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Abstract

In this thesis a homogeneous dielectric barrier discharge (DBD) in pure helium and in a mixture
of helium and argon is investigated. From the applied voltage and current, the discharge energy
per voltage cycle is determined as a function of voltage, pressure and mixture. At a pressure
of 500 mbar and a voltage of 2.0 kV, a discharge energy of 180 ± 7.2 mJ/mm2 is found. Using
optical emission spectroscopy, spatial and temporal profiles are obtained for the 447, 492 and 501
nm helium lines, the 337 and 391 nm nitrogen lines and for the 415 and 420 nm argon lines. A
current density of 81 mA/cm2 is obtained, which together with the spatial profiles of the nitrogen
and helium lines, indicates that the DBD operates at the boundary between the atmospheric
pressure glow discharge (APGD) and atmospheric pressure townsend discharge (APTD) modes.
From the temporal emission spectroscopy, the different excitation mechanisms for helium, argon
and nitrogen are observed. A delayed peak in intensity in the 391 nm nitrogen line indicates that
nitrogen is ionized via Penning ionization, while helium and argon are ionized via electron impact
collisions.
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Chapter 1

Introduction

In the universe in which we live, plasma is the most abundant form of ordinary matter, making up
more than 99% of the visible matter [1]. From stars to campfires and from lightning to neon signs,
you can find plasmas everywhere. Some people even call plasma the fourth state of matter [2].

A plasma is a form of an ionized gas in which long-range interactions dominate the behaviour
of the gas. The gas can be ionized by applying heat or an external electromagnetic field. When
enough electrons are created and when the long-range effects of these charges are shielded, the gas
can be considered a plasma. The amount of energy in the plasma determines whether the plasma
will become fully ionized (as is the case in nuclear fusion or stars) or partially ionized. Plasmas
come in a wide variety of shapes and types, which leads to them having numerous applications [3–8].
For example, they are used in space engines and in the processing of materials (figure 1.1).

The most straight-forward way of creating is a plasma is by placing a gas between two electrodes
and applying a voltage over them. The potential will supply energy to the electrons inside the
gas. When the effective voltage inside the gap is above the breakdown voltage of the gas, the
electrons will have enough energy to ionize atoms. An ionizing avalanche of electrons starting
from the positive electrode (anode) will travel through the gap. If the applied voltage reaches a
certain value and remains non-zero long enough, the avalanche will reach the other electrode. An
ionized channel will then form between the electrodes. When the electric field inside the channel
is comparable to that outside, the channel will be called a spark. The channel will allow current
to flow between the electrodes, which will greatly increase the discharge current. Charges will
accumulate near the electrode and ionic space charge will form due to ions being too slow to leave
the gap during the spark duration. These charges will collapse the electric field inside the spark
and will in turn extinguish the spark [11]. When the power supply is strong enough to sustain
the channel, it turns into an arc. Arcs are self-sustaining ionized channels through which a lot of
current flows. They heat up the background gas and can damage the dielectrics/electrodes [12,13].

(a) (b)

Figure 1.1: Examples of (a) plasma thrusters used to propel space engines and of (b) plasma
treatment of a cellphone. Taken from [9] and [10].
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Figure 1.2: Examples of (a) a parallel plane DBD and (b) a plasma without dielectrics.

A particular type of plasma is the dielectric barrier discharge (DBD), where one (or both) of
the electrodes is covered by a dielectric. A schematic of such a discharge is shown in figure 1.2.
This dielectric layer limits the conductive current and thereby prevents arc formation. Limiting
the current also suppresses Ohmic heating of the background gas. When a voltage is applied to
(one of) the electrodes, the free charges in the gap will arrange themselves such that the electric
field is cancelled. Therefore, they will accumulate on the dielectrics. This will reduce the effective
voltage inside the gap to below the breakdown voltage and so the plasma is extinguished. In
order to operate a DBD, it is therefore mandatory to use a time-varying (AC) voltage. Typically,
frequencies in the range of 0.05− 100 kHz are used [11]. This discharge limiting effect of charges
accumulating on the dielectrics reduces the time scale of the plasma. As such, the discharge
is extinguished before significant gas heating can take place. The DBD is therefore in thermal
non-equilibrium, the electron temperature is not equal to the heavy particle temperature [14].

DBDs can not only be used in thermal non-equilibrium, but also at elevated pressures [15].
Operating a DBD (or plasma in general) at higher pressures eliminates the need for cost intensive
vacuum techniques and allows in-line processing [16, 17]. This enables a diverse range of applica-
tions for this type of plasmas [18]. They can be used, among others, for thin film deposition [19–24],
decontamination [25–28], plasma display panels [29–31], surface treatment [17, 32, 33] and ozone
synthesis [34–37].

However, using plasmas at a higher (atmospheric) pressure leads to difficulties. Gas discharges
typically become non-uniform and unstable at higher pressures [16, 17], they transition to sparks
and arcs more easily. This can be avoided by utilizing special geometries, electrode arrangements
and excitation methods. Over time a lot of different geometries for DBDs have been invented [38].
There exist simple planar configurations, such as is shown in figure 1.2, and more exotic variants,
such as the sliding discharge, the capillary plasma electrode discharge and the piezoelectric op-
erated DBD [38]. The most significant difference between these configurations is whether one or
both of the electrodes are covered with a dielectric. The shape of the electrodes also determines
the behaviour of the plasma. The most often used configurations are the point-to-plane, plane-
to-plane and cylindrical electrode configurations. In this study a plane-to-plane setup with two
dielectrics is used, so the focus will from now on be on this type of configuration.

One method of comparing all these different DBDs with each other is to look at the energy
dissipated in the discharge [39]. Because bigger electrodes are able to dissipate more energy, it is
more insightful to look at the surface energy density. In this thesis the energy is determined by
measuring the current and voltage applied to the discharge. This energy is then divided by the
area of the dielectrics to obtain the surface energy density. The obtained energy densities can be
compared to other experiments and should be indifferent to the used geometry.

The DBD can be operated in two different modes; filamentary and homogeneous [40]. In
filamentary mode the discharge consists of many individual, stochastically distributed current
filaments. An example of a storage phosphor image of these filaments, or microdischarges, can
be seen in figure 1.3. On the other hand, the homogeneous discharge is more similar to a glow
discharge. In this mode the electrode is uniformly covered by a diffuse plasma. At the early
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CHAPTER 1. INTRODUCTION

Figure 1.3: Filaments in a DBD operated in air. Reproduced from [45].

stages of its discovery, the DBD was mostly used in the filamentary mode. Later, around the
1980s [41], it was found that certain combinations of parameters can lead to a homogenous mode.
The uniformity and low power density of the homogeneous DBD gives them benefits over the
filamentary mode, for example, for surface treatment applications [42]. This thesis focuses on
homogeneous DBDs.

Different diagnostics can be used to make a distinction between the two modes. First of all,
high speed ICCD imaging can be used to determine whether the discharge consists of individual
filaments or not. When the discharge is filamentary, circular spots are visible when looking per-
pendicular to the electrode or dielectric surface. For discharges that are far from homogeneous,
channels can be seen when looking parallel to the dielectric surface [40]. In a homogeneous plasma,
the light is in both cases (perpendicular and parallel) distributed evenly. Secondly, current meas-
urements can be used as a diagnostic [43]. In the filamentary mode narrow peaks in the current
are visible [44]. Their number and amplitude change with every voltage cycle [40]. In the case
of a homogeneous discharge a single, wider peak is visible. This peak will be the same at every
voltage cycle. Finally, there exist more complicated methods to determine the mode of the DBD.
For instance, when the densities of species in the plasma and the electric field correspond to a
glow discharge, then the DBD is most likely to be homogeneous. Because these methods require
models to compare with and do not give a definitive answer, they are not used in this thesis.

Filamentary DBDs have been studied thoroughly in ambient air, as well as in pure gases, such
as helium, by numerous research groups. On the other hand, the homogeneous mode of DBDs
in argon has not been investigated nearly as much [15]. Argon is cheaper than helium, which
makes it interesting for applications. On the other hand, it is easier to get a diffuse plasma in
helium. It is therefore insightful to look at a homogeneous DBD in a mixture of helium and
argon, in order to explore a way to combine both benefits. In this thesis, a DBD in pure helium
and in a mixture of argon and helium is investigated by combining multiple diagnostics; ICCD
imaging, energy measurements and spatially resolved emission spectroscopy. These diagnostics
allow for the distinction between the different modes of operation of the DBD. Besides this, they
give information on the different excitation mechanisms in the discharge. With this information,
the effect of adding argon or impurities to a helium plasma can be determined. The goal of the
thesis is to describe what changes when argon is added to the helium DBD. In particular, what
happens to the discharge energy and the spatial behaviour of the plasma when argon is added to
the mixture?

This thesis starts by explaining the necessary background information on plasmas and the
used measurement techniques (chapter 2). After that, the setup of the experiment is described in
chapter 3, as well as the processes for analyzing the obtained data. This is followed by a chapter on
ICCD imaging and characterization of the electrical data to show that the DBD is homogeneous,
chapter 4. Afterwards, the energy results are shown and discussed in chapter 5 and the emission
spectroscopy results in chapter 6. The result sections are followed by an overall conclusion and
discussion of the performed experiments in chapter 7. Finally, the thesis is concluded with an
outlook for the future (chapter 8).
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Chapter 2

Theory

In this chapter the more subtle and in-depth mechanisms of a DBD will be explained. The
distinction between two types of diffuse DBDs is made. Later on in the thesis, the different
measurement techniques have as goal to determine to which of these types the used DBD belongs.
Besides the section on DBDs, this chapter also explains optical emission spectroscopy. The different
optical transitions are described, as well as how they can be used to deduce information on the
discharge.

2.1 Dielectric barrier discharge

As mentioned in the introduction, DBDs can be operated in two different modes: filamentary
and homogeneous (or diffuse). Both have their advantages, however the focus of this thesis is on
homogeneous discharges. Diffuse DBDs can be further separated into two different types, where
the distinction is based on the different dominant processes in the discharge. When the plasma
is initialized via a Townsend discharge, it is called an Atmospheric Pressure Townsend Discharge
(APTD). When the breakdown is dominated by a glow discharge, it is called an Atmospheric
Pressure Glow Discharge (APGD). Under the right conditions an APTD will evolve into a APGD.
The gas voltage in an APTD increases as function of discharge current. In an APTD the plasma
is sustained by successive generation of electron avalanches and secondary electron emission [17].

