangement: The variable dielectric barrier
discharge
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Figure 4.5: Schematics of the the LTP a), DBDI b) and vDBD c). The vDBD can be operated in
two configurations, the LTP configuration (top) and the DBDI configuration (bottom)
each representing the electrode configuration of the name giving discharge type [47].

The variable dielectric barrier discharge (vDBD) is a discharge platform that was
developed for testing different capillary geometries and electrode configurations in a
easy and reproducible way. Main part of this discharge design is the 3D printed hous-
ing, that enables a quick coupling of discharge capillary and gas supply via commercial
Swagelok connectors. The diameters of the 3D housing can be easily changed and
reprinted to accustom a variety of different capillary diameters.

The capillary type used throughout the systematic comparison of DBDI and LTP
had an outer diameter of dyuter = 1.5 mm and an inner diameter of djpee = 1.0 mm
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and therefore was right in between the standard dimensions of the DBDI and LTP.
While the use of a different dielectric altogether of course changed the discharge
behavior significantly, as one could guess from the detailed parameter variations of
the previous parts of this work, the main focus of this comparison was to test the
DBDI and LTP configuration under the same conditions. Preliminary tests revealed
that the 1.5/1.0 mm capillary shows the same discharge behavior as a normal DBDI
and the same three plasma stages can still be identified (see figure 4.7).
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Figure 4.6: a) Custom made aluminum tube attachment for the vDBD. The attachment is used to
freely move a pin electrode with the help of an iron sled and magnets under gas tight
conditions. b) Several photographs of a vDBD with different electrode configurations.
The vDBD is step wise changed from the DBDI like configuration (top) to the LTP like
configuration (bottom). The operation of the vDBD was not interrupted in between the
pictures [56, 58].

A custom-made attachment for the vDBD was developed, that helps to conve-
niently move the inner pin electrode in and out of the discharge while it is operated.
The attachment, shown in figure 4.6, can be connected to commercial Swagelok
T-fitting and mainly consists of an aluminum tube and brass fittings that form a gas
tight chamber.

An iron sled is put inside the aluminum tube which can be moved with the help of
strong magnets that are placed on the outside of the tube and fixed with a PVC ring.
The pin electrode, usually a thin tungsten wire, is fixed to the iron sled and therefore
moves when the position of the magnets is changed. Figure 4.6 (b) demonstrates the
movement of the pin electrode in several pictures. The pin electrode can be freely
moved to the same position that the outer ring electrode occupies and substitute it.

The ring electrode can be moved further to the back of the capillary or even
completely removed to minimize interference with the LTP like configuration of the
vDBD. The bigger outer diameter of the capillary that is used for the vDBD allows
for an incomplete ring electrodes that only cover roughly 2/3 of the capillary circum-
ference but still allows for a tight connection between metal and glass surface, as
shown in the photographs of figure 4.6 (b). These open electrodes enable observa-
tions of the plasma below the otherwise concealed electrode region.

The vDBD is operated with the same standard square-wave HV generator as a
normal DBDI, both in the DBDI configuration as well as in the LTP configuration.
This is another deviation from the standard LTP that is that is also operated with a
square-wave HV generator but in the range of 2.5 — 5kV with 2 — 5kHZ [12]. This
difference in the HV supply might very well be a major factor for the difference in the
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analytical performance of the LTP and DBDI. However, the goal of the systematic
comparison is to focus on the geometric difference between full- and half-dielectric
barrier discharge and if there is any, in how far it might be responsible for the dif-
ferent performances of the two discharges. This is why the experimental evaluation
and comparison will start with the basic physical parameters such as e.g. the total
amount of charges, emission and time dependent plasma development, before the
actual analytical performance will be tested with a mass spectrometer.

The analytical measurements were performed with a Thermo LTQ and details
regarding the exact instrument settings can be found elsewhere [56]. The analytical
performance was tested with different substances such as menthone (C;oH150) and
propachlor (C;1H14CINO) which is of particular interest due to fact that it is a her-
bicide and presents a certain relevance in an agricultural and food quality context.

The vDBD is aligned parallel and closely to the LTQ inlet and the analytes are
supplied via an additional headspace capillary that is aligned perpendicular to the
plasma plume that developed between discharge capillary and mass spectrometer
inlet. Measurement of the protonated analyte signal intensities allows for a rather
direct comparison of the analytical performance of the two discharge configurations,
in particular if one considers that the vDBD can be switched rather freely between
these two configurations without interrupting the operation of the plasma due to the
aluminum tube attachment.

4.2.2 Measurements and results: Physical characterization
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Figure 4.7: Comparison of the DBDI and LTP configurations of the vDBD. The discharge was
operated with 500 ml/min He and 3.0 kV at 20 kHz. The partly open electrodes allow an
insight into the usually covered region beneath the electrodes. The development of both
discharge configurations can be divided into the the three stages, marked by the vertical
light grey lines, that were already described during the characterization of the standard
DBDI in the previous chapter.



62 4. GEOMETRY OF DBDS: COMPARISON OF FULL- AND HALF-DBDS

First measurements of the vDBD in DBDI configuration, presented in figure 4.7,
reveal that the plasma development is very similar to the behavior of a standard
DBDI, which subsequently means that the vDBD is a suited substitute of the DBDI.

The vDBD exhibits essentially the same three plasma stages as the normal DBDI,
which means that the plasma develops from an initial streamer stage that spreads
from the HV electrode outwards forming the plasma jet and inwards to the grounded
electrode. Using the vDBD and the partially open electrodes reveals that the streamer
develops from the edges of the HV electrode where the highest electric fields can be
expected.

The Streamer also forms a rather thin channel in the middle of the capillary as
depicted in the photograph inset of figure 4.7 and is even more pronounced due the
bigger inner diameter of the capillary that is used for the vDBD.
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Figure 4.8: Measurements of the He 587.6 nm (top), He 667.8 nm (middle) and O 777.6 nm (bot-
tom) lines in DBDI (left) and LTP (right) configuration. The discharges were operated
with the same parameters as in 4.7. The intensity of the measurements were all normal-
ized to the overall highest intensity measured, which was the emission of the He 587.6 nm
line in LTP configuration.

The thin channel remains until the streamer reaches the vicinity GND electrode
where it seemingly splits and reaches out towards the capillary walls. The streamer,
now moving along the inner wall of the capillary moves further upstream, while at
the same time the re-ignition of the 2" stage plasma occurs. This reversed exci-
tation wave moves downstream of the capillary and moves towards the former HV
electrode and also splits and spreads towards the walls when it reaches the vicinity
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of the electrodes. Although the open electrodes reveal some new information about
the development of the plasma in a DBDI like configuration, this behavior is essen-
tially the same as the one discussed in the previous chapter. The more interesting
development is the one of the LTP like configuration that is also shown in figure 4.7.
While the differences of the LTP to the DBDI configuration are quite obvious, they
also share many common traits.

The development of the plasma in the LTP configuration, also starts at the
edges of the HV electrode and spreads outwards, which is essentially the same as
in the DBDI configuration. The streamer during this 1t plasma stage also moves
towards the GND electrode and initiates the 2" stage as soon as it reaches the
electrode. However, the transition of the LTP like configuration to the 2" stage
of the plasma in particular shows some differences to the development of the DBDI
configuration. Most striking is the abrupt ending of the streamer which stops directly
at the tip of the wire electrode and does not propagate further upstream.

The pin electrode of the LTP configuration allows for a free flow of charges due to
the absence of a dielectric layer, which means that the streamer can simply discharge
at the pin electrode, in contrast to the DBDI configuration where the streamer is
forced to deposit its charges on the dielectric surface.

This free access to the electrode surface and more efficient discharge of the
streamer also leads to a much stronger 2" plasma stage which is indicated by the
much stronger emission of the LTP configuration during this stage. Spectrally re-
solved measurements further confirm the impression of a stronger 2" plasma stage
for the LTP configuration as presented in figure 4.8.

Both the He 587.6 nm emission, which is an indirect indicator of He metastables
as well the O 777.6 nm emission, which is primarily caused by the collision of O,
molecules with He metastables, suggest that the population of He metastables is
more pronounced in the LTP configuration as in the comparable DBDI configura-
tion. This overall higher emissivity and population of metastable states in the LTP
configuration is most likely caused by an increase of charges that can flow through
the discharge.

The pin electrode that is in direct contact with plasma allows for a free flow and
electric discharge of the charged species produced during the streamer stage. The
pin electrode also seems to increase the amount of charges that are present in the
discharge as presented in figure 4.9 (a).

The grounded pin electrode has a major influence on the amount of charges that
can flow through the discharge, especially if one considers that both discharge con-
figurations use the same HV electrode. This stresses the importance to differentiate
between full- and half-dielectric barrier discharges as the difference between these
two configurations seems to be quite significant. Related to the higher amount of
charges in the LTP is also the higher overall emission that can also be measured in
the LTP configuration as shown in figure 4.9 (b).

Increasing the amount of charges that are available in a discharge at the same
time increases the amount of excited species and as a result the overall emission
due to a higher interaction of these species. The apparent stronger influence of the
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decreasing applied voltage on the emission of the LTP configuration is caused by the
fact that the emission of the DBDI was also normalized to the maximum value of the
LTP configuration. This was done to underline the fact that the DBDI configuration
has the overall weaker emission but also leads to the impression of weaker decrease
of emission in the DBDI configuration.
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Figure 4.9: a) Total amount of charges @ generated in the DBDI and LTP configuration. The
discharges were operated with 500 ml/min He each. The inset shows the time resolved
currents for the DBDI and LTP configuration at 3.0kV. Background measurements
without a discharge were take to subtract the displacement current contribution before
integration. b) Wavelength integrated emission of the DBDI and LTP configuration.
The values were normalized to the highest measured intensity which was emitted by the
LTP configuration.

