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Abstract

A preliminary in vitro feasibility study for the use of a Floating-Electrode
Dielectric Barrier Discharge (FE-DBD) plasma source to induce skin disinfec-
tion in the context of preventing neonatal sepsis is performed. The FE-DBD
is a copper electrode, enclosed in an insulating material and a thin plate
of quartz. The quartz is placed parallel above the substrate which is to be
disinfected and is used as secondary electrode. Short damping kHz voltage
pulses are fed to the electrode, which leads to filamentary microdischarges
between the quartz and the substrate. By changing the pulse frequency, pulse
width, duty cycle, gap distance and the to be treated surface, the properties
of the plasma formed between the quartz and the substrate are affected. For
different settings of these five variables, the relative light intensity, maxi-
mum voltage in one pulse and power dissipation in the plasma are studied.
FTIR spectrometry is used to get quantitative insight in the chemistry in the
discharge, but the path length was too short to obtain species densities.

The effect of treatment of a FE-DBD on bacteria and skin is investigated.
Staphylococcus aureus are placed with small drops on cover glass and treated
for different settings. The inactivation of S. aureus is more effective and there
is more light emission when the power dissipation in the plasma is higher.
Also human skin with S. aureus is treated, the inactivation of bacteria is less
effective. The inactivation of S. aureus is compared with the inactivation
of three other staphylococci which are also found in neonates with sepsis
and it is similar. Treatment of the skin did not show any clear difference in
metabolic activity of the skin cells. The growth of the skin cells seems even
to be stimulated for a more intense treatment. Histology shows local damage
in the skin samples, the damage is very small and are therefore not causing
a visible drop in the metabolic activity. The skin samples are not completely
flat, a higher part of the skin will have a higher impact of discharges, which
will cause this local damage.

The detrimental effects on skin are a cause of concerns and the investiga-
tion of a plasma source that does not use the neonatal skin as second electrode
is recommended based on the outcome of this study. A lot of research needs
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to be done to develop a safe and practical plasma source.
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Chapter 1

Introduction

In the Netherlands, 160 to 210 thousand children are born every year [I].
Normally a child is born after 37-42 weeks of pregnancy. However, some
children are born prematurely and viable, in a period of 22 till 37 weeks
of the pregnancy [2]. In 2010 approximately 14.000 children were born too
early, of whom one fifth before the 32th week of the pregnancy [3].

In this chapter the special care these premature born children are re-
ceiving to survive is outlined. The problem of catheter related-bloodstream
infections in premature born children leading to sepsis is discussed. The use
of a cold atmospheric plasma (CAP) source, which disinfects the skin around
the catheter, may be a solution to decrease the number of cases with sepsis.
The possible effective agents of such a CAP in the process of disinfection are
discussed. In the end of the chapter the outline for the report is given.

1.1 The care of premature children

In order to enhance the survival of a premature newborn infant, it is placed in
a special department of a hospital: the Neonatal Intensive Care Unit (NICU).
Here the premature lies within a neonatal incubator. In figure[l.1{an example
of such a incubator is shown. The air in the incubator is constantly filtered
and germs are kept outside to limit the chance of infections. Besides that,
the humidity and temperature are regulated in the incubator, in order to
prevent cooling and great loss of water from skin and respiratory evaporation
|5, ©, [7]. The humidity is between 40% to 85% and the temperature between
30 ° C and 37° C, depending on the age of the premature and for instance skin
problems [§]. To limit the amount of stress for the newborns, the light should
be dimmed, and circadian and noise in the incubator should be prevented as
much as possible [9, 10, 1T].
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Figure 1.1: An example of an incubator, a “Giraffe Incubator”, for a good healing
environment for a premature newborn. [4)]

Besides the environmental control of the incubator, the premature is mon-
itored and helped with respiration and nutrition. During its time in the in-
cubator the oxygenation, cardiac function, temperature, and brain activity
of the premature are constantly monitored [12, 13]. Most prematures need
help with respiration, since their lungs are not fully developed yet [14]. The
prematures need special help with nutrition, since they can not yet suck or
swallow [15]. Via a catheter the prematures are given nutrition, but also
medication and water. The fluids with this nutrition have a high concentra-
tion and need therefore be supplemented in a large vein, to dilute the fluid
and prevent irritations.

There are two types of catheters used for the supplementation of the
nutrition. Firstly, the Umbilical Venous Catheter (UVC) shown on the left
in figure [[.2] This catheter is connected with the umbilical cord. Such a
catheter is placed maximum 1-3 days after the birth. After this time, the
end of the umbilical is dried. As a consequence it is not possible anymore
to insert a UVC. Another possible catheter is the Central Venous Cathether
(CVC), which is shown on the right of figure [1.2] This catheter is inserted
in a limb and the catheter tip ends in a large vein. Both catheters stay in
the premature for 7 till 10 days and they are removed prematurely when
there are complications, or when the infants tolerate feeding by the digestive
system. One of these complications of venues catheters are catheter related-
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Figure 1.2: On the left an infant with an Umbilical Venous Catheter (UVC) [10].
On the right a Central Venous Catheter (CVC) with stylet from VYGON

bloodstream infections (CRBI) |17, 18, [19].

The skin is disinfected before the catheter is inserted under sterile condi-
tions and a transparent dressing, a tegaderm is placed to cover the catheter.
The tegaderm has two functions, holding the catheter on its place and pro-
tecting the wound. However, bacteria are not stopped by the tegaderm and
grow underneath this transparent dressing, enter the bloodstream and cause
a CRBI. The most common bacteria associated with CRBI are the coagu-

lasd'Fnegative staphylococci [20, 211, 22].

1.2 Coagulase-negative staphylococci

Staphylococci are gram-positive, which means that they have a single mem-
brane around their cell which is covered with a thick peptidoglycan layelﬂ
This plasma membrane encloses the cell, it defines its boundaries. The mem-
brane is a very thin film of lipid and protein molecules, which are held to-
gether mainly by non-covalent interactions. The protein molecules in the
membrane can act as sensor for external signals, like chemical signals, allow-
ing the cell to change its behavior in response to changes in the environment.
Some proteins in the membrane also transport specific molecules across the
membrane. The cell membrane is not fixed: most of its molecules can move

LA protein produced by a bacteria that enables the conversion of fibrinogen to fibrin,
this results in clotting of the blood.

2 A polymer consisting sugars and amino acids. It gives the cell wall structural strength
and counteracts the osmotic pressure from the cytoplasm in the cell.
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cell wall \

plasmid
plasma membrane

Figure 1.3: On the left a generalized structure of bacteria [24)] on the right o SEM
showing a strain of Staphylococcus aureus bacteria [25)].

around in the plane of the membrane [23].

On the left of figure the general structure of a bacterium cell is shown.
Inside a bacterium, different organelles are responsible for the production of
enzymes, converting energy or for the genetic code. On the right of figure
[L.3] an image of staphylococcus aureus captured with a Scanning Electron
Microscope (SEM) is shown.

There are approximately 20 staphylococci, important pathogens for the
CRBI are the staphylococcus aureus, capitis, epidermidis and hominis. These
bacteria normally live in harmony on the skin of humans, but can cause
severe infections in humans |26, 27]. Sick premature neonates are biologically
vulnerable for these bacteria since their immune system is immature |28 [14].
When the premature gets infected by these bacteria, neonatal sepsis can
develop.

1.3 Neonatal sepsis

When bacteria cross the skin of the neonate as natural border, they can enter
the blood stream so that neonatal sepsis can develop. A sepsis is character-
ized by a whole-body inflammatory state, common symptoms include high
fevers, elevated heart rate and hyperventilation. Sepsis may lead to death,
disabilities at a later age, a lot of stress for the premature and an inhibition
of the growth [29]. Approximately 1 out of 10 premature born children in the
Netherlands are tested positive for a bacterial infection which leads to sepsis
[30] and around 10% of the prematures with sepsis do not survive the disease
[29, 20]. The amount of cases with sepsis can be reduced by adjusting the
quality in the NICU: nurses have to be consistent in washing their hands;
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the time an umbilical catheter is placed should be limited; or the placing of
the catheter or changing the infusion bag should be in a maximum sterile
situation |28, [14]. However, an active way has to be found to inactivate the
bacteria around the wound to eliminate the chance of sepsis to almost zero.
The treatment with a plasma could be the answer for this active inactivation
of the bacteria without affecting the skin itself.

1.4 Plasmas for disinfection

The use of plasma in a hospital for the sterilization of materials is not new.
However, the use of an atmospheric plasma at room temperature to treat a
patient directly in the hospital is new. The field of plasma science where a
Cold Atmospheric Plasma (CAP) is used in the biology and medicine is
titled: 'Plasma Medicine’. Multiple potential applications of plasmas in
Plasma Medicine are known: treatment of burn wounds, treatment of ul-
cers, treatment of dental cavities, hand sterilization, tooth bleaching, or skin
rejuvenation. In these applications the skin or tooth is disinfected and/or the
proliferation of the skin is improved. Why microorganisms are killed and why
the skin is stimulated to grow faster is not understood completely. The ideal
plasma sources for specific treatments are not defined yet. A lot of research
has to be performed to make sure the treatment is safe and to understand the
processes playing a role in plasma medicine. [31], 32 [33] 34], 35| 36, 37, [38].

1.4.1 Possible Cold Atmospheric Plasma (CAP) sources
to disinfect the neonatal skin

There are multiple sources developed for Plasma Medicine, which can be
categorized in three categories [31), B9, [40, 41]. First, there are sources that
create a plasma near the skin, an example of such a source is shown in figure
[42, [45]. Second, sources are developed that create a plasma which is
transported to the skin with a gas flow, in figure two configurations of
such sources are shown [43] [46], 47, [48]. Finally, there are sources where the
skin is one of the electrodes, in figure[l.6|an example of such a source is given
|35, 42], [49] [ 44, 50]. In the latter a small current is going through the skin.
For all three sources the plasmas can be produced by discharges in air, in
noble gases or in any desired mixture in order to produce favorable atoms,
ions and molecules for the biomedical applications.

When a plasma source is used to disinfect the skin around the catheter
to prevent neonatal sepsis, the treatment should be absolutely safe, bacteria
should be killed, but the skin should be unaffected. The skin of premature
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Figure 1.4: On the left a schematic diagram of a surface microdischarge (SMD)
and on the right a photograph of emission from a SMD taken from Sakiyama et al.
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Barrier discharge (FE-DBD) and on the right a photo of the FE-DBD of Fridman
et al. [39, [{4] in contact with a thumb.
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Figure 1.7: The structure of skin [21].

infants is different from the skin of an adult, in figure [I.7] the structure of
skin is shown. The outermost layer of the epidermis, the stratum corneum,
consists of dead cells and is only a few layers thick in the skin of premature
infants, therefore it is very permeable. It has less collagen, less fat and fewer
elastic fibers in the dermis than the skin of an adult [I3] [14]. This skin as well
as the bacteria will be exposed to the plasma, which has different possible
bio effective agents.

1.4.2 The possible inactivation agents of the plasma

When there is a plasma, there is a complex mixture of mechanisms happening
|52, B53]. It is not yet completely understood why which mechanism has, or
which combination of mechanisms have, an effect or multiple effects. The
impact of an mechanism or agent may differ per source, per application and
per doseﬂ Four inactivation agents and their interaction may be responsible
for the inactivation of bacteria: the heat, the UV-radiation, the electric field,

and the reactive molecules |31, 34} 46, [41].

3The dose is the amount of time over which the plasma is applied.
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1.4.2.1 Heat

When we have a plasma, energy is dissipated in the plasma. This energy will
be for a part the kinetic energy of ions and molecules. So the plasma can
heat up molecules, also molecules inside the organisms. When bacteria are
heated up, proteins within the bacteria may denature and when vital tasks
can not be carried out, the bacteria will die. An other reason why they die is
due to the breaking of the non-covalent bindings in the membrane, the cell
wall will open and the organisms will die. However, the human cells in skin
have the same kind of proteins and a similar membrane and they will die as
well from the heat |23, [54].

We all know that in order to kill bacteria in for instance the preparation
of meat, a lot of heat should be transferred to the meat. A lot of heat is
needed to have an effect and this heat would effect the cells in the skin as
well. Therefore heat can not play a role in disinfection of the skin. Moreover,
CAPs are at approximately at room temperature, so the transferred heat for
this plasma sources will be very low [55].

1.4.2.2 TUV-radiation

Since some of the electronic transitions in the plasma are larger than 3eV,
photons with a wavelength in the (V)UV are emitted. The UV light is able
to change the structure of the DNA within the cell, especially within a high
energy range of 220 to 280 nm. For even shorter wavelengths, the propaga-
tion lengths or penetration depths are only enough to cause surface damage.
UV is known to inactivate cells only if the dose is high enough. Most exper-
iments with CAPs for biomedical applications do not result in the emission
of any appreciable dose of UV radiation at the mentioned wavelength range.
Therefore UV plays a minor role as a killing mechanism. |31, [34] 36]

1.4.2.3 Electric field

When a source is used, with the skin as the second electrode, the plasma is
interacting with the skin. This leads to charging of the surface of the skin
and the generation of currents and electric fields in the cells. When a plasma
is created near the skin, without using the skin as second electrode, field
lines may still cross the skin and lead to electric fields in the cells. The cells
can be represented as a conducting medium surrounded by a lossy, dielectric
envelope, the cell membrane. If an electric field of roughly 1 V is applied
over this cell membrane (1 to 10 nm thick), the regime of electroporation is
reached [56]. Here the cell membrane gets a higher permeability to move ions
in and out of the cell to counteract the electric field. This higher permeability
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Radical ROS

Non-radical ROS

Superoxide, Oy
Hydroxyl, OH
Hydroperoxyl, HO,
Carbonate, CO3
Peroxyl, RO,
Alkoxyl, RO

Carbon dioxide radical, CO5

Hydrogen peroxide, Hy O,
Ozone, O3

Peroxynitrite, ONOO™
Peroxynitrate, OoNOO™
Peroxynitrous acid, ONOOH

Peroxomonocarbonate, HOOCO;

Carbon monoxide, CO

Radical RNS

Non-radical RNS

Nitric oxide, NO
Nitrogen dioxide, NO,
Nitrate radical, NO3

Nitrous acid, HNOy
Nitrosyl cation, NO™
Nitroxyl anion, NO™

Dinitrogen trioxide, NoO3
Dinitrogen tetroxide, NoOy
Dinitrogen pentroxide, NoOs
Alkyl peroxynitrites, ROONO
Alkyl peroxynitrates, ROoONO

Table 1.1: List of various radical and non-radical ROS and RNS [37].

makes it easier to deliver molecules into the cell. When the applied electric
field is applied for a too long time or with a too high amplitude, the process
is irreversible, the cell membrane will not close again and the cells will die
|57, [44].

1.4.2.4 Reactive molecules

An immense number of chemical reactions is occurring in a CAP. An example
of this immense number of chemical reactions is given for surface microdis-
charges in humid air by Sakiyama et al. [42]. The chemical reactions in and
around a CAP include excitation of molecules to higher energy states and
to long lived metastable states. All these reactions lead to a high amount
of different species, for instance reactive oxygen species (ROS) and reactive
nitrogen species (RNS). In table|1.1]a list of ROS and RNS is given. Some of
the species are radicals, they have an unpaired valence electron which makes
them highly reactive.

In biology these reactive species (RS) play an important role, they are
involved in the regulation of a large number of signalling pathways at multi-
ple levels from receptors to nucleus [58]. They are involved in all processes,
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like vascular contraction, blood coagulation, inflammation, immune system
response, biosynthesis of growth factors, cell differentiation, cell migration
and cell apoptosis. The cellular responses to different types of RS depend on
their concentration and the type of cell. If we look for example to hydrogen
peroxide (HyO3), this molecule will stimulate or inhibit cell proliferation or it
will induce cell apoptosis [59]. An other known example is nitric oxide (NO),
it will act as an anti-inflammatory agent for low concentrations. At high
concentrations however, it will contribute to cell and tissue injury [60} [61].
The effect of RS also depends on the concentration of other present reac-
tive species. The hydrogen peroxide-mediated apoptosis can be for instance
inhibited or enhanced depending on the concentration of nitric oxide [62].

RS are playing an important role in Plasma Medicine, but this exact
role is not completely understood yet. The complete understanding of the
effect of the different concentrations and combinations of RS on the cell is
important. The formation and the distribution of the RS by different kinds
of CAPs has to be known. The mechanisms of the delivery of RS into the
cell, by for instance the electroporation due to the electric field, should be
researched. Also, the effect of RS on cells which are deeper into the skin,
in lower layers of tissues, have to be understood. With this knowledge, it is
easier to get a grip on the possible safe plasma applications.