The requirements for when a DBD can be called an APGD are not very strict. There are
however some differences that can be used as a distinction. For instance, the electron density is
usually three orders of magnitude larger in an APGD than in an APTD, while the mean dissipated
power is one order of magnitude smaller. Also, the APTD does not generate an electrically neutral
positive column, while the APGD has the tendency to form spatial structures, such as a cathode
fall region. The cathode fall region is the region where the electrons from the cathode, released
via secondary emission by the ions, obtain enough energy to ionize, rather than excite, atoms.
The cathode fall is observed as a dark region in the plasma, as ions recombine slower than excited
atoms [11]. This cathode fall region is responsible for supplying the discharge with electrons [46].
The APGD will also often form a positive column, which will cause the gas voltage to decrease
as the discharge current increases. Some important differences in properties between the two
types are shown in table 2.1, reproduced from [15]. An APGD can usually be considered as a
homogeneous DBD, while the APTD is usually more filamentary-like.
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CHAPTER 2. THEORY

Property APTD APGD
Electron density maximum (cm-3) 107 − 108 1010 − 1011

Neutral plasma formation No Yes
Current density (mA/cm2) 0.1− 10 10− 100

Gas voltage at current maximum Constant or increase Decrease (Cathode fall)

Table 2.1: Differences between an APTD and an APGD. Reproduced from [15].

2.2 Emission spectroscopy

2.2.1 Spectral lines and transitions

Atoms consist of a nucleus, made out of protons and neutrons, surrounded by one or more electrons.
Whenever electrons transition from one energy state to one with a lower energy, they emit this
excess energy in the form of photons. Because the energy levels can only take on certain discrete
values, the emitted photons can also only take on certain values. The energy of an electron is
determined by its wavelength. This means that an atom is able to emit light (photons) at certain
wavelengths as it decays from one energy level to another. This results in what is known as an
emission spectrum (figure 2.1a). The probability per unit time that an atom will spontaneously
emit a photon, is given by the Einstein coefficients, A. Transitions with a higher Einstein coefficient
occur more often than those with a lower coefficient, therefore the corresponding spectral line is
stronger. Looking at the emission spectrum of a species then gives information on the different
transitions that take place in the sample (plasma).

Molecules, including diatomic ones, are able to lose the excess energy not only via photons,
but also by transferring it to their rotational and vibrational energy levels. These ”extra” energy
levels are located close to the electronic transitions. They are observable in an energy spectrum
by the series of small peaks they add to the large peak of the electronic transition. An example
of this can be seen for nitrogen in figure 2.1b.

2.2.2 Spectrometer

An optical spectrometer is a device used to spectrally analyse incoming light. Most spectrometers
make use of a diffraction grating to separate light in its separate wavelengths. A schematic of the
used spectrometer can be seen in figure 2.2. The incoming light enters the spectrometer through
a narrow slit (with widths in the order of 0.1 mm). It is then focused onto the grating (C) by
the parabolic mirror (A). The grating separates the light and only a ”single” wavelength will hit

(a) Helium (b) Nitrogen

Figure 2.1: Examples of an atomic spectrum (a) and diatomic spectrum (b). Figures taken from [47]
and [48], respectively.
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C
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Figure 2.2: A schematic of the spectrometer used. A and B are parabolic mirrors. C is the grating
used to select only a single wavelength from the incoming light. Finally, D is the plane mirror used
to direct the light out of the spectrometer and into the camera.

the second parabolic mirror (B) in the right spot. This mirror reflects the almost monochromatic
light onto the plane mirror (D) that directs the light out of the spectrometer. Only light that falls
in parallel to the line drawn in the figure will make it out of the spectrometer. Diverging light will
scatter and/or diffract in different directions and will not hit the second parabolic mirror in order
to be directed out of the spectrometer. This effect is enhanced by making the optical path longer.
The longer the optical path, the larger the spacing between the different wavelengths. That is
why the spectrometer consists of a relatively much empty space. Different types of spectrometers
make use of other mechanisms to enhance the optical path, for instance using additional mirrors.
The grating can be rotated in order to focus a different wavelength onto the parabolic mirror.
In this way, the wavelength of the output light can be adjusted. The resolution of the device is
determined, among others, by the number of lines per mm (groves on the grating).
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Chapter 3

Experimental setup

This chapter describes the layout of the experiments. First it shows how the DBD is created,
after which the different setups for the different measurement techniques are explained. After
each measurement technique is a section on how the obtained data is analysed. The focus will
first be on ICCD imaging of the plasma, then shift to the energy measurements, and finally to
optical emission spectroscopy.

3.1 General setup

The plasma is generated inside a vacuum vessel. This is done so that the pressure between the
dielectrics is equal to the pressure around them. A picture of this vessel is shown in figure 3.1a.
Other setups make use of an all-glass configuration, a glass tube with electrodes attached to the
outside, for instance. Such a setup has a chance of breaking when pumped down to low pressures,
as the pressure difference inside and outside the glass container creates a large force. Other benefits
of using a vacuum vessel is that the configuration can be adjusted relatively easily. Because the
dielectric geometry is not a rigid part, as is the case with a glass tube, the thickness or type of
dielectric can be changed.

(a) (b)

Figure 3.1: Pictures of (a) the vacuum vessel with the optical windows and gas line connections and
(b) the plastic holder used to hold the dielectrics at a fixed distance.
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Figure 3.2: A schematic of the setup. (a) shows the electrical circuit (orange) and gas lines (green).
(b) shows the inside of the vessel and the optical diagnostics (blue). The ICCD camera in (b) is
triggered by the same arbitrary waveform generator that is shown in (a).

The vessel has two windows, which allow for optical diagnostics, and an inlet and outlet. The
vessel can be rotated such that there are two optical axes possible: perpendicular and parallel
to the surface of the dielectrics. The pressure can be controlled by means of a diaphragm pump
(Vacuubrand MD 12) attached to the outlet. In this thesis the vessel is filled with either helium
or argon or a mixture of the two. The gas is transported via two gas lines from the gas bottles to
two flow controllers (Bronkhorst EL-FLOW Select F-201CV). The two gas bottles contain helium
and argon, both with a purity of 99.999%. After the flow controllers the gas lines are combined
and the single resulting gas line is attached to the inlet of the vessel. The two gas lines merge
roughly one meter before entering the vessel. This will help mix the two gasses before injecting
them in the vessel. By adjusting the flow rates of the controllers during the filling of the vessel, the
ratio between helium and argon can be adjusted. Before filling the vessel, it is pumped down to
about 5 mbar using the diaphragm pump. The vessel is then flushed a few times with the desired
gas(es), before finally filling it to the desired pressure. This reduces the amount of nitrogen and
other impurities in the gas mixture. The effect of flushing is further explained in appendix A.
However, even after flushing there will be nitrogen present in the gas mixture. This is caused
partly by the purity of helium and argon not being exactly a 100%, but mainly by diffusion of
air (nitrogen) into the vessel and tubing. The unwanted nitrogen will act as an impurity and will
influence the discharge. Because the nitrogen impurities also emit light, they are observed using
the optical emission spectroscopy. In this way, the unwanted presence of nitrogen can be used to
tell something about the discharge behaviour.

Inside the vessel is a plastic (ABS) holder (figure 3.1b) designed to hold two glass plates of
105 by 80 by 1.1 mm with a fixed spacing of 2 mm between them. These glass plates act as the
dielectrics (εr = 5). The dielectric at the high voltage side is covered with a conducting ITO
(Indium Tin Oxide) coating. The high voltage power line is connected to this ITO coating via a
copper strip of 10 by 10 mm. Conducting glue improves the connection between the copper and
the ITO. The grounded electrode is created by placing copper tape on the glass plate, covering
an area of 50 by 50 mm, and then connecting to the ground via a wire. The dielectric at the
grounded side is not coated.

An overview of the electric components in the setup is shown in figure 3.2a. A high voltage
pulse generator (DEI PVX-4110) combines the pulse signal from an arbitrary waveform generator
(RIGOL DG1022) with the high voltage from a high voltage power supply (Spellman SL60) to
create unipolar pulses up to 10 kV with a pulse width of 2.5 μs and a frequency of 300 Hz. These
pulse width and frequency values are used for all measurements in this thesis.

The high voltage is applied to one of the electrodes inside the vessel via a copper wire with a
ceramic insulator. The ceramic of the feedthrough is extended inside the vessel to avoid plasma
generation between the wire and the wall of the vessel. The other electrode is attached to another,
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grounded, ceramic feedthrough.
The high voltage pulse is monitored using a high voltage probe (Tektronix P6015A) and a

Rogowski coil (Pearson Current Monitor 6585). The voltage and current are both measured
before they enter the vessel. The signals are sent to an oscilloscope (LeCroy WaveRunner 6100A).
This oscilloscope has a sample rate of 10 GS/s, which gives it a time resolution of 0.1 ns.

3.2 Improving design

In order to get a stable DBD, the electrode connections need to be smooth. There should be as
few sharp edges as possible, as at every sharp corner there is an enhanced electric field, which will
lead to an anisotropic behaviour of the plasma. The high voltage wire supplying the power to the
electrode needs to be isolated to prevent a plasma from forming on the wire or between the wire
and the dielectric. The entire electrode surface should be in contact with the dielectric, otherwise
a plasma will form between the electrode and the dielectric. Because these spots are usually very
localized, they will lead to sparks and arcing. Over time this will affect the dielectric, especially
in the case of an ITO coating on the outside, where the arcs will tear away the ITO coating. This
can be seen in figure 3.3.

The connection between the electrode and dielectric can be improved by using glue that con-
tains silver particles, making it conductive. This resulted in a smoother connection and no arcing
near the powered electrode is observed. An image of the powered dielectric is shown in figure 3.4a,
in which the connection of the high voltage wire is visible. The dark, burned spot is the result
of earlier attempts, in which there was no conducting glue. The conductivity at the burned spots
can be restored using the conducting glue. It is found that a copper strip connected to copper
tape attached to the glass plate is sufficient for the dielectric at the grounded side. The grounded
glass plate is shown in figure 3.4b.

Arcs will also relatively easily form on the edges of the dielectric. They allow current to flow
from the powered electrode, over the surface of the dielectric, through the arc at the edge onto
the next dielectric, and then finally over the surface of the ’grounded’ dielectric. These arcs will
frequently form there where the edge of the dielectric is not smooth, either at the corners or near
cutting artefacts. To prevent this, the edges should either be made smooth or the effective path
from electrode to electrode (or from one ITO coating to the other) should be made longer. This
can be accomplished using non-conducting tape, such as is visible in figure 3.4.

Figure 3.3: A picture of a prototype for the DBD. The dark spots are where the wire was connected
to the dielectric. Plasma formed at this location and burned away the ITO coating.
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(a) (b)

Figure 3.4: Images of (a) the dielectric at the high voltage side and (b) the dielectric at the grounded
side.

3.3 ICCD Imaging

Time resolved imaging of the plasma is performed using an ICCD camera (Stanford Computer
Optics 4 PICOS) controlled on a computer by the 4Spec software. The camera has a controllable
shutter time, which can be as small as 200 ps. This small shutter time is necessary to obtain a high
signal to noise ratio and to image the individual micro-discharges. The shutter time is adjusted
such that the camera gate is only open when there is a discharge, and that is it closed when there
is none. This means that all the light obtained is from times where the plasma is present and that
there is no unnecessary accumulation of background light (noise).

The camera is triggered at the rising slope of the high voltage pulse. The time delay between
the trigger and the actual taking of the image can be varied. By taking short exposure images of
the plasma at different times (or delays), time resolved information can be acquired. The intensity
of the light is not high enough for accurate single-shot measurements. Therefore, multiple images
are taken at the same delay value and are then added together. Background subtraction further
enhances the signal to noise ratio.