The relative reduction of the DBDI emission amounts to roughly 39.8% and
therefore is only slightly less than the 34.9 % reduction reached by the LTP configu-
ration. While the integrated reduction of emission is similar for both configurations,
the wavelength resolved approach reveals high discrepancy in emission lines that can
be connected to dissociative excitation processes revolving around helium metastable
states.

Figure 4.10 reveals that the highest difference of emission between the two dis-
charge configurations occurs at the He 587.6 nm and O 615.7 nm lines, the former
being an indicator of the population of the He 2s 3S; metastable state and the latter
being a result of collision processes of oxygen molecules with said He metastables.

The apparent rise of the O 615.7 nm emission at low voltages in the DBDI con-
figuration is not caused by a more efficient dissociation for this configuration at
lower voltages but rather by an overly steep decrease of this emission line in the LTP
configuration, which drastically changes the ratio. It can be stated that the LTP
configuration is an excellent source for dissociative excitation at higher voltages but
quite noticeably loses this capability with falling applied voltages.



4.2. FULL- AND HALF-DBDS: DBDI VS. LTP 65

Nevertheless, the LTP configuration produces a constantly higher amount of
charged species and also emission compared to a discharge operated in DBDI con-
figuration and otherwise same conditions. While the objective observations of the
LTP configuration strengthen the impression of a more powerful and efficient dis-
charge compared to an equivalent discharge operated in DBDI configuration, these
observations do not explain the reason why the LTP is the seemingly more efficient
discharge yet.
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Figure 4.10: Relative intensity of several chosen emission lines in DBDI configuration. The intensities
of the emission lines were normalized to the respective intensity values of the LTP
configuration at the applied voltages of 2.2kV and 3.0kV.

The increase of charges might be connected to the direct contact of the grounded
electrode with the plasma, however the simple presence of a metal surface inside the
plasma cannot explain the significant amount of additional charges that are created
in the LTP configuration. The streamer model used to explain the development of
the plasma so far assumes that an excitation wave is created during the initial polar-
ization caused by the change of the high electric fields.

These waves develop on the edges of the HV electrode were the electric field is
the highest and begin to propagate away from the HV electrode. Considering that
both discharge configurations use the same HV electrode it is not surprising that the
early phases of the plasma development looks very similar for both as one can see in
figures 4.7 and 4.8 but a more careful review still reveals some significant differences.

Figure 4.11 presents the development of the discharges on the basis of emis-
sion profiles that are taken out from representative points in time. This presentation
of the data is more suited to highlight smaller differences between the two discharge
configurations that are otherwise overlooked in the usually used 2D-contour plots
of the data. It can be directly seen that both discharges do indeed start at the HV
electrode shortly after the initial positive polarization happens, however the formation



66 4. GEOMETRY OF DBDS: COMPARISON OF FULL- AND HALF-DBDS

of the excitation waves in the LTP configuration seems to be significantly faster and
stronger than the formation that can be observed in the DBDI configuration.

This applies in particular to the formation of the outwards directed streamer
which forms the plasma jet and is already strongly developed only 0.15 ps after the
polarization for the LTP configuration whereas this streamer is barely noticeable for
the DBDI configuration. It takes an additional 100 ns before the outward streamer of
the DBDI configuration is as developed as it was for the LTP configuration, at which
time the streamer of the LTP configuration has already propagated beyond the field
of vision of the measurement and cannot be seen in figure 4.11 (b) anymore.
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Figure 4.11: Emission profiles of discharges operated in DBDI (red) and LTP (blue) configuration.
The database used is the same as in figure 4.7, the only difference is the method of
presentation which is used to highlight differences between the two discharge configu-
rations that are otherwise overlooked in the the standard 2D-contour depiction that is
usually used

This behavior was already reported [56], however it still is only possible to ac-
knowledge the fact that the outward streamer of the LTP configuration develops and
also propagates much faster than the equivalent streamer of the DBDI configuration.
The reported propagation speed of said streamer in LTP configuration measured dur-
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ing the study in 2017 was 37.2 km/s and therefore clearly higher than the 21.4 km/s
that were reached by the DBDI configuration. The mean velocities of the outward
directed propagation in this quasi repetition measurements of the previous study are
Vpo(LTP) = 48.3km/s for the LTP configuration and v,,(DBDI) = 20.9 km/s for
the DBDI configuration.

This demonstrates that these results are reproducible, however a fully satisfying
explanation for the faster development of the outward directed streamer propagation
in the LTP configuration can still not be given at this point in time. Some of the
explanation attempts in the previous study included the overall higher amount of
charges that are created in the LTP configuration.

While a higher amount of charges could very well lead to a change of the dis-
charge equilibrium over time and result in a overall stronger initial polarization during
the changing high voltage, it does not satisfyingly explain why this increased polariza-
tion only influences the outwards directed streamer propagation and not the inward
directed propagation.

The mean velocity of this inward directed 1%t streamer amounts to v,;(LTP) =
v,i(DBDI) = 38.1km/s for the discharges in both configurations and is therefore
exactly the same. The different positions of the two streamer peaks in 4.11 is only
caused by a slightly delayed beginning of the streamer propagation for the DBDI con-
figuration which sets in several nanoseconds later and therefore slightly lags behind
the streamer that forms in the LTP configuration.

The reason for this delay could be a systematic difference between the two dis-
charge configurations but could also be caused by a small drift of the overall discharge
operation in time, which can be hardly avoided during long term measurements. The
reason for this slight delay that can be observed is ultimately irrelevant, and much
more interesting and important is the fact that the inward streamers have the same
mean propagation velocity contrary to the outwards directed streamers where a faster
development for the LTP configuration can be clearly observed.

The different propagation speeds of the outward directed streamer is unexpected
considering the fact that the difference between the LTP and the DBDI configuration
occurs at the grounded electrode which is positioned in the direction of the inward
directed streamer and therefore would suggest a stronger dissimilarity in this part of
the plasma instead of the opposite directed streamer as it can be observed.

What has to be stressed at this point is the fact that the unexpected similarities
described in the previous part only refers to the inward directed 15t stage streamers
that are marked by a respective arrow in figure 4.11. The overall development of the
plasma inside of the capillary still shows major differences between the two discharge
configurations, as a “new emission” phenomenon appears for the LTP configuration.
This phenomenon does not occur when the discharge is operated in the usual DBDI
configuration and therefore will be referred to as “new” or “additional emission” in
the lack of a better name.

This new emission develops during the propagation of the inward directed 1%
stage streamer and first occurs when the wave crosses roughly half the distance of
the electrode gap as presented in figure 4.11 (b) and (c). The emission occurs di-
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rectly at the pin electrode and retains its highest intensity at the surface of this pin
electrode. At the same time however, it seems as if the emission is spreading from
the pin electrode towards the streamer as if it is attracted by the excitation wave
front which is closing in.

The occurrence of this new emission was already reported in the original study
from 2017 but was not further elaborated on as other differences between the two
discharge configurations were deemed to be more relevant at that point in time. A
way of interpreting this new emission phenomenon results from a discharge configu-
ration that can occur while using the vDBD system but was originally not intended
and therefore not considered in the original study. The vDBD cannot only be oper-
ated in the LTP and DBDI configurations that were described so far, it can also be
operated in a kind of “hybrid” mode.
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Figure 4.12: a) Time resolved currents of the vDBD in DBDI (black), Hybrid (red and orange) and
LTP (blue) configuration. The hybrid discharge was measured at two distances of the
inner pin and outer ring electrode: 1 and 4 mm. b) Total amount of charges Q for the
hybrid discharge configuration in dependence of distance between the pin and outer ring
electrode. The discharge was operated with the same amount of gas and an applied
voltage of 3.0kV. The dashed lines indicate the charge values for the LTP and DBDI
configuration at the same settings. c¢) Total amount of charges Q in dependence of
the applied voltage for the three discharge configurations. The discharge was operated
with 500 ml/min of He and the distance between the pin and outer ring electrode for
the hybrid discharge was approximately 4 to 5 mm.

The hybrid mode occurs when the discharge is switched from one configuration to
the other while still being operated. The most common way for the hybrid discharge
to occur is when the pin electrode is moved in to the plasma volume before the outer
ring electrode is detached or moved further upstream. At a certain point, depending
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on the remaining distance of the pin and ring electrode and the applied voltage, an
additional discharge will form between the two grounded electrodes. A photo of this
hybrid discharge is shown in figure 4.6 at page 64 where it was used to demonstrate
that the vDBD can freely switch between the two discharge configurations. While
the occurrence of such an additional discharge can be expected when a conducting
surface is brought into the vicinity of a running plasma, some of the demonstrated
characteristics of it were still very surprising and subsequently lead to naming this
particular configuration hybrid discharge.

Figure 4.12 (a) presents the time resolved currents of all three discharge configu-
rations. The difference between the pure LTP and DBDI configurations were already
discussed in figure 4.9 (a) where the overall larger plasma peak for the LTP con-
figuration also results in a higher amount of charges. Much more interesting is the
fact that the current produced by the hybrid discharge displays two clearly separated
plasma peaks, the first being mostly identical to the one created in the DBDI and
the second one rising much later around 2 ps after the displacement current.