1.5 Report Outline

The goal of our project is to investigate whether a Floating-Electrode Di-
electric Barrier Discharge (FE-DBD) plasma source has potential to be used
in the future to prevent neonatal sepsis. We use one specific plasma source
for our project, it is a source where the skin is used as second electrode: the
FE-DBD, of Fridman et al. [35] shown in figure It has a relative large
treating surface and is sufficient for the first tests in this field [36], [33]. First,
the properties of this DBD are reported. Second, the effect of in vitro and
ex vivo treatments with this DBD on bacteria and donor skin are shown.
Finally, those two components of the project are compared. The report is
organized in three parts corresponding to the above three topics.

The part on DBD diagnostics is subdivided in three chapters. In chapter
2, first the theory of microdischarges in the DBD and the chemistry involved
is discussed. Further, the equivalent electric circuitry of the DBD is shown.
With the electric circuitry, the correlation between different variables in the
circuit are derived. Finally, the method to find the power dissipated in the
DBD is outlined. The two versions of the setup, called in this work the old
an the new setup, are shown in chapter 3. The methods to determine the
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light emission and the dissipated power in the plasma of these two setups
are discussed. In the end of the chapter, the FTIR setup is described. In
the final chapter of this part, chapter 4, the results of the light emission
measurements, the value for the dissipated energy per pulse for different
settings and the results of measurements with the FTIR setup are given en
discussed.

The part on interaction with bacteria and donor skin consists of two
chapters. The experimental method for the in vitro and ex vivo experiments
with the bacteria and skin are shown in chapter 5 and the results and
discussion of these experiments are given in chapter 6.

The final part contains the discussion, conclusion and outlook. In chap-
ter 7 the results of chapter 4 and 6 are compared and conclusions are drawn.
In the last chapter, chapter 8, the outlook with some recommendations for
future research in the context of using plasmas to prevent neonatal sepsis is
given.
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Chapter 2

The Dielectric Barrier Discharge

A gas discharge between two electrodes with one or multiple dielectrics placed
between them is called a Dielectric Barrier Discharge (DBD). The dielectric
materials in DBDs will block de-current due to the capacitive coupling, so all
DBDs are driven with alternating current or pulsed DC voltages. Besides this
typical voltage form, the DBD has more typical operation conditions which
are listed in table . These operation conditions are for a DBD in air. A
DBD is a non-thermal plasma, it has a low gas temperature and a significantly
higher kinetic temperature of the electrons. Only under special conditions a
diffuse mode can be generated in a DBD. At atmospheric pressure this mainly
depends on the properties of the feeding gas [63]. In most circumstances,
including in air at atmospheric pressure, the discharge always starts at many
points of the surface and proceeds via the development of thin filaments, so
called microdischarges. In section the properties of these microdischarges
are further discussed.

A wide range of geometrical configurations for DBDs are possible, in figure
typical arrangements are shown. In this report the left configuration of
the planar DBD electrode arrangement is studied further. The electric circuit
of this configuration and the corresponding power dissipated in the discharge
of this DBD is discussed in section 2.2

Electric field strength E of first breakdown =150Td (p=1bar, T=300K)
Voltage V,,, 3-20kV

Repetition [requency f 50 Hz10kHz

Pressure p 1-3 bar

Gap distance g 0.2-5mm

Dielectric material glass, AlOs, ferroelectrics, ...
Thickness d 0.5-2mm

Relative dielectric permittivity &, 5-10 (glass), ..., 7000 (ferroelectrics)

Table 2.1: Typical operation conditions of barrier discharges in air at atmospheric
pressure [63].

14
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Duration: a few nanoseconds | Total Charge: 10710 —107°C
Radius of filament: about 0.1 mm Density of electrons: 10%° — 10*'m=3
Peak current: 0.1 A Mean energy of electrons: 1-10 eV

Current density: 10° — 107A /m? Gas temperature: around gap temp

Table 2.2: Characteristic microdischarge properties for a 1 mm air gap at atmo-
spheric pressure [63].

2.1 Microdischarges

As mentioned in the introduction, the electric breakdown of a DBD is ini-
tiated in a large number of independent microfilaments. In table the
characteristic properties of one microdischarge channel in air at atmospheric
pressure are summarized. In this section the physics behind one microdis-
charge is described, the processes and chemistry are discussed and a calcu-
lation for the ionization density in air is made.

2.1.1 The development of microdischarges

The development of microdischarges is discussed in this subsection [66] 67,
63]. The first electrons are present in the system due to external effects,
like cosmic rays or previous discharges. In the presence of a high electric
field the electrons are accelerated to a certain kinetic energy. If the kinetic
energy is high enough, the electrons can ionize background gas, atoms or
molecules, and create more electrons, which again can create more electrons.
An electron avalanche is starting. A negative space charge is accumulated at
the avalanche head. Typically, for atmospheric pressure barrier discharges it
takes in the order of one microsecond before the local electric field reaches
a certain critical level and a breakdown starts. An extremely fast streamer
propagates under the influence of the external electric field and the self-
generated field in typically 1-2 ns between the two electrodes. At the streamer
head, extremely high electric fields occur and at the inside a thin conductive
channel with high electron densities is formed. On its way, pairs of ions
and electrons are produced by free electrons in the high field region, which
sustain the extension of the plasma channel. When the streamer arrives at the
dielectric surface the microdischarge channel spreads into a surface discharge
covering a region much larger than the original channel diameter. This part
is called the footprint of the discharge. The charge built up on the dielectric
will reduce the field at the location of a microdischarge within a few ns
after breakdown, and terminates the current flow. In this way the dielectric
barrier limits the amount of transferred charge and energy deposited in a
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microdischarge channel (i.e. heating of the surroundings). Due to the charge
accumulation at the footprints, there is a so called memory effect, subsequent
filaments will form at different locations between the electrodes.

When the sign of the voltage is alternated, a breakdown in the opposite
direction can occur. Due to the charge accumulation on the surface and
charge in the gas gap, the critical local electric field for breakdown is reached
with a lower external applied field. The effect of the charge accumulation can
still be present in the order of hours. The electrons do not leave the surface
and are trapped, leading to static electricity. The charge in the gas gap may
have an effect up to 10 seconds, see subsection [2.1.3]

The characteristic microdischarge properties in table do not depend
on the external driving circuit for a wide range of operating frequencies and
voltage shapes. They are determined by the gas properties, the pressure and
the electrode configuration. Raising the power density for a given configu-
ration, pressure and gas means generating more microdischarges per unit of
time and/or microdischarges per unit of surface area [63], 68].

2.1.2 Processes in a dielectric barrier discharge

The time constants of the relevant processes in DBD’s cover many orders
of magnitude. In figure some relevant processes and their time con-
stants are shown. As mentioned in the previous subsection, the production
of high-energy electrons is realized within a few nanoseconds. Excitation
and dissociation by electron collisions are again extremely fast processes,
followed by free radical reactions that occur at an intermediate time scale,
typically 1 to 100 ys. These reactions will happen before any substantial
species transport can take place by convection or diffusion. The production
of active chemical particles is efficient because no energy is lost to the heat-
ing of the surroundings. The heavy particle temperature will not be much
higher than room temperature, and far below the electron temperature. For
medical applications this cold non-thermal plasma is therefore favorable.

2.1.3 The ion density

In section it is already mentioned that not only charge accumulation on
the surface, but also ions and electrons present in the gas gap can facilitate an
easier breakdown. Of course, due to background ionization, there are always
some electrons in the gas gap. The natural background ionization levels
by radioactivity and cosmic rays are normally around 103 — 10tcm=3[69).
However, after a discharge more charge is present. If the discharge is in air,
most of the charges are produces by the ionization of oxygen and nitrogen:
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Figure 2.2: Time scale of some relevant processes of the filamentary barrier dis-
charge. [63]
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Os+e— 05 +e+e, (2.1)

Ny +e—NJ+e+te, (2.2)

with an ionization energy of 12.07 ¢V and 15.58 eV, respectively. The
present number of ions (or electrons) in a gas can be quantified by the num-
ber of ions per volume: the ion density n. The ion density in the micro-
filament will mainly decrease after the discharge as function of time due to
dissociative recombination and due to diffusion of the ions. The ion density
for homogeneous recombination where spatial inhomogeneity, and the drift of
charged particles are neglected can be described by the following differential
equation:

on

ot

with k,..the effective recombination rate and D,,, ~ 5 - 10 2cm?-s~! the

diffusion coefficient under standard conditions in air [66]. However, due to the

interaction between the ions and electrons a ambipolar diffusion coefficient
is needed, which is given by

Dion - V1 — kyee - 02, (2.3)

D, = Dian(l + %) ) (24)
i

where T, is the electron temperature and 7T; the temperature of the ions.
On a time scale a few times longer than the discharge, the electron tem-
perature will be approximately equal to the ion temperature. The diffusion
coefficient in equation can be replaced by the ambipolar diffusion coeffi-
cient, D, = 2D;,,.

At some time point the ion density in the volume of a microdischarge will
be equal to the background ionization. For this time point the previous dis-
charge will only have effect by charge accumulation on the dielectric surface
and no longer by electrons in the gas gap. The ion density can roughly be de-
termined as function of time for the dissociative recombination and diffusion
with the steps discussed in the next two sub subsections [66].

2.1.3.1 Dissociative recombination

The ionization density will decrease with the dissociative recombination rate
of positive with negative ions. The two- and three-body ion-ion recombina-
tion which dominate and determine the dissociative recombination rate in
dry air are
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OQ_ + OZ_ = 03 4+0,4+0y k1 = 10~ "em3s ! , (25)

Oy +O0F +M — Oy +05+05+M ky =2-10%cm® !, (2.6)

where M is either a neutral oxygen or a neutral nitrogen molecule. These
two reactions are dominant, since the formation of O; and O} are very fast.
In air the negative ion O, will be formed by the attachment of electrons to
the electronegative oxygen. This three-body attachment reaction is given as

OQ+6+M—>02_+M, (27)

where M can represent oxygen, nitrogen or water molecules. Electrons are
quickly attached, the attachment time is about 5 ns in air at standard tem-
perature and pressure for an electron temperature of 1 eV [66, [70]. The O}
ion is formed quickly after the discharge according to the following reaction
path [71]

N +Ny+M — Nf + M, (2.8)
N; + Oy — 2Ny + O, (2.9)
03 + 02 +M — Of + M. (2.10)

The effective recombination rate can be estimated by combining the rates
in equation 2.5 and [2.6] as follows

Eree = ki + ko - [M] = 5-10 %cm?®s™!

where the neutral particle density is [M] ~ 2.5-10%cm =3 for atmospheric
air at room temperature. For humid air, more dissociative recombinations
are possible and clusters will be formed with water and the oxygen ions.
The radius of the molecules increase, therefore the recombination rate of
equation2.5|and 2.6may be higher, but this change is relatively small |72, [73].
The ionization density for homogeneous recombination, when neglecting the
diffusion, is given by solving equation [2.3

n(t) = [nio +t-krec} h (2.11)

with ng the initial ion density at ¢ = 0.
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2.1.3.2 Diffusion of ions

In the previous section a value for the ion density as function of time is given
for dissociative recombination. However, after the discharge, ions formed in
the discharge will diffuse. When the dissociative recombination is not taken
into account and only the diffusion radial direction is included, the differential

equation [2.3]is given by
on 10 [ On
T Dion;% (T§> ; (2.12)

where r is the radial distance from the center of the microfilament. In the
first-order approximation for equation when we assume a homogeneous
distribution of the ions over the whole radius of the filament at time ¢t = 0 is
given by

1o
n(t) ~ t.%% 1 (2.13)

where R is the radius of the filament. In table the typical radius of a
filament is given to be about 0.1 mm.

In figure the decay of the ion density in dry air in the volume of a
cylindrical filament with a radius of 0.1 mm, with an initial ion density of
10%cm™ (n, = n; and table and with an ambipolar diffusion coefficient
under standard conditions in air of D;,, ~ 0.1-10"2cm?-s~! is shown. In blue
the decay for only dissociative recombination is given according to equation
and in red the decay of the ion density by diffusion is shown. It is
clear that under the conditions in air and n, = 10°cm™3, the decay due
to dissociative recombination is dominant in this time scales. Further the
ion density after 10 ms is still higher than the background ionization of
103 — 10*cm~3and an effect on a subsequent discharge within 10 ms can not
be neglected in dry air.

2.1.4 Energy transitions within a molecule

In addition to all the reactions between the molecules and the ionization
of molecules, excitations from one electro energy state to a higher one and
transitions between vibrational and rotational states may occur within the
molecule. The vibrational states of a molecule are determined by the amount
of atoms, the bond strengths, and the symmetry within a molecule. In paral-
lel with the transition of one vibrational state to another, multiple rotational
transitions, or changes in angular momentum, are possible. At one defined
energy, a certain transition in vibrational and rotational state is possible,
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lon density in time for dissociative recombination in blue and for diffusion in red
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Figure 2.3: The ionization density in dry air as function of time for only dissocia-
tiwve recombination in blue (equation and for only diffusion of ions (equation
in red. The constant values are the initial ionization ng = 10 cm™3, the
radius of the filament R = 0.01 e¢m and the ambipolar diffusion of ions in air
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Figure 2.5: On the left the two-sided BD configuration for a certain gap distance
g, with two different dielectric surfaces on both sides with a certain thickness re-
spectively with a dielectric permittivity .1 and €,2 and thickness di and da. On
the right the equivalent circuit for the configuration, when there is no discharge the
resistance will be infinitely large. During o discharge the resistance will be time
dependent.

only photons with a certain wavelength are absorbed or emitted by a certain
molecule. In figure an emission spectrum of Nitric Oxide is shown as
example. Two transitions in vibrational states in the infrared (1876 cm™*
and around 3726 cm™!) are visible in the figure. The transition between two
vibrational states with the same rotational quantum number is called the
Q—branchﬂ The R-branch of the spectrum is the side of the higher frequency
side of the spectrum, here energy of the rotational transition is added. The
other side, towards a lower frequency, is called the P-branch. Depending on
the temperature more transitions between rotational states are possible for
one transition in vibrational state [75].

2.2 Schematic electric circuit

In figure the two sided DBD configuration is shown. The gap distance
is indicated with g, and the relative dielectric permittivity of air is approxi-
mately equal to the vacuum permittivity €y. For this configuration there are

I This transition is not always possible due to the quantum mechanical selection rules.
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| Material | o(S/m) | & |
Quartz - 4.5
Water 5.5-107% | 4-88
Polyvinylchloride (PVC) - 3
Glass - 3.7-10
Skin (dry) 0.13 4

Table 2.3: The relative permittivity for different dielectric materials at a low
frequency and the electric conductivity for deionized water and the skin. When
tons are added to the water or the skin s more humid, the conductivity will rise .
1706, [77, 78]

two dielectric surfaces, both can have a different distance, d; and d, and a
different relative permittivity, €,1 and £,5. In table a few relevant values
for the relative permittivity are shown. In the right of figure the equiva-
lent electric circuit of the two sided DBD configuration is shown. The value
of the resistance is different for a situation with and without plasma. When
there is no discharge, the resistance in the plasma is infinitely large, since
there is no plasma. When, however, we do have a discharge, the resistance
through this discharge is time dependent. Besides the resistance, there are
three capacitance in the system, one of the air gap and two of the dielectric
surfaces. A capacitance C' of a parallel plate capacitor is given by
C = eosr% , (2.14)
with A the surface of the plates of the capacitor and b the distance between
the two plates. Equation is only valid when the width of the plates is
much greater than their separation, so A > b. For the three capacitors in
series in figure the total capacitance is in theory given by

1 1 1 1 dy doy g
=+t =+ 5= - + =
Clotal 4 Cy Clir A50€r,1 A505r,2 Aegg

If there is no discharge, the stored charge per time moment over every
capacitor is equal and related to the voltage over each capacitor by

(2.15)

Q(t)
V() = —~ 2.16
=" (2.16)
The voltage over the air gap, Vg, is given with equation by
Q1) Viotal (t) Cotar Viotar (t)
Vair(t) = = = . 2.17
0=c- co O & (2.17)

€r,19 €r,29
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If thickness of a dielectric, d; or d», is increased or a material with a lower
dielectric permittivity, ,; or €,9, is chosen, a higher voltage over the total
circuit, Vipai(t), is needed to achieve the same voltage over the gas in the
gap. The voltage over the gas gap should be the same as the value of the
breakdown voltage, in order to have a discharge. Besides the thickness and
the dielectric permittivity, the gas gap g has an effect on the total voltage
needed to have a breakdown. The breakdown voltage itself depends on the
distance of the gap g. In order to understand the effect of changing ¢, an
expression for the breakdown voltage is needed. The breakdown voltage for
gas spaces bounded by two dielectrics have practically the same breakdown
voltage as if it were between metal electrodes [65] and is given for a diffuse

DBDP| by

apg

—ln(pg) T (2.18)

%reakdown =

where p is the pressure, g is the gap distance and a = 4.36-107V/(atm - m)
and b = 12.8 for air at atmospheric pressure [80]. The dependence of the
width of the gas gap ¢ is given by combining equations and For
a larger distance g a higher voltage on the system is needed to reach the
breakdown voltage in air at atmospheric pressure.