3.4 Plasma characterization

In order to investigate the mode of the DBD, the discharge is imaged using the aforementioned
ICCD camera. The camera is placed perpendicular to the surface of the dielectrics. In this way, if
the plasma is in filamentary mode, little spots with a radius of about 100 μm are visible [18]. On
the other hand, if the plasma is in a diffuse mode, the dielectric will be homogeneously covered
with plasma. The images with different delay values are placed after one another to get a movie
of the plasma. This visualizes the behaviour of the plasma over time. The pressure, applied
voltage and gas composition can be varied to see the effect on the mode and behaviour of the
plasma. Besides looking at the plasma by means of the ICCD camera, the electrical signals also
give information about the mode of the discharge [43]. When the plasma is in a filamentary mode,
small spikes and irregularities will be visible in the current (and to a lesser extent the voltage)
signal. These two diagnostics are used to determine the mode of the discharge.

3.5 Data analysis: Energy calculation

The voltage and current applied to the circuit are measured as described in chapter 3.1. In order to
increase the signal to noise ratio, the signals are averaged over 64 samples on the oscilloscope. An
example of such a signal is shown in figure 3.5a. The first peak in the current signal is attributed
to the displacement current, which arises due to the sudden increase in voltage. Just behind the
displacement peak is another peak, which represents the discharge. This increase in discharge
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(a) (b)

Figure 3.5: The voltage and current signals during a discharge as measured on the oscilloscope. Both
are averaged over 64 samples on the oscilloscope. In (a) the entire applied voltage pulse is shown. In
(b) a zoomed-in version showing the drop in voltage as the plasma ignites. Measurements taken at
600 mbar and 2.2 kV in pure helium.

current causes a slight drop in voltage. This can be seen better by zooming in on the beginning
of the pulse, which is shown in figure 3.5b.

From the electrical characteristics without a plasma, as shown in figures 3.6a and 3.6b, the
capacitance of the system can be determined. This is done by taking the maximum of the (dis-
placement) current signal and dividing that by the derivative of voltage with respect to time,
dU
dt . The derivative is smoothed with a moving average of 5 samples to reduce the peaks that

result from numerical derivation. The resulting capacitance of the system, Csystem, equals 73 pF.
This is a relatively high capacitance compared to the 16 pF and 10 pF found by Lazukin et al.
and Dong et al., respectively [49, 50]. However, the size of the DBD is significantly different, for
instance, the DBD used by Lazukin et al. is about 42 times smaller in area. The capacitance is
assumed to be constant as a function of voltage. This assumption is backed up by [51], who have
a constant capacitance, and by [39], where their system capacitance increased by 6% over a 7 kV
voltage variation. As in this thesis a voltage range of no more than 2 kV is used, the capacitance
is assumed constant. With this capacitance, the current signal can be split into two parts; the
displacement current, Idisp, and the discharge (or plasma) current, Ipl. These are calculated using
the following two equations:

Idisp = Csystem ·
dU

dt
, (3.1)

and
Ipl = Itot − Idisp. (3.2)

The three different currents (including the total current) are then used to calculate three
powers:

Pi = Ii · Utot, (3.3)

where i is then equal to either disp, pl or tot, for each different power. Finally, the energy is
calculated by integrating the power over time. In the end, three energies are obtained, Etot, Edisp

and Epl, that are calculated as a function of applied voltage, pressure and gas mixture.
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(a) (b)

Figure 3.6: The voltage and current signals when there is no plasma. Both are averaged over 64
oscilloscope samples. On the left, (a), the entire applied voltage pulse is visible. On the right, (b), is
a zoomed-in version.

3.6 Emission spectroscopy

In this thesis a Jobin Yvon HR1000M spectrometer (Czerny-Turner configuration) is used. A
schematic of the inside of the spectrometer is shownin the previous chapter, in figure 2.2. The
spectrometer consists of 2 mirrors, a grating (1200 groves/mm) and a 1m optical path to separate
the light based on its wavelength. Blazing of the grating in the range of 190 − 700 nm allows
for sensitivity in this spectral range. The central wavelength can be adjusted by rotating the
grating. The ICCD camera from the previous section is used as a detector. The line of sight of the
spectrometer is parallel to the surface of the dielectrics. The images then have a spectral resolution
(wavelength) horizontally and a spatial resolution vertically. An adjustable slit forms the entrance
of the spectrometer. This slit determines the amount of light entering the spectrometer. There
is a trade-off here, where a smaller slit width leads to a narrower and sharper (higher resolution)
spectral line, but less intensity. For this thesis a slit width of 0.07 mm is used. Some light would
still enter the spectrometer when the slit was (supposedly) closed, indicating that the sides of the
slit are not entirely parallel. A more detailed explanation can be found in appendix B. Between
the vessel and the entrance slit of the spectrometer are two plano-convex lenses with a focal length
of 200 mm (Thorlabs LA1979-A-ML). They are anti-reflection coated to reduce the intensity loss
at the interfaces. The lenses focus the light of the plasma on the entrance slit in order to collect
as much light as possible.

3.6.1 Image calibration

The images obtained by the ICCD camera need to be calibrated in order to get absolute values for
the spectral and spatial resolutions. Therefore the wavelength of the spectrometer and the vertical
position are calibrated. As the wavelength of the spectrometer is increased, the location of the
spectral line in the ICCD image moves upward. Because this phenomenon is also observable when
the light source is kept at a fixed location, it is suspected that the grating in the spectrometer
is tilted. This is also supported by the fact that the different spectral lines shift vertically with
respect to one another. For instance, the 365 nm line is visible roughly 15 pixels lower than the
435 nm line. So this shift in height will continue even over different camera images, which excludes
a tilted CCD chip. First, the wavelength is calibrated to know at which wavelength the image is
taken and to which line, in nanometers, the profile visible on this image belongs. After this, the
correction for the vertical location of the line profiles on the image is determined. Finally, the
spatial resolution is calibrated by determining the number of pixels (on the image) per millimeter
(of the gap).
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(a) (b)

Figure 3.7: An ICCD camera image (a) of the 435 nm calibration line and a linear fit (b) through
the peak locations as a function of spectrometer wavelength.

Figure 3.8: The vertical shift of the 365 nm calibration line as the wavelength is varied. In blue the
data points that follow from the calibration, in orange the linear fit. The slope of the fit determines
the value for the shift.

Wavelength calibration

The wavelength per pixel calibration is done with the use of an AvaLigth-CAL mercury-argon
spectral calibration lamp. The wavelengths and the relative intensities of the spectral lines of
this lamp are known (and shown in appendix C). For the calibration the 365.01, 404.66, 435.83
and 546.08 nm lines were used. The location of the spectral line in terms of pixels on the ICCD
camera image was determined while varying the wavelength of the spectrometer. As the wavelength
changed, the spectral line on the image moved left or right. Through this shift a linear relation
can be fitted, as shown in figure 3.7b. The slope of this fit then represents the shift in wavelength
per (horizontal) pixel. The used value in this thesis equals 0.02 nanometer per pixel.

Vertical shift correction

To determine the amount of shift in vertical pixels (and thus in millimeters) as a function of
wavelength of the spectrometer, the vertical locations of the lines in the images were plotted
versus the corresponding spectrometer wavelength of the image, as can be seen in figure 3.8.
The resulting graph is fitted linearly, of which the slope gives the number of shifted pixels per
wavelength difference of the spectrometer. The shift in height on the images equals 0.46 pixels
per nanometer.
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(a) (b)

Figure 3.9: An ICCD camera image of the gap (a) and a two-term Gaussian fit through one of the
columns of the image (b). The separation between the peaks determines the vertical calibration. The
vertical lines indicate the locations of the dielectrics.

Vertical calibration

In order to determine the vertical calibration, an ICCD image of the gap was taken while illu-
minating the dielectrics with a flashlight. The resulting image can be seen in figure 3.9a. The
brightest column and five neighbouring columns were each (individually) fitted with a two-term
Gaussian profile. These 11 Gaussian fits are then averaged together, of which the result is shown
in figure 3.9b. The distance between the two peaks of these Gaussian equals the distance between
the centres of the dielectrics, as that is where most of the light is reflected from. The actual
distance of 2 mm is then divided by the number of pixels of the gap (taking in consideration the
size of the dielectrics). This gives a value of 0.02 millimeter per pixel. With a dielectric thickness
of 1.1 mm, the locations of the sides of the dielectrics can be determined. These locations are
indicated by the vertical orange lines.

3.7 Data analysis: Emission spectroscopy

The images obtained from the spectrometer have the wavelength on the x-axis, the vertical position
on the y-axis and the intensity in colour (or z-axis). Instead of looking at the intensity as function
of wavelength, as is usually done in spectroscopy, one can also look at the intensity as function of
(vertical) position. This will provide information on the spatial profile of the lines and, in doing
so, of the plasma. In chapter 6 the results from these measurements are shown and discussed. A
typical image can be seen in figure 3.10a. The intensity in such a picture can be summed over
a number of columns, this will result in a graph showing the intensity as a function of vertical
position, such as figure 3.10b. In these measurements vertical position means distance from the
powered electrode directed away from the grounded electrode (so a negative distance means closer
to the grounded electrode). The orientation of the y-axis is illustrated in figure 3.11. The y-axis
gets flipped when the light passes through the two lenses.

A higher signal to noise ratio can be obtained by adding multiple images together before
reading out the ICCD camera. Since the used ICCD camera is unable to do so, another approach
is used; multiple images (exposures) are read out and then added together. This will result in more
read-out noise than the first approach, but will still drastically increase the signal to noise ratio.
For the emission spectroscopy measurements 104 exposures are added together. By only opening
the camera shutter during the time there is a discharge the signal can be further enhanced. In
doing so, only light of the discharge will be added together, and not background light. Therefore,
the images were taken with a 120 ns shutter time, approximately the duration of the current peak
representing the discharge.
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(a) (b)

Figure 3.10: Examples of a typical image (a) and typical line profile (b) as function of distance to
the powered electrode.
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Figure 3.11: Starting from the DBD on the left, via the emitted light, to the received image on the
camera. Note the direction of the y-axis. This is just a visualization, the shown order of images is not
the order in which the images are obtained.

The obtained images are analysed in the following manner. First, the column of the image
containing the highest intensity value is found using the findpeaks function of Matlab. Then
the findpeaks function is used on the line profile of this column, the intensity as a function of
vertical distance. From this second findpeaks iteration the width, height and location of the peak
are determined. Finally, to reduce the effects of noise, this process is repeated for each of the 5
columns left and right of the maximum column. The results of every column are averaged together
to obtain the final values for the height, width and location of the line profile.
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Chapter 4

Results: Diffuse regime and
electrical characteristics

As described before in chapter 3.4, two methods are used to explore the regime in which the plasma
is in a diffuse mode; ICCD imaging with short exposure times and analysis of the current signal.
This chapter shows the obtained results from these two diagnostics. First the ICCD method is
discussed, afterwards the electrical analysis.