The position and shape of this second peak is highly dependent on the position of
the pin electrode and the resulting distance between the pin and outer ring electrode.
The bigger the distance between these two electrodes the bigger is the shift of the
maximum of the second current peak in time as shown in figure 4.12 (a) and (b).
Increasing the distance between the two electrodes will stretch out this additional
discharge phenomenon of the hybrid configuration, continuously decreasing its con-
tribution until it completely vanishes and the hybrid discharge switches to a pure
DBDI configuration again, as presented in figure 4.12 (b).
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Figure 4.13: Image series of the vDBD in hybrid configuration. The discharge is shown at different
points of time that are representative for the plasma development. The discharge was
operated with 500 ml/min of He and an applied voltage of 3.0kV.

This additional discharge phenomena is not a dark discharge that only produces
an electrical current, the matching emission can also be measured as presented in
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figure 4.13. The development of the hybrid discharge is not different from the usual
DBDI during the first 1.5pus and exhibits the usual development of the 1% stage
streamers that propagate away from the HV electrode and subsequently transitions
to the 2" plasma stage. This is not surprising considering that the additional cur-
rent peak of the hybrid configuration does not start to appear after 1.25ps at an
electrode distance of 4 mm.

The electrode distance in the optical measurement of the hybrid configuration
is roughly the same and one can see that emission is spreading from the pin elec-
trode toward the grounded ring electrode from 1.625 ps onward. However, it has
to be noted that the initial streamer started in the 15t stage of the original plasma
still seems to propagate towards the pin electrode and therefore could also play an
important role in the development of the observed emission. Overall the propaga-
tion of this late emission strongly resembles the “new emission” which was discussed
before regarding the LTP configuration in figure 4.11 and is most likely the same
phenomenon observed under slightly different conditions.

The hybrid discharge configuration described so far can best be characterized
as a phenomenon that only occurs during the transition from the DBDI to the LTP
discharge configuration or vice versa. The most important factor for the hybrid dis-
charge is the distance between the inner pin and outer ring electrode.

The hybrid configuration seamlessly switches to the LTP configuration as soon
as the inner pin electrode is moved beyond the edge of the outer ring electrode. The
outer ring electrode is effectively cut off at this point and does not play any role in
the plasma development anymore. The switch to the LTP configuration implies that
the additional plasma contribution provided in the hybrid configuration merges with
the usual streamer initiated plasma created in the full-dielectric configuration. The
discharge configuration referred to as half-dielectric would then be the superposition
of these two discharge contributions.

While the mechanism of the full-dielectric barrier discharge was already intensively
studied during the previous chapters of this work, the same cannot be said about the
additional discharge contribution provided by the half-dielectric barrier configuration
represented by the hybrid as well as the LTP configuration. Considering just the
simple physical observables, such as the total amount of charges @ or the emission
of the discharges, it clearly seems as if the half-dielectric barrier discharge is the more
efficient configuration as it clearly produces the higher amount of charges and also
more emission than the comparable full-dielectric barrier variant.

Closer observation reveals that this higher amount of charges as well as emission
can be attributed to an additional discharge contribution that superimposes on the
original discharge mechanism that is already present in the full-dielectric barrier con-
figuration. While the operation of the hybrid discharge configuration makes a clear
differentiation of the original and new discharge contributions possible it still does
not reveal the exact source of the new discharge contribution and still leaves it up
to speculation.

The new discharge contribution seems to originate from the pin electrode and
either spreads to the grounded outer ring electrode in the hybrid configuration or
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towards the HV electrode in LTP configuration where it merges with the 2" stage
coincident plasma as was shown e.g. in figure 4.11. The emission at the pin electrode
starts before the 1%t stage streamer either in hybrid or LTP configuration reaches the
metal surface which limits the potential processes that could be responsible for its
ignition.

The most likely source for the observed excitation and emission is the rapid ac-
celeration of secondary electrons that are released from the metal surface however it
is not clear by which process this electrons are emitted. Electron emission due to the
bombardment of the metal surface with heavy particles such as He metastables, N3
or other ions seems to be unlikely, as the emission on the surface starts clearly before
the 1%t stage streamer and the aforementioned species can actually reach the pin
electrode. Other sources of these secondary electrons could be photons respectively
the photoelectric effect.

While the streamer formation itself is heavily reliant on high energetic photons
and photoionization for its propagation, it can be assumed that the actual reach of
the produced VUV photons that are driving this photoionization process is very short,
due to the high gas pressure and resulting density of potential absorbents. It can be
assumed that the range of the photons produced in the 15 stage streamer is similar
to that of the heavier particles and can also not reach the pin electrode early enough.

Another potential situation that can develop in the half-dielectric barrier con-
figurations investigated so far is the formation of a quasi direct discharge between
the grounded pin electrode and the propagating positive streamer. The positive
streamer that develops during the 1t stage of the plasma is an accumulation of
excited and much more importantly positive charged species that moves towards the
pin electrode. This accumulation of positive charges acts in a similar way on the pin
electrode as a normal positively charged electrode with a positive voltage applied to
it would. This means that an electric field will develop between this virtual electrode
pair, subsequently leading to the formation of plasma between them if the electric
field is strong enough.

A discharge like this is of a direct nature as there is no dielectric which blocks
either of the electrodes but at the time it is still not a pure direct discharge due
to the fact that the supply and free flow of charges is globally seen limited by the
dielectric layer that is still blocking the outer ring electrode. In this context the LTP
as well as the hybrid discharge configurations cannot only be seen as half-dielectric
but also half-direct discharges.

The formation of a direct discharge like plasma between the pin electrode and
the virtual positive electrode formed by the 1% stage plasma streamer cannot be
inarguably proven yet. No reference measurements for a direct discharge in a cap-
illary arrangement similar to the LTP configuration exist, which means that no sys-
tematic comparison between the half-dielectric respectively half-direct and full-direct
discharge is possible at this moment in time. Nevertheless, describing half-dielectric
barrier discharges like the vDBD in LTP or hybrid configurations as a superposition
of a reqular full-dielectric barrier discharge and direct discharge contribution seems
to be the most convincing explanation at the moment.
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While this matter definitely deserves some further research, it can be also stated
that the pure physical characterization so far was sufficient to find out that the full-
and half-dielectric barrier discharge configurations exhibit some major differences in
their developments. To put it simple, the half-dielectric barrier discharge seems to
produce the more efficient plasma in all considered regards, simply by the fact that
the plasma that is already present in the full-dielectric configuration is superimposed
by an additional plasma contribution, independent of this additional plasma contri-
bution being a direct plasma discharge or not.

The original study from 2017 aimed at finding these exact observable differences
and also wanted to verify the potential impacts on the analytical performances of
these two discharge types. Therefore, it was decided that a further characterization
of the superposition of these two discharge mechanisms has to be left to future stud-
ies and not to neglect the comparison in front of an analytical application, which will
be summarized in the following part of this work.

4.2.3 Measurements and results: Analytical performance

Both discharges the LTP and the DBDI can be used as ionization sources for analyti-
cal mass spectrometer applications. While the general purpose of the two discharges
in an analytical application is essentially the production of ions, the approach of how
they are implemented is clearly different. The DBDI is primarily used as an ambient
ionization source similar to established other plasma based ionization sources such
as e.g. corona discharges that are used for atmospheric pressure chemical ionization
(CD-APCI) [9, 59]. Both these methods, the DBDI and the CD-APCI, require an
additional analyte supply which vaporizes samples and transports it to the active
regions of the the plasma discharge. The LTP does not necessarily require an addi-
tional analyte supply, as it can directly desorb and subsequently ionize analytes from
the surface of a sample [60, 61]. This greatly simplifies the application of the LTP,
due to the fact that a majority of the sample preparation is omitted.

The detailed characterization of both discharge types and the following com-
parative analytical tests, have been aimed at finding the reason for the different
applicability of these two discharges and if the difference between a full- and a half-
dielectric barrier discharge plays a fundamental role.

The variable dielectric barrier discharge (vDBD) allows for a quick change be-
tween these two discharge configurations while at the same time keeping all other
external parameters constant. The vDBD is mounted in front of a Thermo LTQ
mass spectrometer and essentially used in the same way as a normal DBDI. This
means that the analyte is supplied externally in vaporized form by either head-space
or gas chromatography (GC), which enables a direct comparison of the ionization
efficiencies of both discharge configurations.

The vDBD allows for a seamless switch between both discharge configurations
without stopping either the discharge or mass spectrometer operation, enabling an
easy and direct comparison of the measured mass spectra. The ionization efficiency
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of a discharge usually depends on many external factors which of course include the
parameters of the plasma itself that can be controlled very well, but also include sev-
eral factors which are more difficult to control. Some of these parameters are e.g.
the position of the discharge relative to the mass spectrometer, or the composition
of the atmosphere. These two factors in particular complicate an exact comparison
of two discharges or discharge configurations, as an exchange of a discharge usually
requires an interruption of the measurement.

Subsequent continuation of a measurement afterwards is difficult due to the fact
that it usually cannot be guaranteed that the exchanged discharge is placed in the
exact same position as the previous discharge. An adjustment of the discharge po-
sition depending on the signal intensity as it is usually done, defeats the purpose of
a comparison measurement as it might give a completely different optimal position
for the exchanged discharge.