It must be noted that as discussed in section [2.1.1] the required break-
down voltage over the gas is always lower after the first discharge in the
DBD, due to charge accumulation on the dielectric surfaces and an increased
background ionization. The first breakdown voltage is given by equation
the voltage needed to enhance breakdown after the charge accumula-
tion is lower. The above mentioned relation between the variables, g, d and
e, and the voltage of the system V., (t) are still valid when incorporating
the charge accumulation and background ionization.

2.2.1 Average power dissipated in the discharge

From the electric circuit in figure the energy E(T') dissipated in one
whole period T' can be determined and is given by

BE(T) = / intasma (t) Var (£)dE (2.19)

This equation can be rewritten, as shown in appendix [A] as

2For streamer breakdown, the Paschen law is not valid, the Meek’s criterion is valid.[79)
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E(T) = /O ' V(t)i(t)dt . (2.20)

The plasma current and voltage over the air gap are not needed, an inte-
gration over the total current and voltage over the system will do. This is
in agreement with the consideration of the equivalent circuit: only energy
losses in the discharge are included; other losses are disregarded. The elec-
trical energy delivered into the system over one period T is therefore equal
to the energy dissipated in the discharge. The average power dissipated in
the discharge is given by

P = E(T)/T. (2.21)

Instead of using the integral in equation [A.11] a well known method to
determine the dissipated power in a dielectric barrier discharge is by using
Q-V plots. The theory behind these Q-V plots is given in the following
section.

2.2.1.1 Determination of the average power dissipated in the dis-
charge with a Q-V plot

In the theory of ozonizers by i.e. Manley [81], the power dissipated in a
dielectric barrier discharge can be derived directly from plots of the dielectric
surface charge () with respect to the applied voltage V,y;. In figure such
a Q-V plot, or Lissajous figure, is shown. This parallelogram is obtained
when a dielectric barrier discharge is driven by a sinusoidal voltage.

The slope of the four sides of the parallelogram in figure can be ex-
plained as follows. During the AB side of the parallelogram, there is no
discharge and therefore no charge transfer occurs through the gas gap. At
point B, the voltage is high enough to generate a plasma. During the BC
side, there are discharges and charge is transferred. The ending of the dis-
charge coincides with the maximum of the applied voltage at point C, due to
charge accumulation on the surface. During the rising of the voltage in side
BC, the local electric field due to the charge accumulation is rising as well.
When the voltage is dropping again, the local electric field due to the charge
accumulation is too high and the total electric field is too low for a break-
down. The voltage keeps dropping for side CD and no charge is transferred.
At point D the applied electric field together with the accumulated charge is
sufficient for a breakdown in the opposite direction. So, from point D charge
is transferred until the cycle reaches again the minimum of the voltage at
point A.



2.2 Schematic electric circuit 27

y
Q
__C
D
o
G 2Ubr Viotal
&
&S
B
A~ 1
— |1
Slope: 1 =
Cd1,2 (Jair

Figure 2.6: Schematic presentation of Q-V plot from classical electrical theory of
sinusoidal voltage driven ozonizers, where Uy, is the breakdown voltage.
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During the cycle, the energy stored in the capacitor is equal to £ =
%QVC, where V. is the voltage over the capacitor. If the energy stored in
the capacitors was the only energy in the system, the Q-V plot would be a
straight line. However, energy is dissipated in the plasma. The area of the
Q-V plot is equal to the energy dissipated in the plasma during one cycle of
the voltage.

From figure the area of the Q-V plot can be obtained by

Cdl,Q + Oair )
Cai2 '

By dividing this energy by the period T (equation [2.21)), the averaged
power dissipated in the discharge is obtained.

E(T) = 4UbTCdl.2 <V;€otal - Ubr (222)



Chapter 3

Experimental setup and
techniques

In the previous chapter the principles of the DBD and the discharge are dis-
cussed. In this chapter the characteristics of the setup of the DBD used in
the project are discussed, including the electric circuitry of the power gener-
ator. Two power generators are used in the project and both are discussed
in this chapter.

Further different measurement techniques for determining the power dis-
sipation in the plasma and the light intensity are shown. In the final section
of this chapter the setup and the measurements for F'TIR spectroscopy with
the DBD are discussed.

3.1 The Dielectric Barrier Discharge Plasma
Generator

In this section the DBD used in the experiments is discussed. In this re-
search, two power generators are used to drive the DBD. The first one is
the DBD Plasma Generator with Digital Control, Model PG100-3D, the de-
vice is from Drexel university, from the Plasma Power, LLC company. The
electrode is generously made available by Prof. Fridman [33]. The second
one is made with the transformer coils with ferrite core from the first plasma
generator, after the first one broke. First the electric circuitry of the new
power generator is discussed. With this circuitry the principles of the power
generator can be understood. The old power generator works on the same
basic principle, but the exact electric circuitry is not known. The difference
with the new power generator and the properties of the old power generator
are discussed. In the following part, the setup outside the power generator

29
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Figure 3.1: The schematic of the power generator. When the switch is open,
the capacitors get charged. The switch is controlled by a pulse generator, the pulse
signal is shown in red. During a pulse the switch is closed and the large capacitor
slowly discharges through the coil at the primary side. When the switch opens the
current changes abruptly and the coil counteracts this change. The coil and the
small capacitor start to resonate and in the secondary coil this voltage is converted
to a high voltage signal, the high voltage signal is measured and shown wn black.
This voltage signal is fed to the DBD.

is shown. Finally, the effect of heating up the core of the transformer is
discussed.

3.1.1 The electric circuitry of the new power generator

In this part of the report the electric circuitry of the new power generator,
shown schematically in figure[3.1], is discussed. The power generator is driven
by a power supply which delivers 330V to the circuit and a current up to
450 mA, from Delta Electronika, DC power supplies. When the switch is
open, the capacitor of 50 uF gets charged. The switch (1700 Volt IGBT) is



3.1 The Dielectric Barrier Discharge Plasma Generator 31

driven by a pulse generatoﬂj_:]7 with a adjustable pulse width, pulse frequency
and duty cycld?] the pulse signal is shown in red at the bottom of figure
B.1] During a pulse the switch is closed and the large capacitor discharges
slowly through the primary coil and the switch. At the moment the switch
opens again, the current through the primary coil wants to change abruptly.
For a longer pulse width, the current built up in the primary coil is larger
and this leads to a larger change in current through the coil. The magnetic
fields created in the primary coil to counteract the change in current leads to
high voltage at the secondary side of the circuit, since the inductance or the
number of windings N of the secondary coil is many times higher than the
inductance of the primary coil (V = N %Where ® is the magnetic flux, due
to the primary coil, through one turn of the secondary coil). The two coils
will transform the voltage to a high voltage signal which is fed to the load.

In figure [3.1) a measured high voltage signal which is fed to load is shown
in black. To understand the shape of this voltage signal better, the electric
circuitry is simulated with LT'spice IV. The voltage signal has two resonance
frequencies. Both the lower resonance frequency and the higher resonance
frequency are determined by all the capacities in series with the primary
and secondary coil. The higher the capacitance, the lower the resonance
frequency, since the resonance frequency wy of a capacitor C' in series with a
coil L is given by

Wy = ——. (3.1)

Both the higher and lower resonance frequencies have a damping rate.
The damping depends partly on the value of the resistors in the system and
on the configuration of this resistors, the coils and capacitors. The damping
factor of a series RLC circuit is given by

R
= 3.2
o=t (32
and the damping factor of a parallel RLC circuit is as follows
1
= 3.3

For the load, both equations are not valid, since the resistance of the
plasma is in series with the coil, but is parallel to the capacitors. When

A TUeDACs box which is controlled with Pulse Delay Generator software, both are
designed by Gerard Harkema.

2The duty cycle is defined as the percentage of one second the pulse generator is
generating pulses. In the top diagram of figure an example for 50% duty cycle is
given.
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Figure 3.2: The block diagram of the power generator and load from Drexel Uni-
versity, Fridman et al. [33].

the resistance in the plasma is higher, the damping will be lower. When
the total capacitance of the air gap and dielectric materials will rise, the
damping rate will be higher as well. The parasitic capacities in the load will
be constant and will therefore not change the damping rate. The values of
the inductance and resistances in the power generator will also stay constant
during all measurements.

3.1.2 The original power generator

A block diagram of the power generator and setup is available and shown in
figure . The exact electric circuit of the original power generator is not
known. The transistor shown in figure[3.T]is from the original power generator
and is re-used in the new power generator. The principles of the electric
circuitry of the original power generator will be the same as the electric
circuitry described in the previous subsection. However, the power supply
and pulse generator are integrated in the power generator and there may be
some feedback coupling which is not present in the new power generator. The
resonance frequency of the original power generator is around 39kHz. Besides
this 39kHz, the power generator generates a high level of the electromagnetic
RF energy in a broadband spectrum. Depending on the load, the DBD
generates pulses of a DC high voltage between 10 and 30 kV.

In the original power generator the duty cycle, pulse width and pulse
frequency can be adjusted as well.

Firstly, the duty cycle can be changed, from 1% till 100%. This deter-
mines the percentage of every second the box is generating voltage pulses.
In the top of figure [3.3] a schematic view of the voltage pulses generated by
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Figure 3.3: From top till bottom. First on a 1 second time scale a schematic
view of the wvoltage pulse for a duty cycle of 50%. Second a schematic view of
a pulse frequency of the DBD of 2000Hz is shown on a time scale of 2 ms. In

this schematic, the pulse width is between 1 and 10 us. At the bottom figure, the

pulse generated in the power generator is translated in the electric circuitry to a
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the power generator with a duty cycle of 50% is shown. So for a duty cycle
of 50%, the control box generates during 500 ms pulses per 1000 ms.

The second adjustable parameter is the pulse frequency. The box can be
set on 10 different frequencies: 50 Hz, 100 Hz, 251.1 Hz, 502.3 Hz, 1026.7 Hz,
1543.2 Hz, 2155.2 Hz, 2702.7 Hz, 3086.4 Hz and 3610.1 Hz. In this report
these frequencies are referred to as 50 Hz, 100 Hz, 250 Hz, 500 Hz, 1000 Hz,
1500 Hz, 2000 Hz, 2500 Hz, 3000 Hz and 3500 Hz. In figure the center
diagram is a schematic view of the output voltage of the control box of the
DBD for a pulse frequency of 2000 Hz. For a pulse frequency of 2000 Hz
the time between two pulses is 0.5 ms. In this center diagram the width of
a single pulse is indicated, this is the third parameter on the control box,
which can be set to 1, 2, 3, 4, 5, 6, 7, 8, 9 or 10 ps. The standard settings
during the experiments are a pulse frequency of 1500Hz, a the duty cycle of
100%, and a pulse width 10 ys.

3.1.3 The setup of the DBD

In figure [3.4] the setup and the electrode of the DBD are shown. In the previ-
ous section the two different control boxes of the DBD are already discussed.
These boxes are connected with two similar types of load§’] A banana plug
connects the load with the box. A wire of approximately 1 meter long runs to
a copper electrode. Both the wire and the electrode (except for the operation
side) are enclosed by insulating material to limit the chance of discharges on
other locations. On the “operating” side of the electrode a 0.5 mm thin plate
of quartz is attached as dielectric. This quartz substrate is placed parallel
above the to be treated flat substrate, which has an equal or larger surface
area than the electrode with the quartz, which is round with a diameter of
2 ¢cm or 2,3 cm. During the project the substrates used are of different ma-
terials: metals, PVC, glass, pig and human skin, and culture plates. Due to
the different electric properties of these materials, the plasma formed can be
different.

The distance between the quartz and the specific substrate is variable
too. This distance determines for a part the total capacity in the system,
which again can have an influence on the filament formation. Underneath
the substrate a metal is placed and connected to the ground on the control
box. A mount is holding the electrode with the dielectric quartz in position
above the substrate and the grounded metal. The standard setting for the
distance between the quartz and the substrate is Tmm and the standard

3The two different loads used for this research are both made at Drexel university,
Advanced plasma solutions. A second load was needed, due to a crack in the dielectric
material covering the metal of the first load.
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Figure 3.4: On the left the electrode (22 c¢m) covered by quartz, held by the mount,
with a distance of approzimately 1 mm from a PVC substrate. The PVC substrate
15 placed on o grounded metal. On the back the old power generator is shown. In
the right photo the electrode (02 c¢m) and wire with banana plug are captured.
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substrate used is Polyvinyl chloride (PVC) with a thickness of 1 mm. The
impact of the three different settings of the pulse generator (the duty cycle,
frequency and pulse width), the distance between quartz and the substrate
and different types of material are researched.

3.1.3.1 Two different setups

As mentioned in the previous section, there were two similar loads used for
the experiments. There are three differences between the first and second
load:

1. a diameter of 2 and 2,3 cm of the electrode,
2. a wire of 1.1 and 0.8 meterf]

3. and an extra insulation wire around the cable and no extra insulation
wire.

The first load is used in combination with the old power generator and this
combination is called in this report the old setup. The new power genera-
tor in combination with the second load is called the new setup throughout
this report. The three points mentioned above as well as the different elec-
tric circuitry of the power generators will have an influence on the plasma
formation.

3.1.4 Heating up of the core of the transformer

Due to power dissipation in the core of the transformer, the value of the
inductance given in figure is fluctuating, which leads to a different dis-
charge in the DBD. A slight shift in the temperature of the ferrite core of the
transformer induces a certain change in the permeability of the core, which
on its turn leads to a slight shift in the inductance of the coils [82]. The
value of this inductance determines the resonance frequency of the voltage
signal. The down-ringing voltage signal of the previous pulse is still present
when the new pulse is generated. Therefore, when the resonance frequency
is changed, the starting position of the new pulse on the sinusoidal damping
voltage signal of the previous pulse is different. When the new pulse starts
on the maximum voltage value of the previous pulse, this will result in a
different new pulse than for the case the new pulse starts on the minimum
voltage value of the previous pulse. The voltage fed over the DBD, the height

4For measurements with the ICCD camera and the new setup, this length was 1.3
meter.
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of the voltage peaks, is different and therefore the formation of discharges
will change.

The change in discharge formation is larger for higher pulse frequencies.
For a pulse frequency below 1000 Hz, the previous pulse is damped away.
The start voltage for these pulse frequencies will always be zero. For a pulse
frequency of 1000 Hz or higher the previous pulse is present, the amplitude
of the previous pulse will be higher for a higher pulse frequency. When the
amplitude is higher, the starting position of the new pulse can fluctuate over
a higher voltage range. The voltage fed to the DBD can change more for
higher pulse frequency than for a lower pulse frequency.

The power dissipated in the core depends on the settings of the DBD. If
we look for instance at the frequency of the generated pulses, more power is
needed to generate the higher amount of pulses per second, so the core of the
transformer will heat up more. Therefore the shift in resonance frequency is
higher for a higher pulse frequency or a longer pulse width.

When doing a measurement, the memory effect of the previous measure-
ment should be kept in mind. So when the previous measurement was with
a higher power, the core of the transformer has already a certain tempera-
ture above the room temperature. A measurement directly after the previous
measurement will therefore give a distorted result. In the new setup, in order
to minimize the memory effect, two steps are taken. Firstly, the experiments
are performed from settings with low to higher power. So from low to high
pulse width or pulse frequency. Secondly, the setup is on for a long time
before a measurement is performed, to reach the temperature equilibrium in
the core of the transformer.