Images containing 20 exposures with a shutter time of 10 ns are taken with delay values varying
from 100 to 700 ns. This creates movies in which the evolution of the discharge is visible, beginning
just before the ignition up until the extinction of the plasma. Figures 4.1a and 4.1b show examples
of single (movie) frames, in which the plasma is filamentary and diffuse, respectively. In the diffuse
example (4.1a) the light is spread out over almost the entire dielectric. From the movie it can
be observed that the discharge evolves outward from the powered electrode, the dark rectangle in
the top right corner. It then propagates towards the bottom and left, until it fills the picture as
is shown in the figure.

In figure 4.1b the plasma is inhomogeneous and forms a ’finger’-like structure. The dark patches
change over time, while the plasma flickers. This behaviour occurs at low voltages. When the
voltage is increased, the plasma starts looking more like figure 4.1a and fills the entire dielectric.
The dark patches can be the consequence of irregularities or contaminants present on the dielectric.

Figure 4.2a shows the evolving plasma in the early stages, after it has just reached the edges of
the dielectric. The discharge seems diffuse. However, by looking at the plasma 50 ns later (figure
4.2b) it can be seen that the plasma forms sparks at the edge of the dielectric. The dark circular
spot on the middle left is the powered electrode. In the accompanying movie the plasma can be
seen to quickly travel from the powered electrode to the edge at the top. It then stays there and
forms these circular spots. Apparently it is more favourable (at this subset of parameters) to form
channels at the edges of the dielectrics, than to spread out over the dielectric. The arcs are visible
at the egdes even with the naked eye (without using the camera).

The second method of determining the mode of the plasma, is to look at the measured current
profile. When multiple, narrow peaks, that are changing over time, are visible in the current
signal, then the discharge is in a filamentary mode. Such a signal can be seen in the work of
López-Fernandez et al. [43]. A typical current signal obtained in this work is shown in figure 4.3.
In the current signal three things can be observed. First of all, the first peak in current is attributed
to the displacement current due to the rise in voltage. Secondly, the narrow peak right after the
first peak can be connected to an APGD discharge in pure helium, such as discussed by Tschiersch
et al. [52]. In a pure helium plasma, a single peak in the discharge current is characteristic for the
APGD discharge mode. Lastly, the relatively wide, third peak is characteristic for an APTD in
pure nitrogen [52]. A current signal such as shown in figure 4.3, indicates that the DBD is in some
sort of dual-mode operation, where there is a coexistence of the diffuse (APGD) and filamentary
(APTD) modes. In the cited work a helium to nitrogen ratio of 1 : 1 is used, whereas in this
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(a) (b)

Figure 4.1: Two examples of a frame from the movies, where (a) shows a diffuse discharge, while (b)
shows behaviour at the boundary of the two modes. The movies were taken with different geometries,
so the electrodes are different and the dielectric ends at different heights in the images. (a) was taken
at 1.4 kV and 500 mbar, (b) at 1.2 kV and 300 mbar.

(a) (b)

Figure 4.2: Images showing (a) a diffuse plasma and (b) the plasma 50 ns later, where the discharge
is no longer homogeneous. The rectangular dark spot on the middle left is the powered electrode.
Both images are taken at 2.2 kV and 500 mbar.
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Figure 4.3: Current signal for a helium plasma at a pressure of 600 mbar and with 2.2 kV applied
voltage.

work only a small percentage of nitrogen is present. Therefore, where the APGD related peak in
the cited work is twice as large as the APTD related peak, in this work it is roughly five times
as large. This, combined with the absence of temporally varying, narrow current peaks, indicates
that the discharge is mostly in a homogeneous mode.

From figure 4.3 a typical timescale for the decay of the current can be determined. The second
current peak (related to the APGD) decays to a 1/e value in about 24 ns. This can be compared
with the time it takes electrons to cross the gap. The electron travel time, te, can be calculated
using the following equation [53]:

te = d2/µeV. (4.1)

Here d is the gap width, µe the electron mobility and V the applied voltage. Following the
work of Lu et al. [53], a value of 0.86 · 106 cm2 Torr V-1 s-1 is used for the product of the pressure,
p, times µe [54]. Using this together with a pressure of 600 mbar and 2.2 kV applied voltage, a
travel time of 9.5 ns is obtained, which is about half the current decay value. This discrepancy
can partially be attributed to a lower mobility. The used mobility in equation 4.1 assumes a pure
helium plasma. Impurities will reduce the mobility of the electrons and therefore increase the
travel time, for instance, the mobility in a pure nitrogen plasma is about half of that in a pure
helium plasma [54]. The decrease in mobility in a nitrogen plasma is caused by the higher collision
frequency between electrons and nitrogen, compared to electron collisions with helium, which in
turn is caused by the roughly 10 times higher polarizability of nitrogen (αN2

≈ 2 · 10−24cm3)
compared to helium (αHe ≈ 0.19 · 10−24cm3) [55–60].

A peak current of about 6.5 A is measured, this gives a current density of 81 mA/cm2. Boisvert
et al. [61] report that the transition from APTD to APGD is around 70 mA/cm2, which would
mean that the DBD in this work is close to the boundary of the two modes. The used frequency
in the work of Boisvert et al. is 50 kHz, which is significantly higher than the one used in this
work.

The set of parameters that lead to a homogeneous discharge are explored and during measure-
ments the current signal is always checked for signs of filaments. In this way, it is made sure that
the plasma is operated in a mode as close to homogeneous as possible. Unless stated otherwise,
all results obtained in this thesis are obtained in a diffuse plasma.
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Chapter 5

Results: Dissipated energy

In this chapter the calculated energies per voltage cycle as a function of voltage, pressure and
mixture are presented. The prodecure leading from the electrical signals to the different energies
is discussed in chapter 3.5.

5.1 Function of voltage

In figure 5.1, the energy as a function of voltage is shown for two different data sets. Set 1 was
obtained on a different day than set 2, which might have an effect on the differences observed.
They both show an increase in discharge energy as the applied voltage increases. For voltages
U < 2 kV, the increase seems to be linear. For higher voltages, U > 2 kV, the increase becomes
non-linear and the energy increases rapidly. This behaviour can also be seen in similar work. For
instance, Jiang et al. [51] found that the energy per pulse of their surface DBD scaled linearly with
applied voltage in their measured range of 9 to 18 kV. While Malik et al. [37] found a non-linear
(quadratic/exponential) relation in the larger voltage range of 5 to 25 kV. Both works involve a
surface DBD, rather than a volume DBD, such as used in this work. Surface DBDs have the same
discharge mechanisms as a volume DBD, however, their spatial behaviour can be different. As
the voltage applied to a surface DBD increases, the plasma will expand over the surface. On the
other hand, a volume DBD will expand in 3D space. This might lead to different scaling laws for
the energy and voltage. Not a lot of literature is found for this effect in a volume DBD.

The total energy in figure 5.1 is in the order of 0.1 mJ, while the displacement energy is in the
order of 0.1 μJ. The relative error in all the energies is 4%, see appendix D. At a pressure of 500
mbar and a voltage of 2.0 kV, a discharge energy of 0.3 mJ is found. With the used dielectric area
of 8400 mm2, this gives a dissipated surface energy density of roughly 180 mJ/mm2 or 18 J/cm2.
If we use a time of 2.5μs, based on the high voltage pulse length, to get a raw estimate of the power
density, we obtain a value of 7.2 W/cm3. This is comparable to what Boisvert et al. find with their
helium volume DBD [61]. Furthermore, they determine that the transition between an APTD and
APGD occurs at roughly 1 W/cm3. As the power density (raw estimate) obtained in this work
is slightly above this transition value, it again indicates that the DBD in this work operates at
the boundary of the two modes. It should be noted that Boisvert et al. use higher frequencies of
50 kHz to drive their discharge. APTDs at lower frequencies might need a higher power density
to transition to the APGD, because there are less memory charges. The displacement energy is
expected to be zero as the energy generated by the rearrangement of charges at the beginning of
the pulse is to be balanced by the redistribution of these charges at the end of the pulse. In figure
5.1 it can be seen that the displacement energy is indeed close to zero and that most of the energy
goes into the plasma. That approximately 0.1% of the total energy is due to the displacement
current, indicates that the system is not perfect and that there is some leakage of charge during
the pulse. The displacement energy will always have some non-zero value due to noise in the
current and voltage signals.
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Figure 5.1: The discharge (Epl) and displacement (Edisp) energy as a function of voltage for two
different data sets. Measurements were taken in pure helium at a pressure of 500 mbar.

The figure shows the results from two data sets. The differences between the data sets are the
date at which the measurements were taken and the time between flushing the vessel and actually
taking the measurements. Another significant difference is the changes in electrode geometry.
The connection between the electrodes and the dielectric was changed between the data sets. The
different data sets follow the iterations from the first DBD design up to the final design. This can
lead to difference in values, but gives the same overall behaviour.

5.2 Function of pressure

Figure 5.2 shows the change in energy as a function of pressure measured at two different applied
voltages. A slight decrease in discharge energy can be observed at 2.0 kV in figure 5.2b. However,
this behaviour is not visible at 1.2 kV in figure 5.2a. This might indicate that a higher voltage
enhances the effect that pressure has on the energy. It is expected that as the pressure increases,
the (elastic) collision frequency will increase as well. As more collisions take place, the mean free
path of the electrons will decrease. The electrons will lose their energy, through elastic collisions,
to the atoms and ions. The result of the small mean free path is that it is more difficult to
supply energy to the electrons. Less energy will therefore be delivered to the plasma, and hence
the discharge energy is lower. The displacement energy in figure 5.2b is two orders of magnitude
higher than the displacement energy in figure 5.2a, 10−4 compared to 10−6 J. This increased
displacement energy, that increases as the voltage increases, is only seen in a certain data set,
indicating that there was some leakage of current in the corresponding electrical setup.
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Invisible

(a) 1.2 kV

Invisible

(b) 2.0 kV

Figure 5.2: The discharge (Epl) and displacement (Edisp) energy as a function of pressure. Meas-
urements were taken in pure helium at two different voltages; (a) at 1.2 kV and (b) at 2.0 kV. Note
the difference in magnitude of the y-axss.

5.3 Function of mixture

The energy as a function of increasing helium fraction in the gas mixture can be seen in figure 5.3
for two voltages. The energies seem fairly constant at both voltages, although they have a slight
increasing slope at 2.2 kV. The data point at 100% helium is noticeably higher than the other
four points. This can be explained using the mean electron energy. Because helium has a lower
polarizability than argon, the elastic collision cross section between electrons and helium is smaller
than between electrons and argon [54]. The mean free path of electrons is therefore larger. This
causes the mean electron energy in a helium plasma to be larger than in an argon plasma with
the same reduced electric field [62]. When the electron energy is high enough, helium metastables
can form. These metastables are able to ionize argon according to the Penning effect:

He∗ + Ar→ He + Ar+

During the Penning ionization process, an excited atom with an energy level higher than the
ionization energy of another atom, will ionize this atom. This adds another pathway, next to
collisions with argon atoms, through which the electrons can lose their energy, and in turn to
another pathway for the energy to be dissipated in the plasma. This can significantly increase the
discharge energy and therefore, might be able to explain the data point at a 100% in figure 5.3.