The vDBD is therefore the best option to compare the full- and half-dielectric
discharge configurations as it enables an objective comparison and guarantees that
all observed changes to the measured mass spectra are only caused by the switching
of the electrode configuration, which occurs “on the fly” without interruption.

Another factor that could influence the objectivity of the measurements are the
parameters used to control the Thermo LTQ itself, which in contrast to the usual
approach of mass spectrometer measurements where deliberately fixed. The range of
the mass scan was fixed to a mass over charge ratio range of 50 m/z to 400 m/z and
the automated gain control (AGC) was deactivated throughout the measurements
with a maximum injection time of 100 ms?.

Fixing the parameters of the mass spectrometer ensures that all observed changes
in the measured mass spectra are only caused by a switching of the discharge mode
and not by an automated correction algorithm of the mass spectrometer that usually
tries to optimize the signal to noise ratio (SNR) of a measurement by minimizing
the amount of background ions.

The analytes used for testing include hexane (CgH14), menthone (CioH180) and
propachlor (C;1H14CINO). While hexane and menthone represent standard chemicals
which are very suited for the comparison of the two discharge modes due to their
easy and well studied mass spectra, propachlor was chosen due to the fact that is
a herbicide and therefore also provides an analytical relevance. Another reason for
choosing these three chemicals is the fact that the ionization with the plasma is
rather simple, straightforward and therefore easy to interpret.

As mentioned before, one of the biggest advantages of dielectric barrier discharges
as ionization sources for analytical mass spectrometer measurements is the fact that
the ionization of the molecules in question happens in a “soft” way. However this
characterization only means that the analyte molecule in question is not dissociated
by the plasma and remains mostly intact, but does not exactly define the ionization
process the analyte was subjected to.

LA complete list of all MS parameters can be found of in the supporting information of the original
study published in 2017 [56]
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The most prominent mechanism is the protonation of an molecule which means
that a proton, in other words a Hydrogen atom without its electron, attaches to
a neutral molecule with the mass [M]° to form a new positively charged molecule
with an increased mass of [M+1]*. While the exact details of this protonation are
still under investigation, it still produces easy to interpret mass spectra for hexane,
menthone and also propachlor, the last one being presented in figure 4.14.
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Figure 4.14: Normalized mass spectra of propachlor measured with a vDBD in DBDI (a) and LTP (b)
configuration. The spectra were normalized to their respective highest intensities /,4x
and the inlets show the respective background spectra of each discharge configuration
which are normalized to the same values [56].

Both discharge configurations show qualitatively very similar mass spectra, with
the peak of the protonated propachlor at 212.7 m/z being the largest in the whole
spectrum. Also the smaller peaks in the range of 140 — 180 m/z and 60 — 100 m/z
have a very similar heights compared to the main ion peak. The similar mass spectra
imply, that the ionization of the propachlor in both discharges follows a very similar
mechanism and also yields fundamentally the same ionized species, however the ion-
ization efficiency of both discharges seems to be different.

The ionization efficiency can simply be described as the amount of ions that
are produced by a certain discharge configuration and afterwards measured by the
mass spectrometer. The maximum intensity of the protonated propachlor peak in
DBDI configuration is 1.30 - 10° counts/s which is 25 times higher than the 5.07 - 10*
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counts/s which can be measured in LTP configuration. The difference of the proto-
nated ion signals is surprisingly high, even more so considering that the spectra look
qualitatively nearly the same. This implies that the general ionization mechanism
that produces the protonated ions is essentially the same in both discharge configu-
rations and the only difference is the total yield of ions.

This is surprising due to the fact that the LTP configuration was considered to
be the more efficient discharge configuration after the initial characterization. Fur-
thermore, the observed reduction of measurable ions in the LTP configuration does
not only affect the protonated ion peak but all positive species in the observed mass
range and also the background species as shown in the inset of figure 4.14 (b).

While a reduction of the protonated ion peak with a simultaneous increase of ion
signals at lower masses could easily be explained by an increase of fragmentation in
the plasma discharge, the observed overall decrease simply implies that less positive
charged ions arrive at the mass spectrometer. This is, as was mentioned before,
surprising considering the LTP configuration provides the more efficient plasma but
obviously is providing smaller ion current to the mass spectrometer.

The even reduction of ions throughout all mass ranges, means that the quality
of the LTP as an ion source is not that much worse than that of the DBDI config-
uration, although the absolute signal intensity is 25 times smaller. The reason for
this is the fact that the quality of a mass spectrum is not evaluated purely on the
absolute intensities of the measured ion peaks but always takes the signal to noise
ratio into consideration.

The ratio between the average background signals and the relevant ion peaks
objectively states in how far the measured ion peak can be still differentiated from
the background noise of a measurement. The SNR for the discharge configurations
presented in figure 4.14 is 5931 for the LTP and 7626 for the DBDI configuration
respectively which is around 1.3 times higher.

The DBDI configuration is qualitatively the better ionization source compared to
an equivalent LTP configuration, but by a smaller margin than the initial lower signal
intensities implied. However, the absolute reduction of positive ions in the LTP con-
figuration by more than an order of magnitude is still a very interesting phenomenon
from a mechanistic point of view, furthermore considering that a higher overall signal
intensity is in general always beneficial.

A possible explanation for why the LTP configuration seemingly produces less
positive ions revealed itself by chance when the vDBD was switched from one dis-
charge configuration to the other during a mass spectrometer measurement. The pin
electrode of the LTP configuration was disconnected from the electrical grounding
during this switching, which means that it became a floating electrode with no direct
connection to an electric circuit.

The difference between this floating state and the usual grounded state was
easy to spot in the mass spectra as the amount of ions rapidly rose from a value
of 5.07 - 10* counts/s to 1.03 - 10° counts/s. This signal intensity is close to what
could be measured with the DBDI configuration, as shown in figure 4.15.

The floating state of the electrode also leads to an increase of SNR from 5931
to 7366 which is again close to the value that is reached in the DBDI configura-
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tion. Furthermore, the floating state of the electrode also influences the vDBD
when it is in DBDI configuration although the absolute signal increase is only from
1.30 - 10° counts/s to 1.52 - 10° counts/s which is only an increase by a factor 1.17
instead of the factor 20.3 reached in the LTP configuration. Also the increase of
SNR with only 16.9 % for the DBDI configuration is weaker than the increase of
24.2% in the LTP configuration but the improvement of the SNR caused by the
floating electrode state is at least comparable for the two discharge configurations.
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Figure 4.15: Absolute signal intensities (left) and signal to noise ratios (right) of the protonated
main ion peak of propachlor. The paired bars of the DBDI and LTP configurations also
show the difference between the grounded (black) and floating discharge states (red)
[56].

The most notable effect of switching the electrode state from grounded to float-
ing is the massive increase of overall positive ions that can be measured in the LTP
configuration which is supposedly the less efficient ion source. One possible expla-
nation for this strong increase could be that the floating state of the pin electrode
in LTP configuration restricts the free flow of charged particles to the pin electrode.

Introduction of a metal surface to a plasma usually leads to large a amount of
electrons escaping the plasma volume due to their high mobility. To counter this
loss of electrons, the plasma develops an electric potential that traps electrons inside
the plasma volume and accelerate positive ions out oft it to balance the initial loss
of electrons and sustain the quasi neutrality of the plasma. This ambipolar diffusion
due to the formation of plasma sheath potentials strongly depends on the properties
of the electrodes that are introduced to the plasma.

The amount of charges that can flow through a floating pin electrode is strictly
limited, as it will charge up over time until a saturation is reached. The amount of
charges that can be deposited on the floating pin electrode depends on its capaci-
tance which is usually negligibly small and leads to a seemingly instantaneous switch
between grounded and floating electrode state.
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Implementation of additional capacitors to enlarge the capacitance of the pin
electrode leads to a larger amount of charge that can be deposited and a prolonged
charging phase that can be easily observed over a long period of time as shown in
figure 4.16. The system allows for a rather free flow of charges during the charging
of the capacitors and therefore resembles a discharge with a still grounded pin elec-
trode. The charging of the capacitors depend on their total capacitance and can be
finished after only some minutes as for the 0.022 pF capacitor or can take up to half
an hour as it is the case for the 1 pF capacitor. The quasi free flow of charges is
stopped as soon as the capacitors are fully charged and the discharge converges on
a state that resembles the floating discharge configuration.
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Figure 4.16: Positive ion signal of the mean ion peak of menthone measured at 155.3m/z over time
in vDBD operated in LTP configuration. The black dashed line indicates the median
of the signal obtained for the grounded pin electrode state and the red dashed line
the respective floating one. The colored lines show the development of the signal for
different capacitors connected to the pin-electrode of the vDBD and disconnected from
the ground of the electrical circuit at t = 0 min [56].

The increase of the positive ion signal that can be observed due to the floating
electrode state is not yet fully understood and investigated but can be at least inter-
preted in a way that the charge transport of the LTP configuration becomes more
similar to the conditions that are present in the DBDI configuration.