3.2 Determine the power dissipation of the plasma

In this section the methods and setup to determine the power dissipation
are discussed. In the theory, section already two different methods to
determine the power dissipated in the plasma are described:

1. Taking the integral for the total voltage times the total current over

f()T Viotal (t)itutal (t)dt
T .

one whole period T', P =
2. Taking the area of the Q-V plot.

The second and common way is only feasible for a sinusoidally driven DBD.
For a pulsed DBD, no Lissajous figure will be obtained. Therefore the first
method has to be applied for the setup used in this research. The total
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current in this equation, I;,;, can be measured directly or can be obtained
by differentiating the measured charge Q(t).

So in order to determine the power dissipated in the plasma the voltage
over the total system Vi, (t) is measured and the total current I, or
the charge Q(t) are determined. In figure the setup for measuring the
total voltage signal and current or charge signal is shown. For the total
voltage signal a 1:2213 VP’| Tektroniz voltage probe with a capacity of 3pF is
connected parallel to the load, it is connected directly to the power generator
and the ground. A Rogovski coil is used to measure the total current, [y,
through the wire between discharge and ground. In order do determine the
charge, Q(t), a large capacitor of 0.47 uF is connected between the discharge
and the groundf] With such a high value of the capacitance, the connection
of the capacitor will have no influence on the system. By measuring the
voltage over this capacitor with a 10 V Agilent voltage probe the charge
can be calculated according to equation Both the voltage probes and
the Rogovski coil are connected to an oscilloscope, the Agilent InfiniiVision
7000B DSO7034A Oscilloscope [83], with a sampling speed of 4GSa/s and a
bandwidth of 350 MHz. The signal on the scope is averaged 1024 times and
the scope triggers on the edge of the first positive peak of the total voltage
signal.

Before the energy dissipated in the plasma for the pulsed dielectric barrier
discharge is determined, the validity of the first method is tested. A sinusoidal
power generator, the PVM/DDR Plasma Driver [84], is connected to the
load. The power dissipated in the plasma is calculated with the first method,
for the total current measured directly and for the total current determined
by the charge differentiated to the time. These two values for the dissipated
power are compared to the value for the dissipated power obtained with the
area of the Q-V plot, the second and common method.

The measurements with the sinusoidal power generator are performed for
different settings. Changes were made firstly in the setup and secondly in
the generation of the sinusoidal voltage signal. The setup was changed in
three ways:

1. A distance between the quartz and the PVC sheet of 1 mm,

2. a distance between the quartz and the PVC sheet of 2 mm,

5The calibration of the voltage probe is performed with a Northstar PVM-1 voltage
probe.

5The position of the Rogovski coil and capacitor have an influence on the amplitude of
the measured value. The further from the power generator the lower the amplitudes will
be, this is due to high frequency signal reflections in the wires.
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Figure 3.5: In the top of the figure we have the power generator which is connected
to the load. A woltage probe is connected parallel to the load in order to measure
the total voltage Vigai(t). Between the second electrode and the ground either a
Rogouski coil or a capacitor, with capacity C = 0.47 pF, is connected. The first
one is connected to determine the total current Lo, and the second is connected,
to use the voltage probe over the capacitor to calculate the charge Q(t), where

Q) = V(1) - C.
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3. and a distance between the quartz and a metal surface of 1 mm.

For all those three different settings, measurements are performed for random
different frequencies and amplitudes of the sinusoidal voltage signal.

The energy dissipated in the plasma for the pulsed power generator is
measured for different settings as well. For every specific settings, three
individual measurements are made. The three values of the power dissipation
belonging to these three measurements are averaged and a standard deviation
is determined.

3.3 Measurements on the relative light inten-
sity of the plasma

The relative light intensity measurements of the plasma are performed with
two different devices: first a spectrometer is used, and second an intensified
charge-coupled device (ICCD) camera, is used. Both the devices and the
experiments with these devices are discussed in this section.

3.3.1 Use of the Avantes spectrometer

The spectrometer used in this project is an Avantes spectrometer, the AvaSpec-
ULS2048-USB2 Fiber Optic Spectrometer [85]. The hardware of the Avantes
spectrometer is connected with an USB to a desktop, here the settings of the
spectrometer can be controlled with the software of the Avantes spectrome-
ter. In the software the integration time and the amount of averages for one
scan can be set. One scan is taken over the wavelength range from 200 to
1100 nm. The resolution belonging to this scan range is around 1 nm.

The setup for the measurements with the Avantes spectrometer is shown
in figure[3.6|. The light in the center of the plasma of the DBD is captured by
a lens with a focal length of 5 cm, which images the light on an optical fiber.
The plasma is not constant in time, due to the fluctuations in the position
of the filaments between substrate and DBD. In order to exclude the time
variation, the time of one measurement has to be long enough. The integra-
tion time combined with the amount of averages for every measurement is 5
minutes. Before measurements with this setup are performed on the plasma,
a dark scan of the surrounding light is taken, which is subtracted from the
scans of the plasma.

The relative light intensity for the different settings of the old setup is
determined with the Avantes spectrometer. The value of the relative light
intensity is obtained by the integration of a spectrum over the wavelength
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Figure 3.6: The setup for measurements with the Avantes spectrometer. The fiber
of the Avantes spectrometer is focused with a lens, focal length of 5 cm, in the
center of the discharge.
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range of 200 to 1000 nm. Spectra are measured for different duty cycles,
frequencies, pulse widths and finally distances. Within every setting, we
made the measurement three times. In order to exclude gradual changes of
the surrounding, the measurements of every set are performed in a random
order.

3.3.2 Images with the ICCD camera

The camera used for the experiments is the 4 picos ICCD camera of Stanford
Computer Optics, Inc [86]. Relevant settings of this ICCD camera are the
delay time, the gate time, the amount of frames per image, and the micro
channel plate (MCP) gain voltage. The delay time and gate time of the ICCD
camera depend on the measurement. The amount of frames per image is 100,
so for every image, 100 independent frames are added together. One frame
has a standard integration time of 20ms. The gain voltage can be set from 0
to 1000V. When one photon hits the photon cathode, the photo electron is
accelerated towards the MCP. The height of the gain voltage determines the
rate of electron multiplication in the MCP. A low original photon signal can
be amplified by several orders of magnitude with the gain voltage [87]. During
measurements this gain should be low enough, so there is no saturation of
the signal.

In figure 3.7 the setup with the ICCD camera is shown. The ICCD camera
is added to the old and new setups which are described in subsection [3.1.3
Images with the ICCD camera are made of the intersection with the center
of the plasma, in figure this intersection is shown in green. Every point
of the intersection is imaged with an lens in front of the camera and the lens
of the ICCD camera. Before images of the plasma are made, a dark image
is captured and subtracted from the images made of the plasma. For the
measurements with this setup, the ICCD is triggering on the total voltage
signal V. As described in the previous section, the imaged plasma is not
constant in time. Therefore no time resolved images of the plasma can be
made of the DBD, since the microfilaments are formed at different positions
in time.

However, two other kinds of images are made for this project. First,
images are made as function of time during a voltage pulse. From this a
time depended light intensity profile can be made. Second, images are made
for a whole pulse. The relative light intensity produced in one pulse can be
compared for different settings. Both types of measurements are described
in detail in the following part.
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3.3.2.1 Time dependent relative light intensity

In figure [3.8] an example of a time dependent light intensity measurement
with the ICCD camera is shown. In the graph on the bottom of figure |3.8
the voltage signal of a pulse is shown in blue and the current signal of a
pulse is shown in red. The green bar indicates the time point in the pulse,
on which the image shown on the top of the figure, is recorded. The delay
time of the ICCD camera determines this time point. For the measurements,
this delay time is shifted with steps of 1 us, where the gate time is also 1
us. With this shift in the delay time, images can be made for a large time
range in a specific pulse. For every measurement, the first image is made
approximately 3 us before the start of a pulse. In the example of figure [3.8
the first image would be made with a delay time of 633 us. The delay time of
the last image depends on the measurement and is set after a time point in
the pulse where no plasma is formed anymore. The difference in delay time
between the first and the last image of a measurement is in the range of 85
and 170 ys.

Due to a delay time of 1 ps, no individual filaments are visible. Due to
the high density of filaments in this time range, the plasma looks diffuse in
figure Although a delay time of 1 ys is too long to capture individual
microfilaments, the resolution of 1 us is short enough to see how the light
emission is related to the voltage signal.

The images made by the camera are used to determine the relative light
intensity for different settings on different time points. All images are inte-
grated over the x- and y-direction to get a value for the relative light intensity
of the plasma per time point. This intensity can be plotted in the same fig-
ure as the voltage signal of the pulse. The relative light intensity per time
point experiments are performed for different pulse frequencies, pulse widths,
distances and finally different materials for the old, but also the new setup.
The gain voltage in the old setup is 670V and is 710V for the new setup.

3.3.2.2 Light intensity per pulse

The measurements for the relative light intensity for one whole voltage pulse
are performed for the old and the new setup. For both setups the mea-
surements are performed for all 10 pulse frequencies and all 10 pulse widths
mentioned in subsection For every measurement, 20 images are maddZ],
which can be integrated and averaged in order to determine the light inten-
sity per pulse. From the 20 images a standard deviation is determined as

"These images are made in two batches of 10 images. For one batch, all 10 images are
made in direct succession of each other.
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Figure 3.7: The old or new setup in combination with the ICCD camera. The
intersection with the center of the plasma (green) is imaged with an external lens
(f=10.5 ¢m) and the internal lens of the camera.

camera image

500

-500

Voltage (100kV)/Current (mA)

Time (s) 10

Figure 3.8: The image of the camera (top) and the current en wvoltage signal
(bottom) for a frequency of 1500Hz, a pulse width of 10 us, a distance of Imm
between the DBD and PV, at the time moment in the pulse indicated by the green
bar.
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well.

The delay time and gate time of the ICCD camera are set, so all light
emission during one whole voltage pulse is captured. The images have a gate
time of 250 ps, since no plasma (light) is formed in the pulse after 250 us.
The delay time of an image is set approximately 3 us before the start of the
pulse.

The method for the old setup is different than for the new setup. The
voltage gain for the measurements with the old setup is 580V for different fre-
quencies and 630V for the different pulse widths. In the new setup the value
for the voltage gain is respectively 600V and 640V. For the old setup the
the memory effect of the heating of the transistor is not taken into account
yet. The value of the frequency or of the pulse width is changed randomly
between the 10 values during the experiment. The values are changed ran-
domly during the experiment, to exclude effects of changes in the lab. In the
new setup the value for the frequency as well as the value of the pulse width
is changed from a low to high power.

3.4 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy is a technique to get more
insight in the chemistry within the DBD. With FTIR spectroscopy an in-
frared spectrum of absorption of a gas can be obtained. The particles in the
gas absorb light and excite between specific vibrational and rotational states
(subsection . By comparing the known vibrational and rotational spec-
tra for different molecules with the obtained absorption spectrum, the gas
composition can be determined.

In this research the Fourier Transform Infrared (FTIR) spectroscopy mea-
surements are performed with a Bruker spectrometer, the VERTEX 80v [8§].
A schematic of the spectrometer is shown in figure . The light of a
broadband infrared light source (a MIR lamp) is directed into a Michelson
interferometer, where one of the mirrors (Mirror 2) is moving parallel to the
light beam. While the mirror is moving with a fixed speed, the retardation
between the two light beams in the interferometer is changing. For different
distances between the mirrors, the light will interfere constructively or de-
structively with each other depending on the wavelength. So every specific
distance between the mirrors, leads to a specific spectrum of the outcoming
beam. This outcoming beam is focused in the sample compartment shown
in figure The discharge area of the DBD connected with the new power
generator is positioned in this focus and light will be absorbed here. The
volume between the inner and outer ZnSe windows is flushed with nitrogen,



46 Chapter 3 Experimental setup and techniques
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Figure 3.9: A schematic of the light path in a FTIR spectrometer. The light of
the infrared source is shone into the Michelson interferometer. Due to the moving
marror 2, the spectrum shone into the sample compartment is changing. In the
sample compartment, light at certain wavelengths is partly absorbed. The absorption
spectrum is detected by a Mercury cadmium telluride (MCT) detector.
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Figure 3.10: The schematic of the used sample compartment in the FTIR, the
IR light beam passes through the discharge area of the DBD and light is absorbed.
The volume between the inner and outer Zinc Selenium (ZnSe) windows is flushed
with nitrogen, to reduce the absorption of light in this part of the setup. QOutside
the ZnSe windows, the compartment is in vacuum. The metal housing around the
DBD, shields the F'TIR spectrometer from the EM fields originating from the DBD.
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to limit the absorption in this part of the sample compartment. Due to the
vacuum outside the ZnSe windows, the absorption in this part of the sample
compartment is low as well. The light coming out of the sample compart-
ment is detected by a Mercury Cadmium Tellurium (MCT) detector. The
detector detects the intensity of the light beam for every individual retarda-
tion, or distance, between the beam paths in the Michelson interferometer.
The intensity as function of the retardation is called an interferogram. This
interferogram is Fourier transformed to the absorption spectrumﬂ

3.4.1 The absorption spectra

In this research the FTIR spectrometer is used for two different measure-
ments. In the first measurement, the discharge area of the DBD is filled with
gas: Argon (Ar) with 203 ppm Nitric Oxide (NO). For the second measure-
ment the DBD is switched on.

3.4.1.1 The absorption spectrum of Nitric Oxide

The measurements on NO are performed to find the right settings of the F'TIR
spectrometer and see whether the absorption path length is long enough. Two
settings of the FTIR are the resolution and the averages. The resolution has
to be small enough to see the shape of the individual vibrational bands,
by comparing the height of the bands with calibration measurements, the
densities of molecules can be determined [90]. The height of the band scales
linearly with the density. The amount of averages has to be high enough to
smooth out the noise. A better resolution and more averages lead to a longer
measurement time. The absorption path in the FTIR is only 4 cm, only in
this 4 cm particles can absorb light.

Before the discharge volume with a height of 4 mm is filled with the NO
gas, the volume is flushed with nitrogen. During this flush, a reference ab-
sorption spectrum is obtained. The absorption spectrum of NO is subtracted
from the reference absorption spectrum, to obtain a spectrum with only the
absorption peaks.

3.4.1.2 The absorption peaks for a discharge

The absorption spectrum is obtained while the DBD is switched on. The
new power generator is set on a pulse frequency of 500 Hz, a pulse width of

8Before the transformation, the interferogram is multiplied with a Blackman-Harris
window, to bring the interferogram smoothly down to zero at the edges of the sampled
region. This apodization prevents side lobes in the calculated spectrum. [89]
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10 us and a duty cycle of 100%, where approximate 0.5 W is dissipated in
the discharge. The distance between the quartz and the Teflon is set on 3
mm. At this gap width, there is still a discharge and more light can pass
through the cell. For the cell, flushed with dry air, the absorption spectrum
is measured as well. This spectrum is subtracted from the spectrum obtained
with the plasma on to obtain a spectrum with absorption peaks.



Chapter 4

Results and Discussion on Plasma
diagnostics

In this chapter the results of the measurements described in chapter |3| are
shown. First, the link between the voltage signal, the light emission and the
plasma current is discussed by a measurement with the old setup. Second,
the voltage signal and the light intensity for different settings are shown
for first the old and then the new setup. Next, the results for the power
dissipation calculations are shown. First the validity of the method is tested
and then the method is applied for different settings of the new setup. In
the end of the chapter the results of the measurement with the FTIR setup
are analyzed.

4.1 The relation between the light emission and
the electric signal

In this section a result is given for the voltage signal, light emission and
plasma current in the old setup for a pulse frequency of the DBD of 1500 Hz,
a pulse width of 10uys and with a gap distance between the quartz and the
PVC substrate of 1mm.