That this effect suddenly becomes clear when the percentage of helium in the mixture ap-
proaches a 100% was also seen by Niermann et al. [63]. They observed a sharp increase in helium
metastables as the helium percentage passed the 95%. Niermann et al. attributed this to the
much lower excitation thresholds of argon compared to helium.

Simulations using Bolsig+ are performed to get a crude estimation of the electron energy in a
helium and in an argon plasma. Bolsig+ solves the Boltzmann equations to describe the transport
of electrons and ions [64]. A more detailed explanation can be found in appendix E. The program
requests a value for the reduced electric field, in Townsend, as an input. Using a value of 2 kV of
applied voltage together with a number density of 2.4 · 1025 m-3, obtained from the ideal gas law
at a pressure of 1 bar, leads to a value for the reduced electric field of 41 Td. From the simulations
a mean electron energy of 9.0 eV in helium and 6.1 eV in argon is found. This confirms that the
mean electron energy in a helium plasma is larger than in an argon plasma. Because of this, the
argon atoms in a helium/argon mixture will receive more energy from the collisions with electrons
and therefore more argon will be ionized than in a pure argon plasma. The energy coupling into
the plasma is therefore enhanced and as such, the total energy applied per pulse increases.
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Invisible

(a) 2.0 kV

Invisible

(b) 2.2 kV

Figure 5.3: The discharge (Epl) and displacement (Edisp) energy as a function of the helium over
argon ratio. Measurements were taken at a pressure of 500 mbar and at (a) 2.0 kV and (b) 2.2 kV.

Figure 5.4: The mean electron energy as a function of the helium percentage in the gas mixture.
Data is obtained from Bolsig+ simulations using a reduced electric field of 37 Td.

As the percentage of helium increases (or that of argon decreases), the mean electron energy
will increase. This effect is visualized using the Bolsig+ simulations. Figure 5.4 shows the mean
electron energy as a function of helium over argon ratio. From this figure it can be seen that
the mean electron energy increases rapidly as the helium over argon ratio approaches 1. This, in
combination with the aforementioned effect of an increased mean electron energy, might explain
the sudden increase in discharge energy in figure 5.3b.
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Chapter 6

Results: Spatial and temporal
emission spectroscopy

Using optical emission spectroscopy, information about the spatial and temporal behaviour of the
plasma can be obtained. The light emitted by the plasma passes through the spectrometer, as
described in chapter 3, before being captured by the ICCD camera. This chapter starts with a
discussion on the measured spectral lines, after which the spatial profiles of these lines are shown
as a function of time, voltage, pressure and mixture. The analysis leading to these results is
discussed in chapter 3.7. Please note that in this and following chapters ”distance to powered
electrode” actually means ”distance to the dielectric at the high voltage side”.

6.1 Measured spectral lines

The lines that are investigated in this thesis and their corresponding transitions are shown in
table 6.1. Because there are some nitrogen impurities present in the gas mixture and because
they emit light, they are also used as a diagnostic. An important mechanism in a plasma is
Penning ionization. In this work, two forms of this ionization reaction are important, the Penning
ionization of nitrogen and of argon, both by excited helium. The Penning ionization of nitrogen
looks as follows:

He∗ + N2 → He + N+
2

This effect can be observed by looking at the emission of the different states of nitrogen, N2

and N+. One of the transitions of neutral nitrogen, N2, is via the 337 nm line. On the other
hand, ionized nitrogen, N2

+, is able to transition via the 391 nm line. This means that if the 337
nm line is relatively large compared to the 391 nm line (taking into account the normal relative
intensity of the two lines), then most of the nitrogen is in the neutral state. On the contrary, if
the 391 nm line is relatively large, then more nitrogen has been ionized via the Penning process.
Thus, the 391 nm line of nitrogen is a measure for Penning ionization in the discharge [65,66].

One of the three possible helium metastables that can take on the role of He* in equation 6.1,
is the 1s4d 3D level. This level can relax to the second excited state via the 447 nm line. This
helium transition is therefore linked to the 337 and 391 nm nitrogen lines. In pure helium, the 391
nm line can be used as an indicator of the metastable species [52]. Another metastable state of
helium is the 1s2s 1S state, which can be reached via the 501 nm transition from a higher energy
level [67].

The energies of the upper levels of the transitions are 23.7, 23.7 and 20.6 eV for the 447, 492
and 501 nm lines, respectively. These are all close to the ionization energy of helium, 24.6 eV, and
as such, these levels are the upper levels of helium [67]. The argon lines correspond to a transition
from the third excited state to the first excited metastable state [68]. Both the 415 and the 420
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λ (nm) Species Upper level - Lower level ∆ E (eV) A (s-1)
337.0 N2 C 3Πu - B 3Πg(0,0) 3.6 1.3 · 107

391.2 N2
+ B 2Σ+

u - X 2Σ+
g (0,0) 3.2 1.1 · 107

415.9 Ar 5p 2[3/2] - 4s 2[3/2]0 2.98 1.4 · 106

420.1 Ar 5p 2[5/2] - 4s 2[3/2]0 2.95 9.7 · 105

447.2 He 1s4d 3D - 1s2p 3P0 2.77 6.8 · 105 − 2.5 · 107

492.2 He 1s4d 1D - 1s2p 1P0 2.52 2.0 · 107

501.6 He 1s3p 1P0 - 1s2s 1S 2.47 1.3 · 107

Table 6.1: The different measured lines together with their transitions, energies and Einstein coeffi-
cients. Values obtained from [65,69,71].

nm lines of argon are relatively the most intense lines of excited argon in the 350− 550 nm range,
even though there are lines with a higher Einstein coefficient [69]. The 420 nm line is populated
via the ground-state for low pressures (10−3 mbar), while for higher pressures, such as in this
thesis, the metastable excitation route becomes more important [70].

6.2 Function of time

In order to get a higher temporal resolution, the shutter time of the camera was decreased to 50
ns, while the delay value varied in steps of 25 ns. This means that there is some overlap in the
images taken. The beginning of the high voltage pulse is shown in figure 6.1. The dotted vertical
lines indicate the moments in time at which an image of the spectrum is taken. The lines are
drawn 25 ns after the camera is triggered, so in the middle of the image acquisition duration. If
we take the time at which the intensity profile has its maximum as tmax, then in the figures in
this section (6.2), the dotted lines indicate the profiles at times t > tmax. The solid-dashed lines
on the other hand, show the profiles at times t < tmax. The completely solid line shows the profile
at t = tmax.

Pure helium

First, the temporal results in pure helium are presented. Afterwards, the results for the helium
argon mixture are shown.

The spatial distributions of the 337 and 391 nm emission lines of nitrogen N2 and N2
+, re-

spectively, are shown in figure 6.2. The intensity is normalized to the maximum intensity at time
tmax. In figure 6.2a it can be seen that the 337 nm transition is excited more towards the powered
electrode. This asymmetry in the gap quickly grows in the beginning (from −40 ns to 10 ns). The
profile then remains asymmetric, but becomes more flat and slowly more symmetric.

The spatial profile of the 391 nm line in figure 6.2b is symmetric around the centre of the
gap. A fluid model developed by Massines et al. [15] shows a similar behaviour of N2

+. Over
their entire investigated range, the ionized nitrogen density remained constant and appeared to be
independent of the electric field. That the intensity (and density) is constant, indicates that the
nitrogen is ionized via Penning ionization and not via the electric field dependent electron impact.
The intensity decreases over time, while the overall profile remains the same. At the right side
of the powered electrode a parasitic discharge is visible. This smaller discharge is located outside
the gap and is undesirable, as it contributes to the inhomogeneity of the plasma. As the intensity
at the centre decreases, the intensity of the parasitic discharge increases. This behaviour will be
discussed later on when the helium lines are discussed.

The helium 447, 492 and 501 nm lines are shown in figure 6.3. The intensities of the three
helium lines increase quickly for the first few timesteps. Then, they decay within approximately 50
ns. They all show parasitic behaviour around the powered electrode. Especially the 501 nm line
has a relatively large, growing discharge outside the gap. The growth over time of the intensities of
the helium lines outside the gap (above the powered electrode), tells us that the density of excited
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invisible

(a)

invisible

(b)

Figure 6.1: The timestamps at which the temporal measurements are taken, indicated by the dotted
lines. The timing is shown with respect to the voltage signal in (a) and with respect to the current
signal in (b). Measurement taken at 700 mbar and 2.2 kV in pure helium.

(a) 337 nm (N2) (b) 391 nm (N2
+)

Figure 6.2: Spatial and temporal distributions of nitrogen lines in a pure helium plasma. The
dielectrics are indicated in blue, where the electrodes are attached on the outsides. Measurements
taken at 700 mbar and 2.0 kV.
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(a) 447 nm (He) (b) 492 nm (He)

(c) 501 nm (He)

Figure 6.3: Spatial and temporal distributions of helium lines in a pure helium plasma. The dielec-
trics are indicated in blue, where the electrodes are attached on the outsides. Measurements taken at
700 mbar and 2.0 kV.

helium there increases later than inside the gap. This can explain the increase in the parasitic
discharge intensity of the nitrogen 391 nm line in figure 6.2b. The excited helium density outside
the gap increases later in time, so the Penning ionization starts later and as such the ionized
nitrogen density starts increasing later.

Over time, the three lines move towards the grounded electrode (to the left in the figures).
This is also seen for the 492 nm line by Ivkovic et al. [46, 72]. Compared to the nitrogen 337 nm
line, and to a smaller extent the 391 nm line, the helium lines are narrow and decay fast. They
also show a deflection at the interface with the dielectric, which might be due to reflections in the
dielectric. This is also observed by Ma et al. [73], who are even able to correct for such reflections.

Helium-argon mixture

The results for the spatial distribution measurements in a 90% helium and 10% argon mixture are
shown in figure 6.4. The 415 nm argon line in figure 6.4a is centered around the middle of the
gap. It decays within some tens of nanoseconds and flattens. The behaviour of the 420 nm argon
line in figure 6.4b is very similar to the 415 nm line. The parasitic discharge also decays over time
for both these lines.

The spatial distribution of the 492 and 501 nm helium lines in the mixture are shown in figure
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(a) 415 nm (Ar) (b) 420 nm (Ar)

Figure 6.4: Spatial and temporal distributions of argon lines in a 90% helium and 10% argon mixture.
The dielectrics are indicated in blue, where the electrodes are attached on the outsides. Measurements
taken at 700 mbar and 2.0 kV.

6.5. The signal to noise ratio of the 492 nm line in figure 6.5a is lower than in figure 6.3b as
the intensity of the line is much less than in the pure helium plasma. This indicates that this
level is excited a lot less when argon is added to the mixture. The unnormalized versions of the
distributions show that, compared to the 492 nm line, the 501 nm line in figure 6.5b is much more
intense and therefore has a higher signal to noise ratio. The peak of the 501 nm profile shows
the same tendency to move to the grounded electrode as the 501 nm line in pure helium. The
intensity of the parasitic discharge is lower in the mixture than in pure helium, but still becomes
equal to the intensity in the middle of the gap.