Charged species are able to gather and exchange in the vicinity of the electrode
tip as long as the connection of the pin electrode to the external electric circuit exist.
This situation is not given anymore when the pin-electrode is disconnected from the
external circuit and the amount of charged particles that can flow through the pin
electrode is effectively limited. The conditions ultimately become very similar to the
ones given in the DBDI where the free flow and exchange of charges is always limited
by the dielectric layer, which was already discussed in the physical characterization
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of the two discharge configurations. In reference to these physical characterizations,
the change of the discharge from a grounded to a floating state of the pin electrode
also leads to a clear reduction of emitted light from plasma that is even noticeable
by the naked eye.
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Figure 4.17: a) Integrated intensity of the vDBD in DBDI (black) and LTP (red) configuration at
different operation voltages. The curves clearly show the decrease of intensity when the
electrode state is switched from the grounded (dashed circle) to the floating (dashed
squares) state. b) Relative intensity of the NI 391.6 nm, He 587.6nm and 667.8 nm
and O 777.3 nm emission lines at an applied voltage of 3.5kV. The bars are additionally
sorted for the different discharge configurations and electrode states. The intensities
of the emission lines are all normalized to the highest intensity measured for each line,
which was in all cases the grounded LTP configuration.

The LTP configuration is clearly the brighter discharge configuration even for
the floating electrode state, as figure 4.17 shows. However the relative reduction of
emission due to the floating electrode state is stronger for the LTP configuration as
for the DBDI configuration. This result very well complements the measurement of
the menthone signal presented in figure 4.15 where the floating electrode state also
improves the intensity and quality of both discharge configurations signal leading to
overall better mass spectrometer signals. Nevertheless, the relative improvement of
the intensity and quality was much larger for LTP configuration than for the DBDI
configuration, which means that the floating electrode state clearly impacts the LTP
configuration in a more noticeable way.

In contrast to the physical characterization it is not possible to definitely state in
how far the floating electrode state leads to a reduction of charged species by the
further restriction of the flow and exchange of charged species as it was done in e.g.
figure 4.9 (a). The floating electrode state leads to a disconnection of the whole
discharge from the grounded part of the electric circuit and therefore prevents the
measurement of the discharge current. Careful evaluation of optical measurements
presented in figure 4.17 reveals that the reduction of emission that can be observed
in the LTP and DBDI configuration due to the floating electrode state, correlates
fairly well with the increase of the ion signal.
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Switching the electrode state clearly decreases the overall emission from the
plasma in both configurations. The decrease seems to be more pronounced in the
LTP configuration, however this has to be accounted to the overall higher emissivity
of the LTP configuration that is already known from figure 4.9 (b). This simply
leads to a stronger decrease in absolute numbers for the LTP configuration, but the
relative decrease of emission for both discharge configurations accounts to approxi-
mately 20-25 % which is a very close range to each other.

The same conclusion arises at a closer examination of certain emission lines that
are presented in 4.17 (b) where a quick glance at the strong decrease of the line
emission for the LTP configuration leads to the impression that the decrease for the
DBDI configuration is much weaker. However, the relative decrease of emission for
each emission line caused by the floating electrode state is comparably strong for
both discharge configurations.

More important than the difference in absolute intensity between the emission
lines of the two discharge configurations, already mentioned in figure 4.10, is the
varying impact of the floating electrode state on the different emission lines. The
relatively weak decrease of the N3 391.6 nm line by 25.5 % for the LTP and 20.9 %
for the DBDI configuration and the much stronger decrease of the He 587.6 nm line
by 45.6 % and 39.4 % respectively, implies a shift to the whole discharge mechanism.

While figure 4.17 (a) shows that restraining the flow of charges does most likely
reduce the overall excitation in the discharge, figure 4.17 (b) reveals that in partic-
ular the population of the high energetic He and He metastables states is affected
more by the floating electrode states than the positive ion species of the plasma.
The reduction of these He metastable states could lead to a “weaker” discharge and
subsequently less dissociation which correlates very well with the relative reduction
of the O 777.3 nm emission which also decreases by 35.1 % in the floating LTP con-
figuration and 36.0 % in the DBDI configuration respectively.

Summarizing the results from above: The floating electrode state seems to lead
to a shift in the discharge mechanism that influences both discharge configurations
in a similar way. The floating electrode seems to lead to an overall reduction of
excitation in the plasma which seems to affect the population of highly excited He
metastable atoms stronger than the population of positive ion species such as NJ.

This shift of the discharge mechanism could very well lead to a better signal to
noise ratio, as it can be observed in figure 4.15 (b), due to the fact that reduced
dissociation of the plasma would most likely lead to the detection of less background
ions. However, the over proportionate strong increase of the menthone ion signal by
more than an order of magnitude in the LTP configuration presented in figure 4.15
(a), cannot be sufficiently explained by the already discussed factors alone.

The grounded LTP configuration of the vDBD is a significantly worse ion source
for the Thermo LTQ MS compared to an equivalent DBDI configuration in regards
of absolute ion yield, as the amount of protonated ions that reach the detection
device is 25 times smaller. This is a remarkable reduction, considering that the same
amount of analyte is supplied for both discharge configurations of the vDBD.
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One explanation for the smaller ion signal could be an increased dissociation of
the analyte and therefore decrease of protonated signal, however the comparable
signal to noise ratios of both discharge configurations and no noticeable increase of
fragmented ions in the presented mass spectra of figure 4.14 do not indicate a loss
of analyte ions through an increase of dissociation and fragmentation. Switching the
electrode state from grounded to floating simply leads to a higher amount of posi-
tive ions that can be detected with the Thermo LTQ mass spectrometer when the
vDBD is operated in LTP configuration. It seems as if the overall ion current from
the discharge to the MS instrument is strongly influenced by the electrode state and
simply increases when the wire electrode of the LTQ configuration is set to floating.

These results show that the focus of the ongoing investigations should not only
lie on understanding the mechanism of the soft ionization that occurs but also on the
transport of the generated reactive species and subsequently charged analyte species.
Current studies show that the process called “soft ionization” cannot be defined by a
single mechanism so far and the formation of positively and also negatively charged
analyte ions are very complex chemical reactions often involving substitution reac-
tions with radical oxygen or similar chemically active species [33, 34]. Therefore, it is
even more important in this context to carefully consider how the ionized molecules
are transported and moving towards the detecting instrument.

The regular distance between a DBD based plasma ion source and the inlet
of the mass spectrometer is at least 10 mm to avoid arcing between the plasma and
mass spectrometer. Assuming the standard DBDI with an inner diameter of 466 pm
is operated with a usual flow of 100 — 200 ml/min of He this means that the mean
linear velocity of the gas stream inside of the discharge capillary is in the range of
9.8 — 19.5m/s for a non turbulent flow. These velocities are certainly quite high
and produce quite strong and easily noticeable gas streams, however the movement
of single particles and atoms becomes negligible on the timescales of the plasma
excitation.

Previous parts of this work have shown that excitation mechanisms in the plasma
discharge usually only occur in the first few microseconds after the initial polarization.
The distance that could be covered by a single particle in these few microseconds by
gas flow alone is at most in the range of 0.02 — 0.08 mm. The potential distance a
particle could cover in a half period is roughly 0.5 mm which means that a particle
that is produced in the plasma would need approximately ten full discharge periods
to cover the aforementioned 10 mm between plasma source and mass spectrometer
inlet, purely driven by the gas-flow alone.

These approximations assume that the linear velocity of the gas leaving the capil-
lary remains constant which it most likely will not due to turbulence created between
the high velocity gas flow and the ambient atmosphere outside of the capillary and
also the difficult to estimate pumping flow of the mass spectrometer. Nevertheless
gas flow alone appears to be a too slow to explain a sufficient amount of charged
species to eventually reach the mass spectrometer before they decay and recombine
under atmospheric conditions.
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A reasonable assumption is that the charges species created by the plasma are
not only transported by the gas flow, but are additionally accelerated by relatively
constant potentials that might develop between plasma and mass spectrometer in-
let. The existence of such plasma potentials and their development is relatively well
studied and also used in several technical applications and they could very well be
responsible for the formation of a strong ion current between plasma source and
mass spectrometer [18, 62, 63].

Plasma potentials are heavily influenced by the external electrical circuit and
can therefore be manipulated to a certain degree. Such a manipulation, although
somewhat unintentional, seems to have occurred by the introduction of the floating
electrode state which might have lead to the formation of floating plasma potential
that created a more favorable ion current for the soft ionization process.

This means that the effects caused by the difference between floating and ground-
ed electrode state observed from figure 4.15 onward might not indicate a drastic
change in the the generation of reactive species and subsequently more ionized ana-
lyte but a change of the transport of these generated ions to the mass spectrometer.
First tests with electrical circuits allowing for additional and deliberate offsets of the
plasmas potential in relation to the grounded mass spectrometer show clear changes
in the ion yield that can be measured with the mass spectrometer. However these are
just preliminary tests and need further careful consideration and planning before the
role of ion transport for the soft ionization mechanism can be properly investigated.

Further investigations in these direction would have exceeded the scope of the
work already published in 2017 [56] and also the scope of the this overarching dis-
sertation. The initial intention of the comparison between the full-dielectric barrier
discharge represented by the DBDI like configuration and the half-dielectric barrier
discharge represented by the LTP, was to find and characterize fundamental dif-
ferences in the discharge development and combine those findings with potential
discrepancies that might occur in further applications.

Detailed measurements confirm that there is a fundamental difference between
the full- and half-dielectric barrier discharges that is independent of other external
parameters of the discharge and only depends on the grounded electrode being in
direct contact with the plasma or not. While further measurements revealed interest-
ing effects like e.g. the floating state of the grounded electrode, the initial objective
of the comparison can be regarded as fulfilled and further investigations should be
discussed in separate studies.