4.1.1 The relation between the light emission and volt-
age signal

The light emission in relation with the voltage signal is discussed in this part.
In figure the voltage signal in blue and the light intensity as function of
time in green are plotted in the same figure. The behavior is in agreement

49
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Figure 4.1: The light intensity compared to the electric signal, for a 1500Hz
frequency, a pulse width of 10 us and a distance to the PVC of 1 mm.

with the theory of the development of microdischarges (2.1.1). The first emis-
sion of light happens on the negative voltage slope. Electrons on the quartz
of the DBD are moved to the PVC substrate by microfilaments, leaving the
quartz with less electrons and the PVC with an abundance of electrons,
which reduces the external applied field. For the second negative voltage
peak, again a plasma is formed. This time the light emission is relatively
low, due to the remaining charge on the PVC which reduces the applied
electric field, and the few number of electrons that didn’t leave the quartz
at the first breakdown. There is also a positive effect of the first negative
voltage peak, the background ionization will be relatively high for the sec-
ond negative voltage peak, which makes it easier to have a discharge. When
the voltage has a positive peak, the charge accumulation on the PVC has
an enhancing effect on the discharge and electrons move back to the quartz
and interact with molecules and atoms and form a plasma between the two
dielectric surfaces. Also, here there is a second light emission peak for the
second positive voltage peak with a lower light intensity. This second volt-
age peak is higher than the first one, therefor it is possible to have a net
high enough electric field for a breakdown. Even though there is remaining
charge on the PVC substrate. Also for succeeding positive voltage pulses the
second peak is higher than the first, therefore a second light emission peak
is possible. For the negative voltage peaks the second peak is lower, and
here no second emission peak is shown. the net electric fields are not high
enough for a breakdown in the gap. The intensity of the plasma decreases in
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time, since the damping of the voltage signal. Due to the lower voltage, the
time the electric field in the gap is is high enough for electric breakdowns is
shorter. At some point in time, the minimum kinetic energy of the electrons
to exciting molecules and atoms for an electron avalanche is not reached.

4.1.2 The correlation of the plasma current and light
emission

Instead of comparing the light emission to the total applied voltage signal, the
light emission can be compared with the plasma current. The plasma current
is given by ipiasma(t) = ttotar(t) — dair(t), where iyq(t) is the total current
in the load and i, is the displacement current. The total current i, (t)
is measured in a single shot with a Rogowski coil. In order to determine
the displacement current 7,;., the measured voltage signal is used, according
t0 G40 (t) = Ctotalsystem% (equation [2.16]). This i.,(t) is fitted with the
current, signal i;514;(t), for the time range between 720 and 820 us. In this
time range, no light emission is measured, so there is no plasma current and
Gair(t) = tota(t). This fit gives the total capacity of the system Ciotaisystem =
14pF E] and is shown in the top of figure . Now, if this displacement
current is subtracted from the total current measured with the Rogowski
coil, the plasma current is determined.

On the bottom plot in figure the plasma current is shown in blue.
When looking to figure there is a correlation between the light emission
and the plasma current. However, for the later light emission peaks there are
no visible plasma current peaks. This may be due to two reasons. First, the
signal to noise ratio is low, since the measurement was only single shot. The
current signal can not be averaged since the exact position of the current
peaks changes per shot and the current peaks would be averaged out as well.
Second, the bandwidth of the oscilloscope is too small: the duration of one
plasma current peak is in the ns range, but the bandwidth of the oscilloscope
is 350 MHz. So not all peaks are detected by the oscilloscope.

Every single plasma current peak is measured as an oscillation, this can
be due to the network, the presence of inductance, or an artifact in the mea-
surement technique. For the latter, reflections in the cable of the Rogowski
coil can cause these oscillations. To prevent or minimize this oscillation a
fast-current probe could be used [91].

I This capacity also includes all the parasitic capacities in the system.
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Figure 4.2: In the top figure the single shot current signal in blue and the derived
voltage signal times the factor 14,3 pF in red. In the bottom figure the blue minus
the red line in the top figure in blue and the light emission of the plasma in time
in green. Both the voltage signal and the single shot current signal are smooth with
the Savitzky-Golay filtering
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The light intensity averaged for 5 minutes for different duty cycles obtained by the Avantes spectrometer
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Figure 4.3: Three data points for the normalized light intensity shown for o duty
cycle of 40%, 60%, 80% and 100%. For a frequency of 1500Hz, a pulse width of 10
us and a distance of 1 mm. The data is obtained with an integration time of 500
ms and 600 averages.

4.2 The behavior of the DBD for different set-
tings

A way to get insight into the effect of different settings, like the pulse width
or gap distance of the DBD, is by investigating the light emission and the
voltage signal. In this part the voltage signal and the effect on light intensity
are recorded for the old setup for different duty cycles, pulse frequencies,
pulse widths, gap distances and materials. This is possible by measuring the
time depended light intensity in a pulse of the DBD (section and /or
by recording the light intensity of a whole pulse and/or by measuring the
light intensity averaged in 5 minutes (section [3.3.2.2] and [3.3.1)

4.2.1 The relation between the duty cycle and the light
intensity

For the effect of the duty cycle we only used the Avantes spectrometer (section
. In ﬁgurethe relation between the duty cycle and the light intensity
is shown. As expected, this behavior is linear and through the origin. If the
DBD is creating a plasma for 40% of the time the intensity will be twice as low
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Spectrum for different pulse frequencies of the DBD
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Figure 4.4: Relative light intensity per given wavelength for different pulse fre-
quencies of the old setup.

as for the plasma creating by the DBD 80% of the time. The duty cycle has
no effect on the voltage waveform or the electric circuitry. For a duty cycle
of 10% and the standard settings, there are approximately 150 successive
pulses during every second the the DBD is on. Within every pulse a lot of
individual microfilaments are formed. It is difficult to form the first filaments,
these filaments form charges and particles which make the formation of later
filaments easier. In an operation with 150 pulses, the effect of the difficult
forming of the first few filament is negligible. The relation between light
intensity and duty cycle will still be linear for a duty cycle of 10%.

4.2.2 The behavior of the light intensity and voltage
signal as function of the pulse frequency

In figure the results of scans with the Avantes spectrometer in the wave-
length range from 200 to 1100 are shown for different pulse frequencies in the
old setup of the DBD. The ratio between the peaks in a spectrum does not
change for different pulse frequencies, or in other words, only the amount of
microfilaments formed changes, not the properties of these microfilaments.
This is as expected as discusses at the end of subsection 2.1.1]
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The voltage signal and light intensity signal for pulse frequencies of 250Hz,
1500Hz and 3500Hz for the old setup are shown in figure[4.5] It seems that the
light intensity is lower for a lower frequency, however this is due to the lower
amount of pulses during the 20 ms integration time of the ICCD camera. For
a frequency of 3500 Hz, the shutter opens 70 times during the integration
time, but for a frequency of 500 Hz, this is only 10 times. The position of
the light peaks does not change for different frequencies.

In figure the light intensity captured with the ICCD camera is shown
as function of time for different pulse frequencies of the old setup. This
behavior is not completely linear as expected. First, products formed by the
microfilaments in the previous pulse are present in a higher concentration,
when the second pulse is generated with a shorter delay. With these products
present, the formation of new microfilaments will be easier. In section [2.1.3
the decrease of ions in the gap are estimated. The presence of ions in the
gap will have an enhancing effect on new breakdowns. Second, if the voltage
of the previous pulse is present when the new pulse starts, this will lead to
a higher or lower maximum voltage as shown in red in figure [4.6| and overall
higher or lower voltage peaks. These higher or lower voltage peaks lead to
more or fewer discharges, respectively, and therefore to a higher or lower light
intensity for higher pulse frequencies. For instance, at a frequency of 1500
Hz, the light intensity as well as the maximum voltage have a small dip in
figure [4.6

Finally, for frequencies higher than 2500Hz, an other effect seems to be
present as well. The intern power supply can not deliver enough power to
fully charge the large capacitor in the time between two pulses, see subsection
and figure [3.1] This leads to lower voltage peaks as shown with the red
data. Fewer microfilaments will be formed, which leads to a smaller amount
of current peaks, as shown in appendix |[Bl The current peaks in a single shot
current signal are directly correlated with the amount of microfilaments in
the gap.

Two reasons, related to the heating of the transformer discussed in section
3.1.4] explain why the error bars are larger for a higher frequency. First, for
the highest frequencies, most of the power is dissipated in the system. There-
fore a higher temperature raise can be expected for the higher frequencies and
a longer time to reach equilibrium. If measurements are performed before
this equilibrium is reached, results may differ. Second, the time between two
pulses is shorter for a higher frequency. The damping of the voltage signal
is less at the time the new pulse is generated. The difference between the
amplitude of the maximum and the minimum voltage signal in the previous
pulse is larger and therefore the effect when shifting the starting point of the
new pulse will be more drastic.
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Figure 4.5: The light intensity in arbitrary units in green and the voltage signal
in blue in respect to the time for o frequency of 250Hz, 1500Hz en 3500Hz.
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Figure 4.6: The normalized light intensity recorded with the ICCD camera for
different pulse frequencies and a duty cycle of 100%, a pulse width of 10 us and a
distance of 1 mm to the PVC substrate.
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4.2.3 The influence of the pulse width of the DBD

When the pulse width is smaller, the time the large capacitor is discharging
over the primary coil is shorter. The current built up in the primary coil
during this time is smaller. So, when the switch is opened, the current which
the coil wants to preserve is lower and therefore the magnetic flux through
the the secondary coil is lower. This leads to the lower maximum value in the
voltage signal for a smaller pulse width and therefore a lower light emission.
In the right graph of figurdd.7)the light intensity and voltage signal are shown
as function of time for a pulse width of 10 us and a pulse width of 2 ys and
indeed, the amplitude of the voltage and light emission are lower for a pulse
width of 2 ys.

The results for the measurements with the fiber and with the ICCD cam-
era, for the light intensity per time unit as function of the pulse width are
shown in figure The results are the same. The lower light emission and
amplitude of the voltage for a smaller pulse width is also visible. The non-
linearity of the light emission and maximum voltage is due to the heating
of the transistor. When the pulse width is broader, the transistor is heated
more. So the position on which the new pulse starts on the resonating volt-
age of the previous pulse shifts. For a pulse width of 4 and 9 ys this position
is probably a bad start position.

The jump from 1 to 2 ys is due to the small and irregular amount of
discharges at a pulse width of 1 ys. At this pulse width not every voltage
pulse generates discharges. The maximum voltage at this pulse width is not
always high enough to have a breakdown, the maximum voltage is in the
range of the breakdown voltage.

4.2.4 Influence of the gap distance on the light emission
of the plasma and the voltage signal

In figure [4.9] the light emission and voltage signal are shown for a gap distance
of Imm and 2mm. In figure we see the light intensity the fiber pics up
from the plasma. For both the light emission taken by the camera and
the fiber, the optical path is changed. Therefore the comparison of results
quantitatively should be done with great care. In figure the relatively
low light intensity at 1 mm is due to the masking of the view of the fiber.
However we can say something about the plasma itself for the other distances.
The intensity is dropping, but the masking of the view of the fiber is smaller.
The rate of the drop can not be determined, but for a larger distance we have
less light intensity. The light emission signal in figure has this drop in
light intensity as well. For a gap distance of 1 mm, there is light emission for
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Figure 4.7: The intensity in arbitrary units in green and the voltage signal in blue
in respect to the time for a pulse width of 10 and 2us.
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Figure 4.8: The normalized light intensity shown for different pulse widths for
a frequency of 1500Hz, a duty cycle of 100% and a distance of 1 mm. In the left
graph the mazximum voltage is shown in red. The data in the graph on the right is
made with an integration time of 500 ms and 600 averages.
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Figure 4.9: The intensity in arbitrary units in green and the voltage signal in blue
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Figure 4.10: The normalized light intensity shown for different distances between
the DBD and the perplex plate for a frequency of 1500Hz, a duty cycle of 100% and
a pulse width of 10 us. The data is made with an integration time of 500 ms and
600 averages.
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Figure 4.11: The intensity in arbitrary units in green and the voltage signal in
blue in respect to the time for a PVC and metal surface.

voltage peaks at a later time in the pulse than for a gap distance of 2 mm.
This drop in intensity can be explained by the same mechanism in equation
and [2.18 for a larger gap distance g, the voltage of the system should
be higher in order to reach the breakdown voltage.

In figure the higher resonance frequency is damping at a higher rate
for a gap distance of 2 mm. The larger gap leads to a higher capacity and
this leads to the higher damping rate as shown in section [3.1.1]

4.2.5 Influence of a conductive or dielectric material

The light intensity and the electric signal for PVC and metal in the old
setup are shown as function of time in figure 4.11{ . Due to changes in the
optical path by removing the PVC sheet the results are not comparable in a
quantitative way. However the light intensity in time of the two settings can
be discussed, as well as their voltage signals. It seems that discharges are
possible in the setup without the PVC for a longer time after the first voltage

peak. If) in equation [2.17| the value for the factor Ed—zg is set to zero (or a

substrate is chosen with a smaller capacity), the Volfage over the air gap,
V.ir reaches the value for the breakdown voltage for a lower voltage over the
system. This lower voltage needed for a breakdown also explains the slide
shift of the light intensity peaks to the left, for the system with no second
dielectric.
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Figure 4.12: The light intensity compared to the electric signal, for a pulse fre-
quency of 1500Hz, a pulse width of 10 us and a distance to the PVC of 1 mm. At
the top for the new setup and on the bottom for the old setup.

When comparing the damping of the two voltage signals, the damping
for the metal surface is higher. Since the capacity of the system is higher for
only the metal surface, this higher damping rate is expected.

4.3 The relation between the light emission and
the voltage signal for the new setup

The new setup, with a similar power generator and load, may have a different
influence on the formation of the plasma and the voltage signal than the old
setup. In this section the measurements with the old setup in section [4.2] are
repeated in order to compare both old and new setup with each other, for
the four different settings. Before this comparison is made for each setting,
first an example of the relation between the light emission and voltage signal
for old and new setup are shown in figure . Here the same plot is shown
as in figure at the bottom and a plot for the new setup is shown at the
top, for both the settings are a pulse frequency of 1500 Hz, a pulse width of
10us and a distance between quartz and PVC of 1mm.
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First the voltage signals of both setups are compared, the blue lines in
figure [4.12] For the new setup the frequency is a little higher than the 39kHz
of the old setup. This is due to the interaction of the coils and capacitors
in the new electric circuit: the product of the capacity and inductance is
smaller] Further the damping of the voltage is faster for the new setup due
to the the difference in resistance and capacity of the new and old load. The
relation between the voltage signal and the light emission is not changed, on
the high or low enough rising voltages a breakdown occurs. Since the optical
path is changed between the two measurements and also the voltage gain
is different, the light emission measurements can only be compared qualita-
tively. However, it can be stated that for the new setup the subsequent peaks
are relatively lower in intensity. So for the new setup, there is light emission
for fewer peaks in the pulse. This corresponds with the faster damping of
the voltage signal, at an earlier point in the pulse the voltage may not be
high enough to generate an electric breakdown.

4.3.1 The influence of the pulse frequency for the new
setup

For different pulse frequencies, the light intensity as function of time and the
light emission for one whole pulse have been measured, see section In
figure the time dependent voltages signals for 250 Hz, 1500 Hz and 3500
Hz are shown in blue.

The maximum voltage, the light intensity per pulse and the light inten-
sity per unit time for different frequencies are plotted in figure The
light emission per pulse as well as the maximum voltage are increasing for
frequencies above the 500 Hz. The increase in the light emission is due to
available chemical species formed by the previous pulse and the starting po-
sition of the voltage pulse on the resonating voltage signal of the previous
pulse. This leads to an increase in the amplitude of the voltage and a higher
number of discharges.

In figure there is no drop in the light intensity at the highest fre-
quencies as in the old setup, since now the power supply can deliver enough
power to the large capacitor to charge it completely before the switch closes
again. Like already explained for the old setup, the error bars for higher
pulse frequencies are again larger.

2Since the resonance frequency, wy, depends on the capacity C and inductance L as
1

“o = Vre:
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Figure 4.13: The intensity in arbitrary units in green and the voltage signal in
blue as function of the time for the new setup for a frequency of 250Hz, 1500Hz
and 3500Hz.
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Figure 4.14: The normalized light intensity per time unit in blue and the nor-
malized light intensity per pulse in red shown for different pulse frequencies and a
duty cycle of 100%, a pulse width of 10 ps and a distance of 1 mm to the PVC
substrale.
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Figure 4.15: On top the light intensity in arbitrary units in green and the voltage
signal in blue in respect to the time for a pulse width of 10 and 2us. On the
bottom of the figure the normalized light intensity shown for different pulse widths
in blue and the normalized mazimum voltage in red. Both measurements are for a
frequency of 1500Hz, a duty cycle of 100% and a distance of 1 mm.

4.3.2 The light emission and voltage signal for different
pulse widths of the new setup

In figure the voltage signal and the light emission as function of time
are shown in the top and on the bottom the normalized light emission per
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pulse is shown. On the bottom of the figure also the normalized maximum
voltage is shown in red. Besides the time the coil has to charge before the
switch opens again, the starting point on the voltage signal of the previous
pulse has an influence on this maximum voltage. The correlation with the
normalized light intensity is not one-to-one, but the dip in maximal voltage
and the light emission are at the same point, for the pulse widths of 4 and 9
us: the same pulse widths as for the old setup.