The maxima of the spatial profiles of the lines are plotted as a function of time in figure 6.6.
The timing is the same as in figure 6.1, however, the data points are now plotted in the middle of
their corresponding imaging bin (shutter time). For instance, a data point measured with a delay
of 10 ns is plotted at t = 35 ns, because a shutter time of 50 ns means that it represents light
from 10 < t < 60 ns. Because for some lines the parasitic discharge becomes more intense than
the central profile, only the intensity distribution inside the gap is taken into account.

In figure 6.6a it can be seen that the 447, 492 and 501 nm helium lines reach their maximum
at approximately t = 10 ns. The 337 and 391 nm nitrogen lines reach their maximum 25 ns
later, at approximately t = 35 ns. Looking at the decay of the intensities, it can be seen that
both nitrogen lines decay slower than the three helium lines. These observations together show
that the excitation processes are different. The decay of the helium lines is comparable to that
of the current, meaning that the upper states are primarily populated by electron impact [46].
Meanwhile, the delay and slower decay in the nitrogen 391 nm line, indicate that the dominant
ionization process of nitrogen is Penning ionization [52]. In principle, the intensity of the helium
lines should peak around the same time as the current signal, but due to errors in the calculation
of the delays between the machines and due to a relatively low temporal resolution this might be
shifted.

From figure 6.6b it can be seen that the argon 415 and 420 nm lines reach their maximum at
roughly the same moment as the 492 and 501 nm helium lines. However, the intensity of both
argon lines increases faster from −45 to 10 ns. Their maximum might be reached between −15
and 10 ns. In order to verify the exact temporal location of the maximum, a higher temporal
resolution is needed. The intensities of the 415 and 420 nm argon lines decrease faster than those
of the 492 and 501 nm helium lines for t > 10 ns.

31



CHAPTER 6. RESULTS: SPATIAL AND TEMPORAL EMISSION SPECTROSCOPY

(a) 492 nm (He) (b) 501 nm (He)

Figure 6.5: Spatial and temporal distribution of helium lines in a 90% helium and 10% argon mixture.
The dielectrics are indicated in blue, where the electrodes are attached on the outsides. Measurements
taken at 700 mbar and 2.0 kV.

337 nm (N_2)

391 nm (N_2)

(a) Pure helium (b) 90% He - 10% Ar

Figure 6.6: Maximum intensities of the different lines as a function of time, normalized to their own
global maximum. The discharge current can be seen in the background in red.
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6.3 Function of mixture

The lines that are studied in section 6.2, are also investigated as a function of mixture. The
helium over argon ratio is varied while the camera recorded the spatial distribution of the lines.
The results can be seen in figure 6.7. The intensities are normalized to the nitrogen 337 line.
Some of the lines have their intensities amplified, because they would otherwise not be visible.
This enhancement factor is identical for the 87%, 90% and 95% mixtures, but is different for the
98% case.

The 337 and 391 nm nitrogen lines in figure 6.7 seem to complement each other in the way
that the 337 nm line peaks to the right, while the 391 nm line peaks to the left. This relation
between the two lines is caused by the Penning ionization of neutral nitrogen. There where the
nitrogen is ionized via helium, the 391 nm line will be more prevalent, compared to where there
is less Penning ionization, where the 337 nm line is higher. The distribution of the 391 nm line
is similar to what is seen by Tschiersch et al. [52]. In their paper they observe a difference in
the spatial profile of the line, depending on the type of discharge. They make the distinction of
the behaviour between the APTD and the APGD. In the case of an APGD, the 391 nm line will
be evenly distributed between the electrodes, with a small increase in intensity near the negative
electrode. This is also what can be seen in, for example, figure 6.7a. In an APTD on the other
hand, the emission of the 391 nm line will be localized near the powered electrode. This is caused
by the exponential increase in electron density towards the powered electrode. The increase in
electron density near the powered electrode can also explain the shape of the 337 nm line. Near
the powered electrode, the increased electron density will excite the neutral nitrogen atoms, but
will not have enough energy to ionize them. However, closer towards the grounded electrode, the
cathode fall will enhance the electric field gradient, which will give the electrons the extra energy
they need to excite helium. This will in turn lead to more ionized nitrogen via Penning ionization.

Niermann et al. have shown that reducing the gap size of a helium plasma jet, changes the
spatial profile of the helium emission [74]. At large gap sizes, the helium lines will peak near the
electrodes. The distance between these two peaks will decrease as the gap size decreases. Near
a certain gap size, 1 mm in their work, the two peaks will overlap and only a single peak will
be visible. Altough this is demonstrated for a jet, it might also be applicable to the DBD in
this work. The gap width can intuitively influence the spatial profile of the plasma. However,
the actual width at which this happens is, as far as known, undetermined. It might explain why
only a single helium peak is visible in these profiles, while other work shows two peaks near the
electrodes, also in the case of the argon lines [52,63,73]

The intensities of the nitrogen lines differ by a lot, except for the 98% case, where they are
almost equal. This can be explained by the higher helium density, and thus a higher mean electron
energy as discussed in 5.3. Near the 98%, Penning ionization will be prevalent and will ionize the
nitrogen, leading to less neutral nitrogen (337 nm) and more ionized nitrogen (391 nm).

As the helium ratio increases, the 391 nm nitrogen line seems to increase rapidly. To visualize
this change, the maximum intensity of the 391 nm line is plotted as a function of mixture in
figure 6.8a. The intensity first drops as the ratio increases from 87% to 90% helium. As the ratio
increases further, the intensity increases by a factor 100. A similar plot was made for the 501 nm
line (figure 6.8b), which shows similar behaviour. The intensity again increases rapidly around
the 90%. It increases relatively less than the 391 nm line, by a factor of 2 to 3.

In order to explain this observation, there will again be refered to the mean electron energy as
a function of helium over argon ratio, which is shown in figure 5.4. The same effect that caused
the increase in dissipated energy as a function of mixture in section 5.3 might responsible for
this increase in intensity. As more helium is added to the mixture, the mean electron energy will
increase. When the helium over argon ratio passes ninety percent, the high energy electrons in
the tail of the electron energy distribution (Maxwellian) will have enough energy to ionize argon.
When the electrons are used for ionizing argon, they will have little energy left to excite helium.
As the ratio is increased further, the electrons will gain more energy and will be able to excite
more helium atoms. This combined with relatively more helium atoms in the mixture will lead to
more Penning ionization of nitrogen. This mechanism might be able to explain the trends visible
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(a) 87% He - 13% Ar (b) 90% He - 10% Ar

(c) 95% He - 5% Ar (d) 98% He - 2% Ar

Figure 6.7: Spatial intensity profiles of the 337 and 391 nm nitrogen lines, the 420 nm argon line
and the 501 nm helium line for different gas mixtures. Measurements taken at 700 mbar and 2.0 kV.
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Invisible

(a) 391 nm (N2
+)

Invisible

(b) 501 nm (He)

Figure 6.8: The maximum intensity of the nitrogen 391 nm line and helium 501 nm line as function
of the helium over argon ratio.

Figure 6.9: The ratio of the intensities of the 391 nm and 337 nm lines as function of percentage of
helium in the plasma.

in figures 6.8a and 6.8b.

That the Penning ionization suddenly becomes more prevalent at large helium percentages in
the mixture is also backed up by figure 6.9. In this figure the ratio of intensities of the 391 and 337
nm nitrogen lines is plotted as function of helium over argon ratio. Referring back to section 6.1
and equation 6.1, the result of Penning ionization is the N+

2 molecule, which emits light according
to the 391 nm transition. On the other hand, the amount of N2 in the discharge will reduce as
more nitrogen is ionized. Therefore, the intensity of the 391 nm line should increase relatively to
the intensity of the 337 nm line. This is exactly what can be seen in figure 6.9.

6.4 Function of voltage and pressure

6.4.1 Position of the line profile maximum

The two graphs in figure 6.10 show the spatial position of the maxima of the 337 and 391 nm
lines of nitrogen, as a function of applied voltage and pressure. Figure 6.11 shows the same
measurements, but then for the 447 and 501 nm helium lines. The relative error in the position is
between the 0.5 and 3%. From figure 6.10 it can be seen that the position of the maxima of the
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(a) 337 nm (N2) (b) 391 nm (N2
+)

Figure 6.10: The locations of the maxima of the two nitrogen lines as a function of voltage and
pressure.

(a) 447 nm (He) (b) 501 nm (He)

Figure 6.11: The locations of the maxima of the two helium lines as a function of voltage and
pressure.

337 and 391 nm nitrogen lines does not vary with voltage. However, the 447 and 501 nm helium
lines seem to indicate that for low pressures (300 - 500 mbar) the position shifts more towards the
grounded electrode as the voltage is increased. On the other hand, for the two higher pressures
(600 and 700 mbar) the locations shifts towards the powered electrode.

By comparing the four graphs together, it can be concluded that the two helium lines both peak
roughly in the middle of the gap, around −1 mm. Meanwhile the two nitrogen lines differ. The
337 nm line is slightly more towards the powered electrode, at about −0.85 mm, while the peak
of the 391 nm line is located more towards the grounded electrode, around −1.25 mm. Similar to
6.7a this seems to indicate that the plasma is an APGD, as discussed by [52].

6.4.2 Width of the line profile

The Full Width at Half Maximum (FWHM) of the spatial profile inside the gap is calculated
relative to the gap size. The results are shown in figures 6.12 and 6.13 as function of voltage and
pressure. The widths of the nitrogen profiles do not change with either voltage or pressure. From
figures 6.2a and 6.7 it can be seen that for the 337 line almost the entire gap is filled by the profile.
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(a) 337 nm (N2) (b) 391 nm (N2
+)

Figure 6.12: The FWHM of the two nitrogen lines as a function of voltage and pressure.

(a) 447 nm (He) (b) 501 nm (He)

Figure 6.13: The FWHM of the two helium lines as a function of voltage and pressure.

This is also reflected by the FWHM of this line, which is around 80% of the gap. The width of
the 391 nm line is slightly smaller, but still rougly 70%. These wide nitrogen distributions have
also been seen in other works [15,52]. The relative error in the FWHM is between the 1 and 10%.

The helium profiles in figure 6.13 are narrower, their FWHM is around 50 -60% of the gap
size. Interestingly, they show a different trend as a function of pressure. While the width of the
447 nm line increases as the pressure increases, the width of the 501 nm line decreases, meaning
that the helium line fills the gap less than the nitrogen line.