However, a final topic regarding half dielectric barrier discharges and their special
characteristics still remains and will be discussed in the next and final chapter of this
dissertation.
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5 POLARITY OF HALF DBDS: THE
INVERSE LTP CONFIGURATION

The polarity of the applied voltage is a factor that only played a minor role in the
characterization of the DBDI so far. The two ring electrodes of the standard DBDI
are fixed to the outside of the glass electrode and are therefore in a broader sense
equivalent in their positions. This means that it does not matter which of the
two electrodes is connected to the HV and which to the ground output of the HV
generator for the general development of the plasma itself. The excitation of the
plasma is mainly independent of the much slower gas flow and other external factors
and only depends on the direction of the electric field.

Switching of the two electrodes would, as demonstrated in figure 5.1 on page
88, only lead to a plasma igniting and extending from the upstream electrode. The
phenomenon referred to as “plasma jet” would extend further upstream and the inner
1t stage streamer would propagate downstream in the direction of the capillary
orifice until it reaches the grounded electrode and transition to the 2" plasma stage
that would be directed upstream again. The general process can therefore be seen
as a simple inversion of the usual development of the plasma in the DBDI.

Switching the polarity of the electrodes becomes a more interesting factor in the
case of a half-dielectric barrier discharge such as the LTP like configurations of the
vDBD, as one of the electrodes in this configuration is in direct contact with the
plasma that forms inside of the capillary. The previous chapter already revealed some
significant differences between the development of the plasma in the DBDI and LTP
configurations that are only caused by the grounded wire electrode of the LTP which
is in direct contact with the plasma.

This chapter of this work will deal with the effect of the electrode polarity and
its impact on the development of the plasma and changes to the overall discharge
parameters. The majority of the investigations will focus on the LTP and inverse
LTP (iLTP) like configurations, due to the fact that the electrode polarity does not
play a major role for full-dielectric barrier discharges such as the DBDI.

The conclusion of this last chapter will be the presentation of a new type of
discharge, the flexible micro tube plasma (FuTP), that was developed from the
findings of the iLTP configuration and represents a new, robust and easy to handle
plasma source for the soft ionization of analytes for mass spectrometer applications.
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5.1 Influence of the polarity on the DBDI and LTP
configurations

The characterization of the electrode polarity is in general a continuation of the
characterization of the vDBD from the previous chapter 4.2 onward. Switching the
polarity of the electrodes in full dielectric barrier configuration like the DBDI mainly
influences the propagation direction of the excitation waves inside of the capillary
but does not change anything major to the general mechanism, as can be seen on
the left side of figure 5.1.
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Figure 5.1: Emission measurements of the full-dielectric DBDI (left) and half-dielectric LTP (right)
configurations. The top row of measurements shows the usual polarity of the electrodes
with the HV electrode downstream of the gas flow and the GND upstream. The reverse
polarity is shown in the bottom row of measurements.

The electrodes are essentially symmetric and equivalent to one another and the
only break of the systems symmetry is the flow of the applied gas. However the
propagation of the gas particles due to the flow is at maximum in the range of only
some 10 m/s assuming an inner diameter of the capillary of 0.5 mm, a gas flow of
500 ml/min and a completely laminar and undisturbed gas flow through the capillary.
Even assuming these ideal conditions, a gas velocity of 10 m/s is orders of magnitudes
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slower than the propagation velocity of the streamer which typically reaches several
10 km/s depending on the discharge type and the applied voltage. The movement
of gas particles in an otherwise symmetrical system should therefore not influence
the development of the plasma in a major way and can indeed be mostly neglected
as will be shown by the further discussion of the results shown in figure 5.1.

The left column of this figure shows the typical configuration of the DBDI with
the HV electrode downstream of the gas in the middle of the figure and the inverted
iIDBDI version with the HV electrode upstream above the grounded electrode at the
bottom of the figure. The only major difference between these TSSR-OES measure-
ments from the ones already explained in previous chapters such as e.g. figure 4.7
on page 65, is the fact the capillary is exceptionally long to place the electrodes as
far away from the capillary orifice as possible. This further increases the symmetry
of the whole system and decreases the influence of disturbing effects such as gas
diffusion and mixing that usually occur at the capillary orifice. The symmetry of the
system ultimately leads to very similar plasma discharges developing for the normal
DBDI and its inverted polarity case the iDBDI, which will be described in detail in
the following.

Both discharges start with excitation waves spreading from the respective HV
electrode and towards the grounded electrode. In addition a second wave forms
at the opposite electrode edge and extends further down- or upstream the capillary.
This additional excitation wave would normally form the plasma jet that extends out-
ward of the capillary, but due to the extra long capillary it can not reach the orifice
and extinguishes after it reaches its maximum length. The propagation speed and
relative intensities of the excitation waves in both polarity cases is nearly the same
and clearly shows that the movement of the gas particles due to the superimposing
gas flow plays only a minor role in the propagation of the excitation waves.

The reversal of the electrode polarity in a symmetric full dielectric barrier dis-
charge such as this special setup DBDI, only leads to a simple reversal of the ex-
citation direction. Other differences in the left column of 5.1, such as the slightly
lower emission intensity that is measured in the upstream HV electrode case, can be
explained by the fact that the two ring electrodes are not completely identical. It can
be concluded that the polarity respectively the position of the electrodes might only
be considered due to technical reasons of a given analytical application, as it only
plays a minor role in the excitation mechanisms of a full-dielectric barrier discharge
configuration such as the DBDI.

The excitation waves also originate from the respective HV electrode of the LTP
and iLTP configurations, as was the case for the DBDI and iDBDI configurations.
However, in the case of the iILTP the excitation wave only develops in the direction
of the grounded electrode and does not split off in the opposite direction as it can
be observed for the HV ring electrodes of the DBDI, iDBDI and normal LTP config-
urations. The reason for the absence of this split off streamer lies in the asymmetry
of the pin electrode which suppresses the development in the opposite direction.

This asymmetry leads to a focused formation of the excitation wave of the 15t
stage streamer into one single direction, which is more pronounced as in the case of
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the normal LTP and its outer ring electrode. The focusing of the 1t stage streamer
leads to a higher propagation velocity of the excitation wave which can be seen in
the much smaller dependence of At on the applied voltage for the ILTP version
presented in figure 5.2 (a). The earlier occurrence of the coincidence plasma for
the iLTP configurations can in addition easily be made out in the emission of the
plasma presented in figure 5.1. The transition to the 2"¢ plasma stage already occurs
at 0.43 ps for the iLTP configuration which is clearly faster than the transition at
0.85 ps for the normal LTP configuration.

Another difference between the two discharge configurations is the amount of
emission they both produce. The maximum emission both for LTP and iLTP con-
figuration occurs at the transition of the plasma to the 2" stage. However, the
intensity of the peak emission of the normal LTP configuration only reaches roughly
30 % of the intensity that is reached in the iLTP configuration. Integration of the
emission also shows that the overall emission of the normal LTP configuration is
much lower compared to the iLTP configuration although the emission seems to
spread over a much longer time frame.

Figure 5.2 (b) shows that LTP and iLTP configuration produce nearly the same
amount of charged species, which is not such a surprise due to the fact that the
electrical capacitance and with it the charge of the system should not change by the
simple switch of electrode polarity. This however means that the correlation between
the amount of charges of a plasma and the emission it produces is not valid for all
cases anymore.
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Figure 5.2: a) Time delay At in dependence of the applied voltage for the LTP (black) and iLTP (red)
configurations. The weaker dependence for the iLTP configuration indicates a faster
transition from the 1%t to the 2" plasma stage compared to the LTP configuration. b)
Amount of charges @ for the LTP (black) and iLTP (red) configurations in dependence
of the applied voltage. The amount of charges is nearly identical for both configurations.

The comparison of full- and half-dielectric barrier discharge in chapter 4.2 showed
that this correlation between charges and emission was a good approximation in most
of the cases. Increasing the total amount of charges Q by e.g. increasing the applied
voltage, switching from a full- to half-dielectric barrier configuration or change of the
electrode width also increased the emission as e.g. described in figure 4.9 on page
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68. However, the influence of the gap between the electrodes already indicated that
this correlation is not necessarily always true.

Similar to the present observations, figure 4.3 (b) on page 59 showed that the
gap between the electrodes influences the charges only in a minor way, while fig-
ure 4.4 showed a strong impact of the gap on the emission of the plasma. First
explanations of this behavior revolved around the density of the plasma and in how
far a change to the gap between the electrodes could influence it. Increase of the
gap would effectively stretch out the plasma and increase the volume in which the
charged species could interact, while not changing their amount. This could very
well decrease the chance of interaction between the charged species and decrease
the overall excitation in the plasma.

The change of the electrode polarity in the iLTP configuration could lead to a
contrary behavior, where a more focused development of the 1% stage streamer in
only one single direction could increase the chances of charged particles to interact
and subsequently increase the excitation of the developing plasma. Verification of
both these assumptions requires a better knowledge about the densities of relevant
species inside the plasma discharges or a better definition and understanding of the
effective volume that a plasma in a dielectric environment occupies.

Further investigations in this direction are not practical at this point in time.
A reasonable measurement of particle densities in these kind of atmospheric plas-
mas would require too much effort and would subsequently distract from the most
important difference between the LTP and iLTP discharge configurations that still
needs to be discussed. This difference occurs after the 15t stage streamer reaches
the grounded electrode and ignites the coincident plasma at the transition to the 2™
plasma stage.