In the new setup, for a pulse width of 1 us, at every voltage pulse dis-
charges are formed. This is due to another geometry of the load or a different
control of the plasma.

4.3.3 The influence of the gap distance and material

The last two variables to measure with the new setup are the gap distance
and the difference in dielectric material. First, the distance between the
quartz surface and the PVC is changed, and second a PVC substrate or only
the grounded metal is used. In figure the voltage signal and the light
emission are shown for a distance 1 and 2 mm and for a plasma between
quartz and PVC and a plasma between quartz and metal. For both the
top and bottom figure no quantitatively comparison can be made, due to a
change in the optical path. For the top plot in figure no difference is
visible with the measurement with the old setup in figure 1.9 However, in
figure and on the bottom of figure [£.16] a difference can be discerned.
The same drop in voltage for the setup without PVC is shown, but this drop
is even higher in the new setup. This is again due to the difference in capacity
of the new and old load en the relative change in total capacity when the
PVC is removed.

4.4 The power dissipation in the plasma

In this section the method described in section |3.2]is performed to determine
the power dissipation in the plasma. First the validity of the method is
proven and then the power dissipation is determined for different settings of
the new setup.

4.4.1 The power dissipation for a sinusoidally driven
DBD

In figure [4.17] an example of a Q-V plot for the sinusoidally driven DBD is
shown. The edges of the Q-V plot are rounded off due to energy losses in
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resistances in the setup, which are not there in the ideal case described in
section The value for the power dissipation in the plasma can be
calculated by determining the surface of such a Q-V plot, and this value can
be compared with the integral given by

b I Viotat(t)isorar (1)t |
T

The total current 7;,4(t) is measured directly with a Rogowski coil and
is derived from the charge. In figure both the current signal measured
directly and the current derived from the charge are plotted in the same
graph. The signals are very different from each other. The bandwidth of the
scope is not good enough to sample every independent plasma current peak
when the current is measured directly with the Rogowski coil. Furthermore,
the current signal is averaged 1024 times, but the plasma current peaks
are not always on exactly the same position. The measured averaged total
current is therefore distorted and cannot be used to obtain the power. For
solving the integral in equation the charge is used.

In figure the power dissipated in the plasma calculated for several
settings is shown. In black, the value for the power dissipation is calculated
with the Q-V plot. The error in this value is determined by the fluctua-
tions within every period of the voltage and with the systematic error in the
Systemﬂ. The black and the colored values for the power dissipation in the
plasma with a gap distance of 1 mm are in agreement for all the settings.
The value for the power dissipation, for the measurement where the distance
between the PVC substrate and quartz substrate is 2 mm, is not in agree-
ment. But, in general, both methods give the correct value for the power
dissipated in the plasma.

(4.1)

4.4.2 The energy per pulse dissipated in the plasma for
the new setup

For different settings in the new setup, the energy dissipated in the plasma
is determined. This energy can be used to calculate the power dissipated in
the plasma, depending on the number of pulses per second.

In figure the energy dissipated in the plasma and the energy dis-
sipated in the plasma per volumd] for different gap distances between the

3The script used for these calculations is written by Cornelissen, L.E. and Schepers,
L.P.T..

4For the energy dissipated in the plasma per volume it is assumed that the energy
is distributed homogeneous in the volume, but in reality more energy will be at the two
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Figure 4.17: The Q-V plot for the measurement made with a frequency of 22.2
kHz and a distance between the quartz and PVC surface of 1 mm.
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Figure 4.18: The averaged current signal in blue and the current signal derived
from the measured charge in red. The measurement is made for a frequency of 22.2
kHz and a distance between the quartz and PVC substrate of 1 mm.
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Power dissipated for a sinusoidal driven DBD
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Figure 4.19: The power dissipated in the plasma for different settings and fre-
quencies. In black the power dissipated calculated with the Q-V plot and in color
the same power dissipated calculated by integrating the voltage times the derivative
of the charge.
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quartz and a substrate of PVC with a thin piece of cover glass on top is
shown. Overall the energy dissipated per pulse is less for a larger gap dis-
tance, since the breakdown voltage is larger for a larger gap distance. This
behavior was also visible in the light intensity measurements in subsection
For a gap distance of 4 mm only a few times a discharge is occur-
ring, for a gap distance of 4.5 mm no discharges are present in the gap. The
distance at which no discharge is occurring anymore depends partly on the
length of the wire of the load. In this experiment the length of the wire was
only 0.8 meter, for a longer wire this distance will be smaller than 4 mm.
For a longer wire, the current which reaches the load is lower due to signal
reflections in the wire and the voltage over the gap is smaller due to more
resistance in the wire. The energy dissipated in the plasma is non-zero even
though there is no plasma in the gap for a gap distance of 4 and 4.5 mm in
figure Approximately 1 mJ is dissipated in other parts of the system,
in resistive elements.

The energy dissipated in the plasma for different pulse frequencies is
shown in figure , the 1 mJ offset found in figure is also present in
this figure. The behavior of the energy per pulse is equal to the behavior of
the light emission per unit time in figure [4.14

The energy dissipated in the plasma in one pulse for different pulse widths
is plotted in figure 4.22| . The offset will depend on the pulse width and
will be smaller for a shorter pulse width. The energy dissipated per pulse
is measured for only a metal as counter electrode and for three different
substrates: PVC, PVC with a thin piece of cover glass on top, and donor
skin. The latter two are used for experiment on biologic material in part
In table 2.3 the relative permittivity of the three different substrates are
given.

The behavior of the energy dissipation as function of pulse width is equal
to the behavior of the light emission as function of the pulse width. The
difference in ratio between a pulse width of 1us and 4us can be due to the
differences in the used load. Only for the donor skin the value for the power
dissipation at a pulse width of 1us is lower than the value for the power
dissipation at a pulse width of 4us. For the measurements with skin, there
were no discharges for every voltage pulse at a pulse width of 1us.

The differences in the values for the power dissipation for the different
settings are due to changes in the total dielectric capacity of the system.
For a higher capacity of the two dielectric materials, the voltage over the air
gap reaches the breakdown voltage for a lower total voltage (equation ,
which leads to a higher number of discharges for the same voltage pulse fed

surfaces of the DBD than in the bulk.
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Energy per pulse for different gap distances

4 # Energy dissipated -
B Energy dissipated per volume
T 35 I
£ ¢
g (IR,
g ¢ +
=
Q
2 25 +
g 4
-
o
: .
7]
-
s
_‘__"_ 1.5
E
B - .
B 1 [ ] L 2
& ]
05 | =
u [ |
0 0.5 1 1.5 2 25 3 35 4 45 5

Gap distance (mm)

Figure 4.20: The energy per pulse for different gap distances for a pulse frequency
of 1500 Hz, a pulse width of 10 us and, a substrate of PVC with a thin piece of
cover glass on top.
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Figure 4.21: The energy dissipated in the plasma for one pulse, for a pulse fre-
quency of 500, 1500, 2500 and 3500 Hz. For a gap distance of 1 mm, a PVC
substrate and a pulse width of 10 ps.
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The energy per pulse for different materials
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Figure 4.22: The energy dissipated in the plasma per pulse for different pulse
widths, for different materials as second dielectric and no second dielectric. The

measurements are done for a fired gap distance of 1 mm and a pulse frequency of
500 Hz.



4.5 Absorption spectra 73

over the DBD. Since skin has a higher dielectric constant than PVC, the
total dielectric capacity is larger for a system with skin than for a system
with PVC, this is in line with the results in figure [£.22l When a thin piece
of glass is placed on top of the PVC, an additional capacitor is added to the
system. The total dielectric capacity of the system will therefore be smaller
and a drop in the energy dissipation is expected. This effect is also visible
in the graph. For a system without substrate, a system with only a metal as
counter electrode, the total dielectric capacity is also higher and this results
in the higher energy dissipation in the plasma.

4.5 Absorption spectra

The absorption spectra are obtained by the FTIR spectrometer described
in chapter 3] First the absorption spectrum for Nitric Oxide is made and
second for a DBD discharge.

4.5.1 The absorption spectrum of Nitric Oxide

In figure the absorption spectrum of NO is shown for a resolution of 0.1
cmtand for 128 averages. The individual peaks are clearly visible and the
signal to noise ratio is 6. The signal to noise ratio is not larger due to two
reasons, first the overall light intensity is low. The small gap distance and
the four ZnSe windows limit the amount of light which reaches the detector.
Second, the optical path is small and the absorbance is small. In the volume
approximately 2.5 - 10> NO moleculed’| can absorb the light. In the path
length there are even less NO molecules that can absorb light.

4.5.2 The spectrum for a discharge

No difference between the spectra for a discharge and no discharge are vis-
ible with this FTIR setup. Apparently the densities of species generated in
the plasma, such as N,O, HNOj3, O3 and NyOy, are too low to detect in
this small path length. With the result of the previous section a maximum
possible concentration of NO in the plasma can be determined. This maxi-
mum concentration is determined with a signal to noise ratio of 1, the NO
concentration should be 6 times that small in this case than in the case of
section The maximum concentration of NO is therefore 35 ppm. To
detect smaller concentrations a multipass cell could be used to increase the
path length up to tens of meters [42] ©90)].

5Derived with the ideal gas law.
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Chapter 5

Experimental procedures of
bacteria and skin’

Experiments on the inactivation of bacteria and on donor skin are performed.
First, treatments on Staphylococcus aureus are discussed. Second, the exper-
iments on other bacteria are shown. Then, the scheme for treating bacteria
which are on donor skin and evaluating their inactivation is described. At
the end of this chapter, the experimental method to determine the effect of
an ex vivo treatment on skin is given.

5.1 Treatment on Staphylococcus aureus

In this batch of experiments we treat S. aureus, isolated from a burn patient,
with the old and new setup. For the old setup, experiments are done for
different pulse frequencies, pulse widths and gap distances. For the new
setup experiments are performed for different pulse widths only.

The experiments are done on S. aureus since it is one of the most com-
mon bacteria associated with CRBI as mentioned in chapter |1} Bacteria are
routinely cultured on LB agai’l One colony is suspended in 5 ml LB and is
cultured overnight at a temperature of 37 ° C. At this stage the growth of the
bacteria is stationair and no longer exponential. In figure the different
growth phases of bacteria are shown.

'In cooperation with “Vereniging Samenwerkende Brandwondencentra” in Beverwijk,
Bouke Boekema PhD.

2The culture substrate LB agar is prepared in bottles with 300 ml purified water, 7.5
gram Luria Broth (LB) and 4.5 gram Agar. By placing the bottles in an autoclave, the
contents is sterilized at high pressure and temperature. When the contents is cooled, the
agar acts as gelatine and the culture substrate gets fixed.
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Figure 5.1: The different growth phases of bacteria cultures. The time (usually)
in hours and the number of bacteria on a logarithmic scale[92)].

Before quantitative measurements for different settings are performed, a
practical treatment time for the experiments has to be found. A treatment
time where not all bacteria are inactivated, to be able to discriminate between
treatments. In order to find this treatment time, culture plates of 15x15 cm
are treated with a fixed duty cycle of 50%, pulse frequency of 1500 Hz, gap
distance of 1 mm and pulse width of 10 ys or equally a dissipated power
in the plasma of approximately 2.8 Wﬂ The culture plates are Petri dishes
filled with 40ml LB agar. Before the culture plates are treated with a plasma,
bacteria are spread out on the substrate: 200 ul of 1-10° Colony-forming units
(CFU) per 1 ml Phosphate Buffered Saline (PBS). On one culture plate, 5
different treatments can be performed. In figure[5.2| different treatment times
on such a square culture plate are shown. For a treatment time of 5 seconds,
there is a smaller active radius and more CFU are present in the area as
large as the electrode, than for a treatment time of 10, 15 and 20 seconds.
For the following up experiments approximately the effective treatment time
of 5 seconds is used. The duty cycle is reduced by 5 times, to 10% and the
treatment time is increased by 6 times, to 30 seconds. This increase in time
is implemented to reduce the relative uncertainty in time between switching
the plasma on and off.

5.1.1 The method for finding quantitative values after
treatment

Multiple steps are taken to get quantitative inactivation values for plasma
treatments:

3This value is determined by a measurement with the new setup and may therefore
deviate little from the actual value.
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5 seconds |

15 cm

15 seconds

Figure 5.2: The treatment of a square culture plate for a treatment time of 3, 5 10,
20 and 30 seconds, the position of the DBD is indicated in purple. The treatment
was with a duty cycle of 50%, a pulse width of 10us a pulse frequency of 1500Hz
and with o distance between the culture plates and the DBD of approximately Imm.
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1. 50 pl of a suspension of 2 - 10" CFU S. aureus per 1 ml pure water is
put in 4 to 5 small drops on sterilized 22x26 mm cover glasses, with a
thickness of 0,17 mm.

2. The glasses are placed in a hood to dry. The time at which the glasses
are drying has to be no longer than 20 minutes, otherwise all the bac-
teria will dry out completely and die.

3. After the drops are dried, the different cover glasses are treated by
placing them on a 1mm thick sheet of PVC and placing this under the
DBD. This PVC sheet is the same used in the experiments in chapter
[] the thin cover glass will have only small electric effects. The change
is power dissipated in the plasma was small, as shown in section [4.4.2]

figure [1.22]

4. After the treatment, 1 ml of the buffer solution PBS is added to the
glasses. The glasses and PBS are put in an ultrasonic bath for 5 min-
utes. This to dislodge bacteria from the glass and mix them with the
buffer solution.

5. For every treatment, different dilutions are made from the 1 ml PBS
(up to 1073). For every dilution, twice 100 yl is spread out over two
LB agar plates. To verify the CFU/ml, the initial bacterial suspension
was also diluted and spread on agar plates.

6. The treated Petri dishes are placed in an incubator which is at a tem-
perature of 37 " C. The Petri dishes stay here overnight, to culture the
colonies. It is possible to count the colonies and calculate the amount
of CFU in the diluted 1 ml PBS. In figure [5.3| an example of counting
CFU on a culture plate is shown.

In figure the scheme for the measurements done with S. aureus on glass
with the old setup is shown. For every set of measurements (orange), 15 cover
glasses are prepared: 5 different treatments (blue) are done in triplicate.
These measurements are performed twice (purple). For the new setup only
a pulse width measurement is performed, for 1, 4, 7 and 10us. With a pulse
frequency of 500 Hz and a gap distance of 1 mm. The lower pulse frequency
is chosen to exclude the effect of the heating of the transformer coil.

5.1.1.1 Processing the data

In the previous section it is reported that every set of measurements is per-
formed twice. Within every set, three measurements are done for every set-
ting, including three measurements for the untreated glasses. This gives six



80 Chapter 5 Experimental procedures of bacteria and skin

Figure 5.3: Example of counting the 105 colonies which grew overnight on this
culture plate.

individual measurements in total for every setting. The colonies on the cul-
ture plates are counted and the amount of CFU in the original 1 ml PBS per
measurement can be derived from these numbers.

For the results not only the CFU are of interest. The log reduction is
usually used when discussing the rate of bacteria kill. For a log reduction
of 1, the number of bacteria is reduced with 90%, and for instance for a log
reduction of 2 this number is reduced with 99%. In order to find the log
reduction, the average log of the number of CFUs for the three treatments of
one setting is subtracted from the log value of CF'U for the three untreated
glasses. Since per setting, two times three independent treatments are per-
formed, the two values for the log reduction are averaged again for an overall
average. For the latter, a normal distribution is assumed and the standard
deviation is calculated for the six individual measurements per setting, this
gives the error in the overall averaged log reduction per setting.

These results of the old setup are qualitatively checked by redoing all the
treatments for different pulse widths, pulse frequencies and gap distances on
15x15 em culture plates. Again, 200 ul of 10° CFU per 1 ml PBS is spread
out on these culture plates, before they are treated with the old setup.
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Figure 5.4: The scheme of measurements with the old setup for S. aureus on cover
glass, where every measurement is done in triplicate (red).
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Figure 5.5: Cutting human skin in the same size as the cover glass used in previous
experiments.