6.4.3 Maximum intensity

The maximum value of the intensity profiles of the four lines is plotted in figures 6.14 and 6.15
as a function of voltage and pressure. The maximum intensity of the 337 and 391 nm nitrogen
lines increases as the voltage increases. This increase in intensity can also be seen at the helium
lines. By applying more voltage to the plasma, the electrons will gain more energy and will be
able to excite more helium and nitrogen atoms [75]. More light will be emitted when the excited
atoms relax back to their lower energy levels. The enhanced helium concentration will also lead
to more Penning ionization and thus to more ionized nitrogen, which can be seen in the relatively
large increase in intensity of the 391 nm line. These processes will lead to a higher intensity of the

37



CHAPTER 6. RESULTS: SPATIAL AND TEMPORAL EMISSION SPECTROSCOPY

(a) 337 nm (N2) (b) 391 nm (N2
+)

Figure 6.14: The maximum intensity of the two nitrogen lines as a function of voltage and pressure.
Note the difference in magnitude of the y-axes.

(a) 447 nm (He) (b) 501 nm (He)

Figure 6.15: The maximum intensity of the two helium lines as a function of voltage and pressure.

plasma.

For the nitrogen lines and the 447 nm helium line there is no clear relation between pressure
and the maximum intensity. The 501 nm helium line on the other hand, shows a decrease in
intensity as the pressure is increased. It is expected that as the pressure increases, the (elastic)
collision frequency will increase as well. As more collisions take place, the energy of the electrons
and the excited species will be distributed over the rotational and vibrational energy levels. The
mean electron energy is therefore lower, as argued in section 5. This effect is also demonstrated
using Bolsig+ (appendix E). In figure 6.16 the mean electron energy as function of the reduced
electric field is shown. As the reduced electric field is defined as the ratio of the electric field over
the number density of neutral particles, it can be linked to the pressure in the vessel. A higher
pressure, at constant electric field, leads to a higher number density of particles, and therefore a
lower reduced electric field. In this way, varying the reduced electric field, such as in figure 6.16, is
equal to varying the pressure (in the case of an ideal gas and at constant pressure). It can be seen
in the figure that the mean electron energy decreases as the reduced electric field decreases, and
thus as the pressure increases. From the difference between the maximum and the minium electron
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(a) (b)

Figure 6.16: Results from Bolsig+ simulations showing the (a) mean electron energy and (b) differ-
ence between the maximum and mean electron energy in a pure helium plasma. The reduced field is
inversely proportional to the pressure, such that lower values of the reduced field are equal to a higher
pressure.

energy, it can be observed that as the pressure increases, there are less high energy electrons. The
excitation cross section of the higher energy levels will therefore be lower.

A lower mean electron energy might cause the higher-lying energy states to be less populated.
When a level is less populated, it will emit less light and as such the intensity of the corresponding
line will be lower. This only holds for energy levels that are mainly excited via electron impact.
From this we might be able to conclude that the upper level of the 501 nm helium line is excited
via electron impact, as it experiences the largest reduction in intensity as the pressure increases.
The other levels might have different excitation mechanisms, making them less sensitive to changes
in the mean electron energy.
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Chapter 7

Conclusion and general discussion

In this thesis a DBD in helium and in a helium/argon mixture is investigated. From the obtained
voltage and current signals the discharge energy per pulse is calculated. A value in the order
of 0.1 mJ is found for all parameter sweeps. Literature suggests that around this energy value
the DBD is operating at the boundary of the APTD and APGD modes. The discharge energy
is found to increase as function of voltage and slightly decrease as function of pressure, which
can both be physically explained. As the helium over argon ratio approaches a 100%, the energy
dissipated during the discharge increases rapidly. This is explained by the non-linear increase in
mean electron energy as the percentage of helium in the mixture increases. The rapid increase in
discharge energy is also confirmed by Bolsig+ simulations, which show the same behaviour of the
energy.

Different emission lines of the plasma are analyzed spatially and temporally. The 337 and 391
nm lines of nitrogen show that the ionization of nitrogen mainly takes place via Penning ionization.
This can be seen in the symmetric spatial profile and in the delayed intensity peak compared to
the helium lines. The profile of the 391 nm line is conform the description made by Tschiersch et
al. [52] about the APGD. A fluid model developed by Massines et al. [15] is also able to reproduce
a shape similar to the observed 391 nm line profile. The 447, 492 and 501 nm lines of helium
are centered around the middle of the gap. This might be an effect of the gap being too small
to observe spatial separation of two intensity peaks located near the electrodes. This effect is
demonstrated by Niermann et al. [74]. Over time, the peaks of the helium lines move towards
the grounded electrode. This movement is seen for the 492 nm line by Ivkovic et al. [46,72]. The
argon 415 and 420 nm lines peak around the middle of the gap, similar to the helium lines, but
their profile flattens over time.

The temporal analysis shows that the argon lines reach their maximum a few tens of nano-
seconds earlier than the helium lines. The maxima of the nitrogen lines occur roughly 25 nano-
seconds later than the helium maxima. The decay of both the helium and the argon lines is
comparable to the decay of the current signal, indicating that they are mostly excited via electron
impact. However, the temporal shapes of the helium and argon lines do not perfectly overlap with
the current signal, which is likely due to uncertainty in the timing and the relatively low temporal
resolution. The decay of the nitrogen lines is clearly slower than the current decay. This again
shows that the excitation process of nitrogen is dominated by Penning ionization.

The increase in intensity of the 391 and 501 nm lines as the percentage of helium in the mixture
increases also supports the idea of more Penning ionization as a result of a higher mean electron
energy. On the other hand, adding argon to the helium plasma seems to decrease the intensity of
the 492 nm line. This would mean that the upper level of this transition is occupied less as more
argon is present in the discharge.

A few things are concluded from the line profile properties as a function of voltage and pressure.
The peak of the nitrogen 337 nm line profile is located more towards the powered electrode, while
the peak of the 391 nm nitrogen line is located closer to the grounded electrode. This is another
indication for the APGD mode. The large width of these profiles, 70− 80% of the gap, does not
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vary with pressure or voltage. The three helium lines are located in the middle of the gap and
are narrower than the nitrogen lines, only 50 − 60% of the gap. The intensities of all measured
lines increases with increasing voltage, which is attributed to more energy being supplied to the
discharge. The intensity of the helium 501 nm line decreases with increasing pressure. This might
be caused by a lower mean electron energy and less high energy electrons, which is demonstrated
using Bolsig+.

Of course, as with most experiments, there are some uncertainties in the results. These un-
certainties and their origins, as well as other drawbacks of the experiment, are discussed in the
remaining part of this chapter. Perhaps the most limiting factor of the experiment is the camera.
It has neither internal nor external cooling. This may influence longer measurements, as the cam-
era heats up during the image acquisition. The camera is therefore turned off as much as possible
(during for instance flushing of the vessel), but for multipe measurement sets after one another,
this may impact the results. A higher camera temperature leads to more white noise on the image,
which reduces the resolution of the obtained images. For roughly every three accumulated images
that are taken, one will show distinct oscillations in the signal. The oscillations have a period of
roughly 4 pixels and are only visible in the horizontal direction (on the wavelength axis). Whether
this is a temperature related effect remains unclear, as no clear relation is found between the
occurrence of oscillations and the time the camera was taking images. Another disadvantage of
the camera is that the on-chip integration time can not be set. Instead, the number of exposures
has to be increased to obtain more light. However, combining multiple exposures introduces more
read-out noise and drastically increases the time of one measurement.

The CCD chip inside the camera has a quantum efficiency of roughly 10 − 20% in the used
wavelength range. This means that for every 100 incident photons, 10 − 20 electrons will be
created. A consequence of this, is that in case of really low light intensities, there will be very
little electric signal. The exact value of the quantum efficiency becomes important when absolute
intensity values are necessary. Because in this thesis the intensities are mainly used relative to
each other, the quantum efficiency is not incorporated in the calculations. This should be kept in
mind before basing conclusions on the obtained intensities.

In order to check for the presence of nitrogen impurities in the gas mixture, a broad-band
spectrum of the plasma is made using a Avantes AvaSpec-2048 fiber optic spectrometer, in com-
bination with the AvaSoft software in order to analyse the data. Two of these spectra can be seen
in appendix F. The vessel, all the tubing and the connections with the gas bottles were checked
and adjusted accordingly. This resulted in a spectrum that contained a lot less nitrogen (see
appendix G).

However, the nitrogen impurities can not be completely avoided, as some will still leak into
the vessel through the tubing. This may have an impact on the spectrometer measurements (for
the spatial profile), as they take about half an hour each and sometimes multiple are performed
in succession. Due to nitrogen entering the vessel, the pressure will increase by roughly 0.2 mbar
every thirty minutes. The pressure reducer at the argon gas bottle had to be fixed a few times, as
it could be heard leaking and placing soap on the tubing there would create bubbles, indicating
air flow. However, there might still be some leaking in of nitrogen through this connection. The
amount of nitrogen is also reduced by flushing the vessel before measurements. This takes about
half an hour with the used pump. A faster/stronger pump will decrease this time, but more
importantly will also be able to pump the vessel down to lower pressures, reducing the amount of
impurities left.

Despite all these efforts, there is still nitrogen present in the vessel, because the spectra show
a non-zero intensity for the (337 and 391 nm) nitrogen lines. In theory the amount of nitrogen
should be zero, but this is practically not obtainable. The gas bottles are also not perfectly 100%
helium or argon, but 99.999%, leading to nitrogen in even the most perfect scenario. The leaking
in of nitrogen makes relating measurements taken at different times more difficult. The impurities
also make it impossible to study a helium or helium/argon plasma without interactions with other
species. It should be noted that nitrogen helps create a diffuse plasma [52]. It might therefore be
beneficial to always leave some nitrogen in the gas mixture.

However, one of the good things, is that the observed width and location of the nitrogen 337

42



CHAPTER 7. CONCLUSION AND GENERAL DISCUSSION

and 391 nm lines does not vary with voltage or pressure. This suggest that although there is
nitrogen present, it is a constant factor. It might then even be possible to correct for the nitrogen
in the discharge, but this is still quite far in the future. Much more research is needed on the
effects of nitrogen on the discharge behaviour before this is possible.

The geometry of the electrodes and dielectrics has a big influence on the discharge. Varying
the setup parameters, like gap width, dielectric-electrode connection and electrode shape, changes
the operational regime of the DBD. Not only do these parameters change the breakdown voltage,
they also determine where and when arcs/sparks will form. As can be seen in the results from
chapter 6, a parasitic discharge forms outside the gap. It forms at the powered electrode, near the
connection to the wire.

A small, relatively intense spark was visible at the ede of the electrode, where it touched the
dielectric. This spark is avoided by using conducting glue for the connection. When the voltage
increases, sparks will form at the edges of the dielectric. These can partly be prevented by placing
non-conducting tape over the edges, which increases the effective distance from one ITO coated
side to the other. When the voltage reaches even higher values, arcs between the DBD and the
vessel wall can be seen, as well as heard, as they make an audible sound. They draw all the
current from the plasma, which extinguishes the discharge in the gap. Corona discharges between
the DBD and vessel are visible at low pressures, even at lower voltages. What these examples are
illustrating, is that the configuration of the electrodes and the dielectrics has a major effect on the
behaviour of the discharge.