As was already explained in the previous chapter 4.2, the streamer of the normal
LTP configuration stops at the pin electrode and is completely discharged, due to
the fact that electrode is in direct contact with the plasma volume and not covered
by any dielectric layer. In the case of the iLTP however, the streamer is only partly
discharged at the grounded ring electrode, which is outside of the capillary and there-
fore not in direct contact with the plasma. This subsequently leads to a continuation
of the initial streamer during the 2" stage of the plasma.

This behavior can also be observed in the DBDI and iDBDI configuration, in
particular if the applied voltage is very high or the grounded electrode is very small.
This will lead to a bottleneck effect as discussed in the context of figure 4.2 on page
58. The continuation of the streamer during the 2" plasma stage is therefore not
really surprising in itself. Due to the fact that the streamer of the iLTP configuration
is much more focused from the start this subsequently also leads to a strongly pro-
nounced and long streamer during the 2" plasma stage as presented in figure 5.3.

The scale of the continuing streamer in the iLTP configuration is much more
impressive than the ones known from the DBDI configurations and can easily reach
several centimeters. The length of the streamer is very depended on the applied volt-
age, as one can see from figure 5.3, were the length of the iLTP streamer measured
from the edge of the grounded ring electrode can linearly be increased by 7.2 cm/kV.
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Using the maximum voltage of the generator allows the streamer to reach a final
length of approximately 15 cm which is 15 times longer than the plasma between the
electrodes. This length is most likely caused by a dielectric guiding effect as reported
by other studies [64].
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Figure 5.3: Streamer length in dependence of the applied voltage for the LTP (red) and iLTP dis-
charge. The discharges where operated in a 20cm long quartz capillary with an inner
diameter of 1.0 mm and outer diameter of 1.5 mm that was flushed with 500 ml/min of
He 5.0. The streamer length depicted on the left side of this figure was measured from
the outer edge of the see through ring electrode at approximately 1.2 cm on the scale

The dielectric guiding is caused by the polarization and further charging of the
capillary which prevents charges from the streamer to settle and discharge on the
surface of the capillary. The streamer is therefore guided further through the center
of the capillary and travels until all the initial excitation is completely used up. It
has to be stated that the described behavior is only valid for this special case and
discharge configuration used for these measurements.

The maximum length of the streamer and its dependence on the applied voltage
are determined most likely by several geometric parameters such as e.g. the ratio
of inner and outer diameter, the material composition of the glass itself and the
width of the grounded electrode which discharges the streamer that passes under
it. These parameters all influence the capacitance of the system and therefore also
the dielectric guiding effect and have to be better understood before any predictions
regarding the general behavior of these elongated streamers can be done.

Extensive parameter studies would exceed the scope of this work and are also not
necessary at this point of time. The most important parameter which can influence
the propagation of the streamer during the 15t and 2" plasma stage that is not con-
nected to the geometry of the discharge itself, is the applied voltage as one can see
in figure 5.2 (a) and 5.3. Figure 5.2 (a) clearly shows that an increase of the applied
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voltage leads to smaller At values leading to a faster transition to the 2" plasma
stage and effectively accelerating the propagation of the streamer. At the same time
the increase of voltage also leads to drastic increase of the maximum length of the
streamer as illustrated in figure 5.3.

Other parameters that can be changed during the operation of the plasma such
as e.g. the gas flow or its composition on a minor scale do not influence the streamer
in a meaningful way. This means that the length of the streamer is only dependent
on a single major parameter which is the applied voltage. This small amount of
relevant parameters and the simple fact that the iLTP configuration produces these
very long 2" stage plasmas open up new approaches to analytical applications that
subsequently lead to the creation of a new discharge type, the flexible micro tube
plasma (FuTP).

This miniaturized plasma based ionization source is based on the findings of the
iLTP configuration and was specifically developed for mass spectrometer and ion
mobility spectrometer applications. The next part of this work will briefly describe
the steps that lead from the characterization of the iLTP configuration and the sub-
sequent development of the FuTP which can be seen as a culmination of all the
characterization effort of dielectric barrier discharges in this whole work.

5.2 The flexible micro tube plasma: a new design for
plasma based soft-ionization

The flexible micro tube plasma (FuTP) is an advancement from the old DBDI de-
sign and tackles many of the problems that deal with coupling of ionization source
and mass spectrometer, robustness and overall user-friendliness by implementing the
findings of the previous characterization chapters. The most important finding for
the development of the FpTP was the discovery of the pronounced streamer propa-
gation in the iLTP configuration.

As mentioned before, the development of the streamer seems to depend on the
dielectric guiding effect that develops in the dielectric capillary during the operation
of the plasma. The operation of a plasma charges the surface of the capillary over
time and without sufficient means to discharge it again, it forces the excitation wave
to further propagate along the charged capillary surface.

This behavior can also be observed in DBDI configurations were either the ratio
between HV- and grounded-electrode width or very high voltages lead to insufficient
discharging of the propagating streamers. This insufficient discharging will lead to a
bottleneck effect that was already described in figure 4.1 on page 56 and can lead to
a very pronounced overshoot of the streamer discharge beyond the grounded elec-
trode. However, this overshoot is only in the range of some 1 mm to 10 mm for a
typical DBDI.

The most obvious advantages of the new discharge design is the fact the HV elec-
trode is inside of the insulating dielectric, making a direct contact and short circuits
nearly impossible. This danger is further minimized by the very long streamers of
the iLTP configuration, which can be guided over several centimeters and therefore
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potentially further increasing the distance between the HV wire and orifice of the
dielectric.

Another advantage of the streamer covering these large distances is the fact that
the active HV electrode can be placed far away from applications that are easily dis-
turbed by fluctuating high electric fields usually created by the operation of plasma.
One of these applications that is normally disturbed by the operation of plasma in its
vicinity is the electrospray ionization source (ESI), which is one of the most common
mass spectrometer ionization source. Placing a DBDI next to a ESI can suppress the
development of an electrospray due to the interference between the electric fields of
both sources.

Combination of a plasma based ionization source with an electrospray based
source might increase the performance of a given analytical application, due to the
fact that the plasma source might ionize analytes that were not yet ionized in the
electrospray process. The synchronization of these two very different ion-source types
so far failed due to the fact that the generation of the plasma always suppressed the
development of a sufficiently strong electrospray [65, 66].

First test of the FuTP showed that it might be a suitable workaround for this
problem as its HV electrode can be placed far enough away from the ESI to the
electrospray process but still provide enough reactive species to noticeably enhance
the ionization process [58].

The FpTP used in this study is in principle a miniaturized version of the iLTP
configuration, which uses commercially available high performance liquid chromatog-
raphy (HPLC) equipment to allow for very tight connections with minimal gas leak-
age. The polyimide coated capillaries perfectly fit in the HPLC connections and their
flexible nature greatly reduces the risk of accidentally breaking the discharge apart.
The biggest difference between the FuTP and the bigger iLTP, other than the obvi-
ous size and material, is the fact that the FuTP does not use a grounded electrode.

Further tests with the iLTP configuration revealed that the development of the
1%t stage streamer will also occur in the absence of a grounded electrode as one can
see from figure 5.4. The removal of the grounded electrode leads to a complete
suppression of the coincident plasma and no apparent transition to a 2" plasma
stage can be identified.

Although it seems as if the emission of the groundless iLTP version is less intense
than the emission of its grounded counterpart, this impression is only partly correct.
The emission at the tip of the wire amounts to approximately 80 % of the maximum
measured intensity in both cases meaning that both streamers start out similarly
bright.

However, the highest intensity can only be measured in the case of the standard
iILTP configuration at the moment of the 2" stage transition. The standard version
of the iLTP is overall brighter compared to the not grounded version, but only due
to the fact that the part of the discharge that is responsible for the majority of the
emission does simply not occur in the un-grounded case.

Both discharge configurations produce very similar streamers and the un-grounded
iILTP configuration is the second possibility to create a “streamer only discharge”
where the transition of the discharge to a 2" stage is suppressed. This new method
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seems to be much more reliable compared to the plasma tuning method that was
briefly presented in previous parts of this work (see chapter 3.4.1) and also already
published by Schiitz et al. in 2016 [52]. The removal of the grounded electrode
completely and securely prevents accidental re-ignition of a coincident plasma, that
occasionally can occur when the plasma tuning method is used.
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Figure 5.4: Emission measurements of the iLTP configuration with (right) and without (left) a
grounded electrode. Removal of the grounded electrode leads to a complete suppression
of the 2" stage transition and directly related to this the creation of an inner coincident
plasma. Both discharges were operated with an applied voltage of 3.0kV and a gas flow
of 500 ml/min He 5.0.

The special geometry that allows for a reliable operation mode where only a
streamer discharge can be ignited and the possibility to use commercial, miniaturized
equipment for the construction of the discharge, subsequently lead to the decision to
define a new discharge design, the flexible micro tube plasma (FuTP) to differentiate
it from the other DBD designs used so far.

At this point it should be mentioned that both the groundless iLTP configuration
as well as FuTP should still be referred to as half dielectric barrier discharges although
the dielectric barrier is not shielding the plasma actively from a grounded electrode
anymore. The guiding effect of the dielectric capillary plays a major role in the
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development and mechanisms of these plasmas and make the long distance streamers
possible in the first place.