5.2 The effect of treatment on other Staphylo-
cocci

Besides the S. aureus, other bacteria are found in the blood of infected
newborns. These are Staphylococcus epidermis, Staphylococcus capitis and
Staphylococcus hominis. The bacteria used in the experiments are isolated
from burn wound patients. The bacteria are in the stationary growth phase
by culturing them similar to the S. aureus overnight in a culture medium.
In order to compare the effect of the plasma on these different bacteria with
the effect on the S. aureus we spread 200 yl of 10 CFU per 1 ml PBS on
15 by 15 em culture plates. For every type of bacteria two culture plates are
used, which gives a total of 8 culture plates. Every culture plate is treated
with the old setup and four times, with treatment times of 5, 10, 20 and 30
seconds and a fixed duty cycle of 10%. The height is fixed on approximately
1lmm, the pulse width is 10ps and the pulse frequency is 1500 Hz.

5.3 Treatment of donor skin with the new setup

It is important to get insight at bacterial inactivation on the skin and the
effect of the DBD treatment on the skin itself. Therefore experiments with
donor skin are performed in this research. The skin used in this experiments
is from one donor. The skin is cut into pieces approximately the same size
as the cover glasses (22x26 mm) as can be seen in figure Prior the
treatment, the skin pieces are placed on a culture substrate of LB agar. This
culture substrate is chosen because of its resemblance in water density and
therefore electric properties of the layers underneath the skin. Moreover, the
culture plate prevents the skin to contract. All the treatments with donor
skin are done with a gap distance fixed at approximately 1 mm and a pulse
frequency of the new setup of 500 Hz.
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Figure 5.6: On the left a cryovial for the experiment on the bacterial inactivation
on skin, on the right the preparation of a cryovial for the analysis of skin damage.
The metal bead moves quickly up and down in the cryovial, with a frequency of 45
Hz, in the TissueLyser LT.

5.3.1 Bacterial inactivation on skin

For different pulse widths, skin pieces contaminated with bacteria are treated.
In total 10 pieces of skin are cut and drops of 50 pl 2-10” CFU S. aureus per
1 ml pure water are put on the skin pieces. After the drops are evaporated,
8 pieces are treated with the new setup for a pulse width of 1, 4, 7 or 10
pf] and 2 pieces are untreated. The 10 skin samples are placed in cryovials
containing 1 ml PBS and a metal bead of 7 mm in diameter. To dislodge
bacteria from skin, the cryovials are placed in a TissueLyser LT [93] for 10
minutes at a frequency of 45 Hz, in the left of figure the cryovial is
shown. The suspension in the cryovials is diluted and for different dilutions
twice 100 ul is spread out on the culture plates. The original amount of CFU
on the skin after treatment and a log reduction for different treatments can
be determined.

5.3.2 Analysis of skin damage

It is important that only the bacteria get inactivated by a treatment and the
treatment has no effect on the skin. The effect of the plasma on the skin is
investigated by a MT'T assay and by histology.

For the MTT assay 9 skin pieces are cut, one piece is untreated and the
other 8 are treated with the new setup for a pulse width of 1, 4, 7 and 10
us. From every treated piece, 5 skin biopsy punch samples of the skin are
taken. From the untreated piece of skin, 7 samples are taken. This number

4The values for the energy dissipated per pulse for these different pulse width are given
in subsection m
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of biopsy punches is took, because samples have different thicknesses and
different locations underneath the electrode. By having a larger number of
samples, the result is more reliable.

The skin samples are put in 2 ml medium containing 2mg/ml MTTE] dye
and in the incubator at 37°C for 2 hours. During this time, enzymes from the
cells in the epidermis reduce the dye to a crystal formazan, which is insoluble
and purple. Every sample is put separately in a cryovial with a metal bead
(7 mm) and 600 yl DMSO, in which the crystal can dissolve. The cryovials
are placed again in the TissueLyser L'T at a frequent of 45 Hz for 4 minutes
to mix and dissolve the crystal completely in the DMSO. In figure [5.6| on the
right, a cryovial with one (purple) skin biopsy punch is shown.

For every skin sample in the DSMO, twice 100 pl is pipetted in a mi-
crotiter plate. The concentration of the dissolved crystal in the 100 pl is
measured by its absorbance of the specific wavelength of purple light. The
higher the concentration of the crystal, the higher the amount of living cells
in the biopsy punch sample.

Another way to get insight in damage of the skin is by histology. After
every treatment, one biopsy punch sample is taken from the skin and placed
in kryoﬁxﬂ From every sample, 5 contiguous coupes of 25 um thick are cut
and stained with hematoxylin and eosin (H&E stain). This stain makes it
possible to see the cells and fibers in the skin under the microscope.

53-(4,5-Dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
6Kryofix is a fixative, a solution to preserve cell specimens for microscopic examination.
Bacteria which are on the glass, will stay on the glass.



Chapter 6

Results of treatment on biological
material

The results of the experiments described in chapter |5| are presented and
analyzed in this chapter.

6.1 The effect of treatment on S. aureus

In this section the results of the treatment on S. aureus on glass, figure
5.4 are shown and analyzed. First, the efficiency of the ultrasonic bath is
discussed. Second, the number of CFU per measurement are plotted in one
graph: the CFU in the original dilution, the CFU on the untreated glasses
and the CFU on the treated glasses. In another graph the two log reductions
per set and the averaged log reduction are plotted. Third, these results are
compared with results on the treatment of bacteria on culture plates.

6.1.1 Validation of the method

An ultrasonic bath is used to dislodge the bacteria from the glass. The
efficiency of this ultrasonic bath is not known and may depend on the inten-
sity of the treatment. Bacteria might secrete certain proteins when they are
treated with a plasma and will stick better on the glass. The bacteria will
therefore dislodge less efficiently or not at all when the treated glasses are
placed in the ultrasonic bath.

This hypotheses is checked by analyzing the accumulation of bacteria on
the glasses for different treatments, by using the dye, Acridine orange, which
colors the bacteria. The 1 ml buffer PBS of every treated glass is replaced by
1 ml kryofix. After minimal 1 day in the kryofix, the glasses are flushed with
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PBS and the dye is applied on the glasses. With a microscope the efficiency of
the ultrasonic bath after different treatments can be compared qualitatively.
For a treatment with higher intensity, treatments with a longer pulse width
or a higher pulse frequency, the accumulation of bacteria on the glasses is
indeed higher. For instance for a pulse frequency of 3500Hz, a huge number
of bacteria on the glass can be seen, all the bacteria stayed on the glass,
approximately the 1 million which were deposited on the glass. The result of
the culture plates out of the stove is in agreement with this statement since
no single colony was seen on the culture plates for this treatment. For the
untreated glasses, no accumulation of bacteria was found on the glasses. All
bacteria are dislodged from the untreated glass, when placed in the ultrasonic
bath.

For all the results it is assumed that if bacteria are effected such by the
plasma that they stick on the glass, they died. So if they would have loosened
from the glasses in the ultrasonic bath it would not change the results from
counting the culture plates.

6.1.2 Bacteria inactivation as a function of the pulse
frequency

In figure in the left the CFU per measurements in the solution of 1 ml
PBS are shown, with in red the data from set 1 and in blue the data from
set 2. The CFU on the untreated glasses is approximately four times smaller
than the CFU in the original dilution. During the 20 minutes when the drop
with bacteria is evaporating on the glass, a large amount of bacteria die.
Partly due to osmosis and partly due to dehydration. Since the 4 to 5 drops
with bacteria on every cover glass have not the same shape every time, the
CFU counted for the same treatments differ more from each other than if
they were exactly the same every time.

The averaged log reduction per set and per frequency is shown in the right
graph in red and blue. These averaged log reductions are again averaged in
green and the error bar is the standard deviation of the six individual mea-
surements. The treatment with the plasma is very effective. The difference
in CFU for the untreated glasses and treated glasses is very large, which
leads to a high log reduction. For the log reduction, a significant difference
between 500 Hz and 1500 Hz, and 2500 and 3500 Hz is visible.

6.1.3 Bacteria inactivation as a function of pulse width

The CFU per measurement are shown in the left graph of figure[6.2]. Even for
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Figure 6.1: Left the counted CFU in the solution of 1 ml PBS for every measure-
ment and for the control and untreated cover glasses. Right the per set averaged log
reduction for a frequency of 500, 1500, 2500 and 3500Hz in red and blue. In green
the averaged log reduction for both sets are averaged again. The treatment was for
30 seconds, with a duty cycle of 10%, a pulse width of 10us and a distance between
the culture plates and the DBD of Imm.
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Figure 6.3: Left the counted CFU in the solution of 1 ml PBS for every mea-
surement with the new setup and for the control and untreated cover glasses. Right
the per set averaged log reduction for a pulse width of 1, 4, 7 and 10us in red and
blue. The averaged log reductions for both sets are averaged again and are plotted
in green. The treatment was for 30 seconds, with a duty cycle of 10%, a frequency
of 500Hz and a distance between the culture plates and the DBD of 1mm.
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the smallest pulse width of 1us there is a strong inactivation of the bacteria
due to the plasma treatment. In the graph on the right, an overall increase of
the log reduction is visible for a higher pulse width. The difference in the log
reduction for the two smallest pulse widths compared with the two highest
pulse widths is significant.

6.1.4 The bacteria inactivation as a function of pulse
width for the new setup

The measurements on different pulse widths with the old setup in subsection
are repeated for the new setup. In figure the results of this mea-
surement are shown. On the left the CFU in the solution, the CFU on the
untreated glasses and the CFU on the treated glasses are given. In the right
graph the log reduction, relative to the untreated glasses, is shown for the
treatments with different pulse widths. No big differences are visible com-
pared with the result in figure [6.2] although the frequency is 500 Hz instead
of 1500 Hz. This is in agreement with subsection where no signifi-
cant difference was seen between treatments with both pulse frequencies. So,
comparing both the log reduction for old and new setup, the properties of
the discharge in the old and the new setup are not that different from each
other.

6.1.5 Bacteria inactivation as a function of gap distance

On the left in figure the number of CF'U in the solution of 1 ml PBS are
shown. For set 2 there is no data for a gap distance of 3 mm. The reason this
measurement is not repeated for a second time, is because at this distance
there was no plasmaﬂ Without a plasma there is no significant difference
between the untreated cover glasses and the treated glasses as can be seen in
the left graph. In the right graph the averaged log reduction is given. There
is a significant difference between the treatment at a distance of 1 mm and
the other treatments, the difference of a distance of 1,5 and 2 mm has no
significant effect on the effectiveness of the treatment.

6.1.6 Qualitative check with treatments on culture plates

The treatments of bacteria on glass with the old setup are checked qualita-
tively by direct treatment with the old setup of the culture medium covered

'The gap distance at which no plasma can occur, depends also on the length of the
wire of the load, in this case, the length of the wire was 1.1 meter.
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Figure 6.4: Left the counted CFU in the solution of 1 ml PBS for every measure-
ment and for the control and untreated cover glasses. Right the per set averaged
log reduction for a distance of 1, 1.5, 2 and 8 mm in red and blue. In green the
averaged log reduction for both sets are averaged again. The treatment was for 30
seconds, with a duty cycle of 10%, a pulse width of 10us and a pulse frequency of
1500H>.
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Size
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Figure 6.5: Treatment of two culture plates with pulse frequencies of 500, 1500,
2500 and 3500 Hz. The treatment was for 30 seconds, with a duty cycle of 10%, a
pulse width of 10us and a fized gap distance of approximately 1mm.

by bacteria. In figure the treatments for different frequencies, in figure
[6.6] the treatments for different pulse widths, and in figure the treatments
with a gap distance of 1.5 and 2 mm are shown. The treatment with a gap
distance of 1mm is visible in figure for a frequency of 1500 Hz and in
figure [6.6] for a pulse width of 10 pus.

If the three figures are compared with the results in the previous sub-
sections, it seems that the log reduction on these culture plates is higher
than the treatments on the cover glasses. On the culture plate 0.2-10°CFU
are spread out over a surface of 0.15-0.15 meter. So, on the direct treated
surface area of the DBD, with a radius of 1 cm, we have around 3-105CFU.
Roughly 10 till 200 CFU are counted in the area as large as the DBD for the
treatments with a frequency of 1500Hz, a pulse width of 10ps and a distance
of Imm in figures and These values give a log reduction between 4.2
and 5.5, but the averaged log reduction in graph and are around 3.
This difference in log reduction can be due to the large percentage of water
in the culture plates: up to 99% is water. This composition of the culture
plates may have electric properties which produce a more intense plasma.
Another additional explanation may be the distribution of the bacteria: on
the culture plates the bacteria are spread out. However, on the cover glass
the bacteria are deposited in drops and therefore bacteria may be covered by
others and are therefore shielded for some fluxes of the plasma. Finally, the
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Pulse width

Size
electrode
Figure 6.6: Treatment of two culture plates with pulse widths of 1, 4, 7 and 10us.

The treatment was for 30 seconds, with a duty cycle of 10%, a frequency of 1500Hz
and a fired gap distance of approzimately Imm.

Size
electrode
Figure 6.7: Treatment of two culture plates with a distance between the culture
plates and the DBD of approximately 1.5 and 2mm. The treatment was for 30

seconds, with a duty cycle of 10%, a pulse width of 10us and a pulse frequency of
1500Hz.
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medium in the culture plate is treated as well, so the chemical composition
and pH of the culture medium may change. A different pH of the medium
may inhibit the growth of the bacteria.

The relationships found in the quantitative results compared with the
results on the culture plates give no big differences. The culture plates which
are treated with different pulse widths, have like the results in subsection
[6.1.3] a comparable kill for the treatments of 1 and 4us and for the treatments
of 7 and 10us. In graph and in figure [6.7] there is more kill for a distance
of 1 mm and no clear differences in bacteria kill for the distances of 1.5 and
2 mm, this is in agreement with figure [6.4L For the frequency treatments
the kill of bacteria is more efficient for a higher frequency like in figure [6.5]
However, the difference in effectiveness for a treatment of 500 and 1500 Hz
is present on the culture plates, but the difference was not significant for the
treatments on the cover glass.

Now, for all the three figures, the active regions have an oval shape and
not round, this is due to the fact that the culture plates are not completely
leveled, they are a little bit tilted, since the grounded metal is bent. Also
the treated surfaces are larger than the surface of the DBD. This means the
inactivation is also indirect, no direct electric field or (V)UV effect.

6.2 The effect of treatment on the other Staphy-
lococci

In figure four square culture plates are shown, each with one of the four
different staphylococci: S. aureus, S. hominis, S. capitis and S. epidermas.
Each treatment with the old setup on one kind of bacteria was made twice and
there was no difference in the culture plates for the same kind of Staphylo-
coccus. The active radius is equal for all four Staphylococci, every treatment
time leads to the same shape.

The difference in amount of CFU for the treated areas is very small for the
different bacteria, maximum a factor of ten. The changes in previous found
log reductions when treating an other staphylococcus than the S. aureus
would therefore be negligible compared with the large standard deviation in
the log reduction. Therefore the results found in the previous section are
representative for all four bacteria which cause neonatal sepsis.
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Hominis

‘ Size \

electrode
Figure 6.8: Treatment of 15 by 15 culture plates with bacteria for 5, 10, 20 and
30 seconds. The bacteria on the left top 1s S. aureus, on the right top S. hominis,
on the left bottom S. capitis and on the right bottom S. epidermis. The treatment

was with a duty cycle of 10%, a pulse width of 10us a pulse frequency of 1500Hz
and with a distance between the culture plates and the DBD of approzimately Imm.
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Figure 6.9: On the left the CFU in the solution, the CFU on the untreated skin
and the CFU on the treated skin with a pulse width of 1, 4, 7 and 10us. On the
right the log reduction for two different measurements is shown per treatment in red
and blue. In green the average log reduction for the treatments with the different
pulse widths of 1, 4, 7 and 10us are given.

6.3 Treatment with the new setup of donor skin
infected with S. aureus

In this part the log reduction of bacteria on donor skin is given after treatment
with the new setup and the effect of the ex-vivo treatment on the skin is
discussed.

6.3.1 The in activation of bacteria on skin as function
of the pulse width of the new setup

On the left in figure the CF'U in the solution, the CF'U on the untreated
skin and the CFU on the treated skin are shown. The CFU on the untreated
skin are much lower than the CFU which are pipetted on the skin. One
reason may be the evaporation time of the drop, during this 1 hour, the
bacteria can die from osmosis or from dehydration. One other reason may
be the effectiveness of the metal beads in the cryovials. Not all bacteria may
be dislodged from the skin, when in the TissueLyser LT [93]. The number of
CFU for both untreated skin samples is very different from each other, the
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amount of bacteria that die or the amount of bacteria which are dislodged
from the skin may differ a lot per skin sample.

In figure on the right, the log reduction for two different treatments,
blue and red, and the average log reduction in green is shown. Since there are
only two measurements performed, due to the limited availability of donor
skin, no good statistics can be performed. However, it is clear that bacteria
are inactivated by the treatment with plasma. The log reduction is smaller
than in figure [6.3] although the electric properties of the skin lead to a higher
power dissipation, as was shown in figure £.22] The log reduction may be
lower, since bacteria can be located in the pores of the skin and are shielded
for some effects of the plasma.

6.3.2 The effect of treatment with the DBD on skin

Here the activity of skin cells after the treatment is discussed. In figure [6.10
the result of the treatment and MTT-assay, discussed in subsection are
shown. In red and blue the average activity of the five skin samples for one
treatment are shown. In green the averaged activity for the 10 skin biopsy
samples belonging to one pulse width treatment and the average activity of
the 7 untreated skin biopsy samples is given.

There is no clear difference in the metabolic activity of the skin cells,
between treated and untreated skin. It seems that for the treatment with a
pulse width of 10 us the activity of the cells is slightly higher than for the
untreated case. This effect is observed in other investigations as well and not
completely understood yet [33, BT [4T].

In figure two microscope images of skin are shown. On the top an
image of untreated skin is shown and on the bottom an image of treated
skin is shown. In the bottom figure there is some visible damage. First some
parts of the stratum corneum are gone, but this can be due to the cutting of
the coupes. Second, the cells in the epidermis seem to have nuclear fading
or shrinkage (karyolysis and pyknosis), which mainly occurs as a result of
necrosis. Due to external trauma from the plasma, the cells in the epidermis
died. Third, the transition between epidermis and dermis in the top figure is
smooth, in the bottom figure the membrane, which is the separation between
two layers, is degraded. Finally, the collagen is lighter in color and the
structure is finer. In all the 5 contiguous coupes taken from this skin sample,
the skin was damaged. In all the other treated skin samples, no damage is
visible. There may be damage in this treated skin samples, but it depends
on the position of the coupes whether these damaged parts are present in the
coupes. The damage occurs in spots and relatively small. Since the damage
in total is relatively small, no overall decrease in activity was seen for the
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Figure 6.10: The average activity of cellular enzymes for the skin biopsy samples.
The activity of the cells for the untreated skin piece and for the treated skin pieces
al a pulse widths of 1, 4, 7 and 10us.
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Untreated skin

Figure 6.11: On the top an image of the untreated skin and on the bottom an
image of skin treated for 30 seconds, with a duty cycle of 10%, a gap of 1 mm, a
pulse frequency of 500 Hz and a pulse width of 7 us. The dark purple oval shapes
are the nuclei of the cells and in pink the surrounding cytoplasm is visible. The
treated skin has some visible damage.
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different treatments in the MTT assay. The position of the damaged areas
is probably linked to the position of the filaments. When one piece of skin
is a little bit higher a large number of filaments will hit this part of the skin
and this part will be damaged.
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Chapter 7

Discussion and Conclusion

From chapter [] it is clear that the treatments with the FE-DBD are very
effective and uniform: almost all bacteria are killed. For the treatments
direct on culture plates, the effective treated area is visibly larger than the
size of the electrode. It seems that the bacteria are not only inactivated due
to direct contact with the filaments, which are not uniformly distributed, but
also due to interaction with the chemical species, probably ROS and RNS as
discussed in subsection [I.4.2.4] Those chemical components reach the whole
surface of the culture plates, the cover glass and also the skin and therefore
reach all the bacteria. On skin the treatment is less effective than on cover
glass, although the energy dissipated is higher, possibly since the bacteria
can be located in pores.

The skin itself is damaged after treatment. The damage is not uniform,
but occurs in spots. This indicates that the damage is not due to the chemical
species (only). The damage is probably due to the impact of one or more
filaments on the same position. On this position, damage is due to locally
high electric fields or a lot of heat, possibly in combination with chemical
species. The non uniform distribution of the filaments on the skin is due to
irregularities in the skin, like hairs, folds in the skin, or pores and is hard to
prevent in practice. The overall damage in the skin seems relatively small,
since there was no visible drop in the metabolic activity of the skin cells
after treatment with the plasma. Still, also small local damage in the skin
is of course not desirable for the application. The stimulation of cell growth
shown for a treatment with a pulse width of 10 us is for this application,
probably also not favorable.

The results for measurements with the Floating-Electrode Dielectric Bar-

rier Discharge (FE-DBD) in chapter [4] and [f] can be compared. In figure
the combined results for the different pulse frequencies, different pulse widths

101
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Figure 7.1: The combined results from chapterlZl and@for different pulse frequen-
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voltage per pulse, the light intensity per time, the log reduction of S. aureus on cover
glass and the energy dissipated per pulse (per volume) are shown in the graphs.
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and different gap distances are shown. The trend of the variables, the log
reduction, the light emission, and the energy dissipated in the plasma, are
the same. For a setting which generates more discharges per time unit, a
higher pulse frequency or a longer pulse width, the power dissipated in the
plasma is higher and more light is emitted. When there are more discharges,
more chemical species, in specific, more ROS and RNS will be formed. As
discussed above, these chemical species are probably causing the inactivation
of bacteria. Therefore, more discharges lead to a higher log reduction.

In the top of figure the results for different pulse frequencies in the old
setup are shown. The normalized light intensity, the normalized log reduction
and the normalized maximum voltage are plotted in the same figure. The
maximum voltage is given per pulse and the other two variables are given per
time unit. All three variables show the same trend as discussed in subsection
[4.2.2] where the maximum is at a frequency of 2500 Hz. This trend is directly
linked to the number of discharges which can be formed, as stated before.

Also for different pulse widths, the number of discharges is changing. The
results for the measurements with different pulse widths for as well the old
as the new setup are given in the two graphs in the middle in figure [7.1]
The trends for light emission and maximum voltage for the old and the new
setup are discussed in subsection [4.2.3| and [4.3.2] respectively. The energy
dissipated in the plasma and the log reduction follow the same trend. Only
the light intensity for a pulse width of 7 us is too high compared with the
other variables.

The bottom graph in figure is showing the results for different gap
distances: the log reduction, the energy dissipated in the plasma and the
energy dissipated in the plasma per volume. The measurements for the log
reduction are made with the old setup and the experiments to determine the
energy dissipated in the plasma are performed with the new setup. Therefore
the gap distance at which no plasma occurs is different. For the experiments
regarding the log reduction, this gap distance is 3 mm and for the measure-
ments to determine the energy dissipated in the plasma, this gap distance
is 4 mm. In subsection the small decreasing dissipation of energy for
a higher gap distance is discussed. A large gap distance leads to a higher
breakdown voltage, therefore less discharges will be formed for a larger gap
distance. However, the properties of these discharges, listed in table [2.2] can
change as well when changing the configuration as stated in subsection [2.1.1}
Moreover, the energy dissipated is distributed over a larger volume when the
gap distance is larger. Therefore the energy per volume will decrease with a
faster ratdl], together with the log reduction.

! The energy losses in other parts of the load, which give an offset in the energy graph,
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7.1 Critical remarks

There are a few side notes for the results obtained in chapter [4] and [6] they
may be different in the real case. First of all, the skin used in the experiments
was older than the skin of a neonate. This means that the stratum corneum
of the skin, consisting of dead cells, is thicker. This has an influence on
the electric properties of the skin, but more important, on the interaction
of the plasma with the cells in the epidermis. The dead cells may protect
the living cells in the skin from the influences of the plasma. When this
protecting layer is thinner, the plasma may have a more detrimental effect.
Also, every skin will be different, so the effectiveness of the treatment may
differ per patient. Even though one plasma treatment may not have a direct
influence on the metabolic activity of the skin cells in general, it still can have
other short or long term effects, which are not excluded yet in this research.
The DNA in the cells may be damaged for instance, which can lead to skin
problems. In this research the treatment is only done once, in practice the
treatment has to be repeated probably a few times a day, since the bacteria
will grow back. The effects on skin may differ and will be more severe for a
frequent treatment. Further, the temperature and humidity in the incubator
are higher than the temperature and humidity during the experiments. The
higher water concentration will lead to a different chemistry for the discharges
and different power dissipation in the plasma. During the experiments the
temperature and humidity was not monitored.

7.2 Design considerations for the FE-DBD

There are a few design considerations for the FE-DBD:

e Not only the discharges at the quartz surface are possible, discharges
are possible in the whole load, since the kHz frequency is passing
through the whole load. When the insulating wire is held, discharges
will form between the hand and insulating wire. And if for instance
an ungrounded metal is near the load, this metal will charge and dis-
charge at once when touched. This leads to unwanted electric shocks.
By grounding the surrounding metal surfaces, these shocks can be pre-
vented.

e Both examples mentioned above have an influence on the total capacity
of the load and therefore on the formation of the plasma at the quartz

will make this decrease smaller.
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surface. To have the same plasma formation every time the FE-DBD
is used, the load should not change. So, the insulating wire should be
of the same length, but also the interaction with surrounding materials
should not change.

e The pulse frequencies of the FE-DBD are within the range of hearing,
this would increase stress for the premature child. The electric signal
should be altered by for instance having less discharges per pulse and
a higher pulse frequency or the other way around.

e Due to the EM-fields created by the plasma and the setup, the many
monitoring devices in the incubator described in section may be
disturbed. Unwanted effects of the EM-fields may be overcome by a
proper shielding of the device.

e The quartz material, which is essential to minimize the current going
through the skin, may break. When there is a small air bubble between
the quartz and the metal, it will grow due to high fields and eventually
break the dielectric material. An arc discharge may be possible in this
situation. This requires a good security system and a short use of the
same load. In an other design this risk can be excluded.

e From the results it is clear that the distance has an influence on the
plasma formation and therefore on the treatment. Since the skin is
not flat but curved, it is difficult to have the same distance from the
skin everywhere. The treatment with the FE-DBD will therefore not
be equal in the whole area. A flexible DBD should be used.

o A different geometry than used in this research is needed. The skin
around a catheter and underneath a tegaderm (transparent dressing)
needs to be disinfected. The fluid within the catheter should not change
in chemical composition, by interaction with the plasma.

e The skin around the opening has to be visible, the device should be
transparent for instance. By looking at the skin, an infection in early
state can be seen by a red color of the skin.

So, the applicability of this specific FE-DBD for preventing neonatal sepsis
is not very promising. However, the use of a DBD or other plasma source to
prevent neonatal sepsis may be much more promising. In the next chapter,
an outlook in the research for the use of plasma to prevent neonatal sepsis is
given.
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Outlook

From the previous chapter it is clear that the FE-DBD of Fridman et al. is
not the desirable plasma device to prevent neonatal sepsis with premature
children. Especially the detrimental effects on skin, due to the inhomoge-
neous discharges, are cause for concern. The focus in the close future should
be on the development of a new plasma source that does not use the skin as
second electrode. This allows a slightly uneven skin surface without affecting
the plasma that is generated. From this research the indirect treatment, the
effect of the chemical mix in contact with the substrate, seems to be adequate
to inactivate the bacteria. In the development of this new plasma source the
practical application should be kept in mind, to foresee and prevent issues
as mentioned in section [7.2l

From this research it is once again shown that bacteria are inactivated
by the treatment with a plasma source and that the effect on skin is, on first
hand and after only one treatment, small. The bacteria which cause neona-
tal sepsis are probably killed by the interaction with the chemical mixture
of the plasma. Which combination in this chemical mixture in humid air
is responsible for the inactivation, which are the activity-responsible plasma
species? What is the effect of the electric field in this inactivation process
and is the inactivation the same without an electric field? What happens
exactly in the bacteria, do they die due to a complicated pathways of sig-
nalling, or do specific species simply enter the cell directly which may lead
to an instantaneous death? So, which kinetics are related to these processes?
Which interactions are there between the plasma molecules and the biologi-
cal matter and its individual bio macromolecules, like DNA, proteins, lipids
and polysaccharides? [94] 93] 96]

The possible dangers should be identified and excluded. Like the produc-
tion of ozone and its effect on the premature, but also the long term effects
of treatment on skin. For instance DNA damage will lead to skin problems.
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Experiments with premature-like skin have to be performed to exclude effects
of the stratum corneum. The skin should not be damaged. The effect of the
plasma on the skin growth has to be understood and it must be known to
which extend a stimulation of growth is harmful. What are the consequences
for a more frequent exposure to the plasma?

Effects of differences in the to be treated skin and a higher humidity of
the air have to be researched. Are these difference negligible and if not, how
can we tackle these differences? This can be done by for instance changing
the power dissipated in the plasma. For different situations, the right treat-
ment has to be known. This treatment can change in treatment time and
frequency of the treatment, to reach a certain log reduction. What is the
ideal combination of these two parameters?

Do premature born children not need to suffer from neonatal sepsis any-
more in the future, due to skin disinfection with a plasma source? The fields
of plasma physics, chemistry, biology and medicine should work together.
People from these different disciplines should research if a safe and practical
plasma device is possible and have to understand the complexity and find
the answers to all questions mentioned above.
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Appendix A

Derivation of the dissipated power

In this appendix the circuit in figure is used to find the way to determine
the power dissipated in the discharge [97]. During a discharge there is an
electric current, called the plasma current. Besides the plasma current, there
is a current running through the air gap, 7,;- which is indicated in figure 2.5
This current is given by

. d‘/air (t>
Lair (t) - Cair dt )

where V;,.(t) is now the voltage through the air gap when there is a
discharge, this voltage can be determined as follows

t
Car2
where Cy; o is the capacity of the two dielectric surfaces in series. If

equation is substituted in equation with d%it) = i(t) the result is
given by

(A.1)

Vair (t) - V;fotal (t)

. o d‘/;fotal (t) itotal (t)
Zazr(t> - Cazr( dt Cdl’g ) . (A3)

In order to calculate the power in the plasma, the current through the plasma
needs to be determined. From the electric circuitry, the value of the current
through the discharge is can be calculated by subtracting the current through
the air from the total current, ipasmae(t) = Ptotar(t) — tair(t). From this and
using equation the plasma current is written as

Cair y; Wit (1)

Z'plasma(t) = (1 - @)Ztoml(t) - Cair dt ) (A4)

or can be rewritten with equation in the form
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. 1 dViotal(t
Zplasma(t) = m(ztotal (t) - Ctotal#l()

Ca1,2

). (A.5)

For the average power in the plasma P the energy F(t) coupled in the dis-
charge is used

P E(T)/T, (A.6)
B0 = [ ipasmal)Var 01 (A7)

this latter equation can be rewritten by combining V. ,equation [A.2]
and equation which gives

T
1 av av
50 = [ 1 [V~ v - 80y GO, VO
Cai,2 ) )
0 (A.8)

with i(t) = it (t) and V(t) = Vi (t). The second and third term are
equal to zero for one whole period T"

/ {V(t)%t(t)] dt = % [V*(T) — V?*(0)] = 0and

[ ewiena = [ oo ] a3 @@ - o) -0

The latter term in equation can be rewritten by integration by parts
as following

C ota, r O ota, r
e [Qyv(r) - Quve) - [ vindaw| = -2 [T vinitar
Car 2 0 Cai2 Jo
(A.9)
With the latter term combined with the first term, the energy dissipated
in the discharge is simplified in the form

1 Ototal r .
E(t) = T o 1-— C / V(t)z(t)dt, (A.lO)
1 Gl d1,2 0
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which gives the following relation for the energy dissipated in a whole
period:

/szlasma Vair (1) dt = /OT V(t)i(t)dt. (A.11)



Appendix B

Current peaks

In figure the voltage signal is shown in blue and a signal shot current
signal is given in red for a pulse frequency of 2500 Hz and 3500 Hz. There
are more and higher current peaks for a pulse frequency of 3500 Hz. The

measured current signal depends on the moment a shot is taken and is not
fixed

2500Hz
T T T

Voltage and current

1 1 1 1 1 1 1 L 1
36 38 4 42 44 46 48 5 52 54

time (s) x 104

3500Hz
T T T T

mﬂnnmi (ki Lﬂ_.m o
e

M \J( S

Voltage and current

1 1 1 1 1 1 1 L 1 1
28 28 3 32 34 386 38 4 42 44
time (s} st )

Figure B.1: In blue the voltage signal and in red a single shot current signal. In
top figure the pulse frequency is 2500 Hz and on the bottom this frequency is 3500
Hz.
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