The exact impact of the dielectric on the discharge is still not fully understood
and in particular the influence of physical properties connected to the geometry of
the dielectric such as e.g. the capacitance are not yet investigated. A systematic
investigation of these properties should be considered as the next logical step in the
characterization and investigation of plasma based ionization sources for analytical
applications.
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Figure 5.5: a) Schematic of the flexible micro tube plasma (FuTP). The FuTP is built in commercially
available HPLC equipment which allows for a very robust and gas tight construction. b)
Photograph of the FuTP in a representative MS setup. The flexible nature of the coated
capillaries allow for curves and bends in the plasma discharge itself and simplify the
implementation to a given mass spectrometer setup [58].

The development of the FpTP can be seen as an appropriate example on how
diligent investigation and characterization of basic discharge parameters can lead to
more effective plasma designs that further improve the overall efficiency of analytic
applications. This small outlook on the newest development regarding miniaturized
dielectric barrier discharges is thus a fitting conclusion of the experimental section
of this work.



6 SUMMARY AND OUTLOOK

This work focused on the systematic characterization of capillary dielectric barrier
discharges with the aim to identify fundamental discharge mechanisms that can be
used for the improvement of these discharges for analytic applications.

It was found that the plasma in a capillary DBD arrangement develops in a
streamer like fashion on a nanosecond time scale. While doing so, the plasma initially
starts in the direct vicinity of the powered HV electrode right after the application
of a positive high voltage which leads to the polarization of the dielectric material.

The plasma then extends from this HV electrode towards the grounded electrode
and if the HV electrode is a symmetric ring also in the opposite direction of the
grounded electrode to form the outwards directed plasma jet. The plasma transi-
tions into a second spark like stage as soon as the initial plasma streamer reaches the
grounded electrode and closes the quasi neutral conducting plasma channel between
the electrodes. The plasma then fades out and slowly diminishes during this 3™
plasma stage which is dominated by metastable collisions that lead to an increased
degree of dissociation of molecular components of the gas mixture.

After the positive half cycle finishes, the plasma ignites once more when the po-
larity of the applied voltage switches and a negative polarization occurs. Surprisingly
the development of the plasma during the negative half-cycle is very similar to that
of the positive half-cycle, due to the fact that the plasma propagates in the same
direction. A closer examination reveals that the propagation of the excitation front is
blurred out over a longer period of time than during the positive HV half-cycle which
indicates that the negative plasma development is not initiated by the formation of
focused steamer event.

Instead it seems as if the sudden switch of the HV polarity leads to a very fast
gjection of residual electrons that remain in the vicinity of the HV electrode after the
plasma diminished during the 3™ stage positive voltage half-cycle. This fast ejection
of electrons will also lead to to the formation of an excitation wave front that is
dominated by unfocused electron collisions and is therefore distinguishable from a
classical streamer development during the positive HV half-cycle.

Further investigation in this matter are necessary to verify that the observed
behavior during the negative voltage half-cycle can be explained by the suggested
mechanism or if other factors play a significant role.

A systematic comparison of half- and full-dielectric barrier discharges, represented
by the LTP and DBDI like discharge configurations, revealed that both discharge
types are very similar to each other regarding the development and formation of the
plasma. Both discharges start with an initial streamer in the vicinity of a powered
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HV electrode that extend towards the grounded electrode and also both discharge
types exhibit a spark like discharge behavior as soon as the initial streamer reaches
the grounded electrode and closes the plasma channel.

However, the half-dielectric LTP configuration showed an additional emission
forming in the vicinity of the grounded electrode wire, which is inserted into the
dielectric capillary to create the half-dielectric configuration. The most notable part
about this new emission is the fact that it emerges before the propagation of the
streamer is fully finished. The reason for this early emission at the grounded wire tip
is not yet fully understood.

One hypothesis is that a similar situation to direct discharge develops between the
wire electrode and the approaching positively charged streamer head that acts as vir-
tual electrode and generates a direct discharge plasma between this virtual electrode
pair. This means that a half-dielectric discharge might also behave like a half-direct
discharge but this investigation is still not fully concluded.

The overall conclusion to the comparison of LTP and DBDI like discharge con-
figurations is that the LTP configuration seems to create the more efficient plasma
from a purely physical point of view. The LTP configuration generates more charges
and emission compared to an equivalent DBDI configuration that is operated with
the otherwise same parameters. This higher physical efficiency suggests that also
the generation of reactive species by the LTP configuration could be higher which in
turn might increase its ionization efficiency.

While the generation of reactive species might indeed be higher, mass spec-
trometer measurements comparing the two configurations actually showed that the
ionization efficiency of the DBDI is higher by up to an order of magnitude com-
pared to the LTP configuration. As this result was unexpected at first it became
even more unexpected as soon as it was found out that the ionization efficiency of
the discharge configurations was highly dependent on the “status” of the grounded
electrode. The “grounding status” describes whether the grounded electrode is con-
nected to an actual mass (grounded) or not (floating) and was previously assumed
to be an unimportant factor as the grounded state seemed to be the most logical
default state for the grounded electrode.

The ionization efficiency of a discharge in LTP configuration can be greatly in-
fluenced by a floating grounded electrode. One reason for this could be an artificial
restriction of the electric flow as the floating wire electrode cannot drain an infinite
amount of charges from the discharge anymore. This suggestion is supported by pre-
liminary measurements that used different capacitors to allow for different amounts
of charges to drain through the wire electrode before it reaches its floating potential.

Another reason for the increase in ionization efficiency could be a change in the
electric potential that develops between discharge and mass spectrometer. While it
is hard to quantify and measure it can be assumed that a certain electric field will
develop between a plasma discharge and a mass spectrometer. A good indication
for this is the actual ion current that is produced with the help of the plasma and
transported into the mass spectrometer and subsequently creates the desired mass
spectrum. Changes to the grounding status of the grounded electrode could fairly
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easy alter these fields between the discharge and mass spectrometer and therefore
influence the overall transport of ionic species to the instrument.

The last subject of this work was the polarity of dielectric barrier discharges
and the development of the flexible micro tube plasma (FpTP). Continuing from the
systematic comparison of the LTP and DBDI configurations a previously unimpor-
tant parameter similar to the grounding status showed up which was the polarity of
the electrodes.

The polarity of the electrodes defines which of the electrode is connected to the
powered HV output and which is connected to the ground of the HV generator. It is
a parameter that usually does not play a major role for full-dielectric configurations
such as the DBDI, as their electrodes are both on the outside of the capillary.

The polarity suddenly becomes a much more important parameter for half-dielec-
tric configurations such as the LTP, due to the fact that they have an inner and
outer electrode. Applying the HV to the inner wire electrode creates the so called
inverse LTP configuration which has an even higher yield of emission compared to
the normal LTP configuration and most strikingly creates very long plasma channels
in the range of several 1cm to 10 cm.

The length of these plasma channels mainly results from a very pronounced
streamer propagation and most strikingly even occurs in the absence of an outer
grounded electrode. This mean the streamer develops and starts propagating but
can never form a closed plasma channel. The iLTP configuration is an option to cre-
ate a “jet only” plasma that fully suppresses the formation of a spark like coincident
plasma similar to the plasma tuning method presented by Schiitz at al. in 2016 [52].

The FuTP is a miniaturized discharge that uses the iLTP configuration to its
advantage to create a very efficient plasma for soft ionization. The development of
this very small, robust and also simplified discharge can be seen as the pinnacle and
culmination of the characterization effort that was done in this work.

Development of the FuTP represents a satisfactory conclusion to the experimen-
tal part of this work, however several open questions still remain. These questions
mainly revolve around the ionization efficiency of the plasmas generated by dielec-
tric barrier discharges. Initial consideration on this topic mainly revolved around the
identification of reactive species and potentially influencing these by manipulation of
the discharge gas composition.

The studies conducted with argon and argon-propane mixtures showed that ma-
nipulation of gas mixture can definitely impact the operation of a DBD and open up
new approaches for applications. However, further investigations with the new FpTP
in pure argon show that the addition of propane is not prerequisite for soft ionization
of molecules. Propane is a useful addition to ignite argon in a standard DBDI at a
reasonable voltage regime necessary for the soft ionization.

The FuTP or more precisely the iILTP electrode configuration also enables the
ignition of an argon plasma in this reasonalbe voltage range without the addition of
propane. This contradicts the assumption that propane takes up the role as a proton
donor in argon discharge as a replacement for nitrogen that supposedly takes this
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role in helium discharge. This contradiction at the same time calls into question in
how far nitrogen plays an important role for the soft ionization in helium discharge.

The studies on influence of trace impurities in the noble gas discharge undoubt-
edly shows the importance of nitrogen and propane on a helium respectively argon
discharge [54]. These additional gas components clearly impact the photoionization
processes in the noble gas discharges, however this does not necessarily mean that
they also influence the formation of soft ionized analytes or reactive species.

These new insights emphasize the need to further investigate the soft ioniza-
tion mechanism. It is still necessary to better understand the formation of reactive
species in the plasma and how these species form charged molecules complexes with
analytes. However, the systematic comparison of the DBDI and LTP configurations
shows that it is not enough to try and only comprehend the formation of the soft
ionized molecules but it is at least as important to understand the transport of the
charged molecule complexes.

The distance between plasma source and mass spectrometer inlet is relatively
large and charges molecules created in the vicinity of the plasma source have to
travel this distance in one way or another. Better understanding of these transport
processes, that are potentially dominated by electric potentials that develop between
plasma source and mass spectrometer, might lead to further improvements of DBD
based ionization sources for analytical applications.
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