The current and voltage measurements are performed over the course of the thesis, and as such,
multiple measurement sets are formed, where the configuration of the setup is changed between
different sets. With the aforementioned change in behaviour as a result of different configurations,
this will obviously lead to difficulties in comparing the data from different measurement sets with
one another. For instance, this is why figure 5.1 shows two different data sets. It may explain the
difference in absolute values of the two subsets.

The spectrometer setup, the combination of the ICCD camera with the spectrometer, had to
be calibrated (as described in section 3.6.1). From these calibration images it is concluded that the
lines on the image shift upwards when the wavelength increases. This suggests that the grating
inside the spectrometer is tilted. This shift in height as function of wavelength is calculated from
the calibration images. A linear relation between the location of the line and the wavelength
is assumed. So the line shifts upwards with the same shift when the spectrometer wavelength
increases from, for example, 300 to 310 nm as from 500 to 510 nm. However, it is also possible
that this relation is non-linear and that for instance the shift at larger wavelengths is bigger than
for smaller wavelengths. This can not easily be determined, because there are only calibration lines
at certain discrete wavelengths and because the camera is only sensitive to a restricted wavelength
range, so not every wavelength can be calibrated with this calibration lamp.
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Chapter 8

Outlook

During the thesis, different drawbacks of the setup became apparent. These limitations are dis-
cussed, such that they can be improved for future research. Furthermore, some future directions
of the research on DBDs in a helium and argon mixture will be discussed.

First of all, the vessel can be made more suitable for the discharge. A larger vessel will increase
the distance between DBD and the vessel wall, which leads to less corona discharge and arcing
between the two. This effect can also be obtained by reducing the size of the discharge, by means
of smaller dielectrics and electrodes. Further improving the electric feed through through the
vessel wall will make sure no plasma can form there, not even at higher voltages.

Another improvement would be to not cover the entire glass in ITO coating, but leave the edges
non-conducting. This will suppress sparks forming at the edge. Making the edges of the dielectric
smooth will also prevent spark formation, as sharp edges will have a locally higher electric field,
which can start a spark. Using copper tape as a replacement for the ITO coating is a possibility,
however, care has to be taken in that the tape is evenly attached to the glass. Any irregularities
in tape placement will lead to undesired discharges. A possible future design would be to attach
the wire to copper tape, using conducting glue, for both the high voltage and the grounded side.

The electric connection between the high-voltage wire and the electrode can also be made
smoother, again to avoid sharp edges. It is found that soldering to copper tape or an ITO coating
does not work. Neither does directly taping the wire to the dielectric. Both approaches will lead
to discharge at the connection instead of in the gap. Approaches on how to make the connection
solid or smoother will therefore be left to the creativity of the future researcher. Removing all the
unwanted discharges will increase the energy avaible to the discharge inside the gap, which should
generate a more stable and perhaps more homogeneous plasma.

Furthermore, the gas flow system can be improved. By using tubing with a larger diameter,
gas transport will be easier. With narrow tubes it is more difficult for the pump to extract the
gas from the vessel [76]. This means that it takes longer for the pressure to decrease, which is
not just a convenience related aspect, but also that the lowest obtainable pressure is higher than
when larger tubes are used. The type of valve used also has an effect. In this thesis a needle valve
is used for accurate control over the pressure. However, using a valve that is either open or close
will obstruct the flow less and allows for faster pumping, with the accompanying advantages. A
quality of life improvement would be to use flow controllers with a higher maximum flow, again
to shorten the duration of the whole flushing process.

Finally, significant improvements can be achieved by using a different camera. A short shutter
time of the camera is essential, which the used camera accomplished, however, other features are
useful as well. Being able to set the integration time of the camera avoids the need to take long
series of individual exposures, resulting in relatively high read-out noise. Cooling of the CCD chip
will reduce the thermal noise, which becomes especially important when long measurements are
performed. The electrical properties of the camera can also be improved, although they do not
influence the measurements (as far as known). One of these properties is the signal the camera
delivers when the gate is triggered. With the used camera this signal contains a lot of noise and
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is difficult to analyse.
There are still some unanswered questions regarding the DBD in a helium and argon mixture.

One of the interesting phenomena that has not been investigated in this thesis is the formation
of sheaths, or, more general, spatial structures. The cathode fall region was mentioned in chapter
2, however, such a structure is not visible in the obtained spatial profiles of the emission lines.
As is shown by Niermann et al. [74] (figure 4 in particular), the gap size might be too small to
observe significant spatial structures near the electrodes. This includes the sheath formation as
well. Because sheaths enable various physical processes, such as ion bombardment and secondary
electron emission, they might be useful to investigate for future applications of a helium/argon
DBD. Investigating sheaths requires either larger gap sizes or lower pressures (the product pd
determines the discharge).

One of the interesting future research topics is measuring electric fields using the DC Stark
effect in an argon plasma. An intermediate step would be to measure fields in a helium/argon
mixture. This will allow the method to be calibrated before being applied to a pure argon plasma.
In order to measure these fields reliably, higher voltages are desired. A higher gap voltage will lead
to a higher electric field in the gap, and will therefore make it easier to measure the field strength.
Before starting such a research, it might be useful to make sure that the DBD is operating in
an APGD regime. If it would operate in the APTD regime, it might have the tendency to form
filaments, which would be undesirable for electric field calibrations. For these calibrations an
isotropic discharge is required.

A disadvantage of the APGD-type of DBD is the formation of the cathode fall. Although
interesting, it will introduce anisotropy in the discharge. This is not desirable for the electric
field calibrations (for the Stark effect), because of the aforementioned reasons. However, if the
electric field can be reliable measured, it will be interesting to see how the electric field changes
from within the cathode fall to the bulk plasma. An electric field measurement that might be
combined with the Stark measurement, is the line ratio method. In this method the ratio between
two spectral lines of the plasma is linked to the electric field. The line ratio method is already
being used by various research groups [77–80], even in argon [81]. This method can also be used
for electron energy measurements [61, 70, 82, 83]. These two methods (Stark and line ratio) can
give useful insights on the electric field behaviour in a DBD and can be used to strengthen the
findings of this thesis.

Another research direction would be to perform more parameter sweeps. The effect of the
frequency of the high voltage pulse, as well as the pulse length, have not been investigated at all.
Because of memory charges, a higher frequency might increase the discharge energy per voltage
cycle. A relatively low frequency of 300 Hz is used in this thesis, as in the early stages higher
frequencies lead to arc formation, perhaps also due to these memory charges. However, the setup
is improved since then, and so now the frequency can perhaps be increased. The effect of the
pulse length on the discharge will most likely be limited. Very short (≈ 10 ns) pulse lengths can
be interesting, as this is the time scale of the different excitation processes. On the other hand,
very long (≈ ms at 300 Hz) pulse lengths might lead to a situation where the memory charges
of the previous discharge can influence the next discharge. What the actual effects of these two
parameters are still needs to be investigated. Especially the frequency might have an use, as it
might influence the discharge energy of the plasma.

A more fundamental research might focus more on the difference between the two discharges
per cycle. At the positive flank of the voltage pulse, there will be a discharge. This is the discharge
that has been discussed in this thesis. However, during the negative flank of the voltage pulse
there is another discharge. This discharge has not been discussed, but shows some interesting
physics. Memory charges cause this discharge to be faster and more intense, in the sense that it
has a higher maximum current, compared to the discharge at the positive flank. As immediate
applications are hard to think of, this might be a more fundamental research. Some research
groups, however, are already looking into this [84].
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Appendix A

Flushing vessel

In order to reduce the amount of impurities, such as nitrogen, in the gas mixture, the vessel was
flushed every time the helium over argon ratio was changed or after every 1-2 hours. Flushing the
vessel meant pumping it down to a few millibars of pressure, filling it with the desired mixture
and repeating these two steps three times. The spectra in figure A.1 show the effect of flushing
on the amount of nitrogen in the plasma. The spectra were taken with the AvaSpec-2048 Fiber
Optic spectrometer and visualized using the Avasoft software.

(a) (b) (c)

Figure A.1: The broad band spectra of the plasma at three different steps in the flushing process;
(a) before flushing, (b) after filling and pumping down one time and (c) after filling and pumping
down twice.
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Appendix B

Slit width

In figure B.1 it can be seen that the maximum intensity of the calibration line decreases as the
slit opening becomes narrower. At a certain value of the slit opening, the intensity is constant
and close to zero. This is the point where the opening is approximately closed. For smaller slit
widths there is still a peak visible in the images. This light at small (even negative) openings
is attributed to the slit not being entirely closed. The two sides of the slit are probably tilted
towards each other, forming a triangle. This triangle is able to let in light even though the slit
is closed. A slit width of 0.13 mm is used. Taking 0.06 mm as really closed, as this is where the
intensity becomes constant, this used slit width translates to 0.07 mm. For this slit width the
intensity in the images was acceptable enough to see a spectral profile for the dimmer lines. Also,
this slit width seems to be just before the linear regime in figure B.1b starts. As the slit widths
becomes too large, you lose the spectral resolution and start measuring the width of the incoming
light. This is characterized by a linear increase in FWHM of the line as a function of slit width.

(a) (b)

Figure B.1: (a) The maximum of the calibration line as a function of slit width. (b) The width of
the calibration line as a function of slit width.
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Appendix C

Calibration light

The relative intensities of the spectral lines emitted by the calibration light are shown in figure
C.1. The 365.01, 404.66, 435.83 and 546.08 nm lines are used for the calibrations.

Figure C.1: Relative intensities for the different spectral lines of the AvaLight calibration light.
Graph taken from [85].
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Appendix D

Error analysis

The 100% error intervals are based on the following equation:

∆S

S
=

√
(
∆x1
x1

)2 + (
∆x2
x2

)2. (D.1)

Where S is a property that depends on the variables x1 and x2. In the case of the discharge and
displacement power x1 and x2 are the voltage and current. A value of 3% is used as the error in the
measured voltage and an error of 1% for the current (both taken from their respective manuals).
The error in the power is then used together with the error in the timing of the oscilloscope (5
ppm) as x1 and x2 for the calculations of the error in the discharge and displacement energies.
The found error in the energy is 4%.

For the error in spatial profile properties (obtained from the emission spectroscopy), such as
the maximum intensity and the FWHM of the line, the following equation is used:

∆S

S
=

√
1

N(N − 1)
· Σ(xi − x̄)2 (D.2)

Where now ∆S is the error in the property/variable x, N is the number of measurements,
xi the value of the property of measurement i, and x̄ the mean of x over all measurements. For
instance, if x is the FWHM, then ∆S/S is the relative error in the FWHM when measured i times.



APPENDIX D. ERROR ANALYSIS



Appendix E

Bolsig+

Solving the Boltzmann equation gives information on the statistical behaviour of a non-equilibrium
thermodynamic system. It determines the change in parameters, such as heat and momentum,
during the transport of fluid. The power lies in analyzing the probability distribution of the posi-
tion and momentum of a typical particle, instead of analyzing every individual particle. Bolsig+
solves the equation in a steady-state situation, in case of a uniform electric field, using the cross
sections for all the different reactions that can take place in the plasma. The input of the program
is a file containing the cross sections for every species in the plasma. In this thesis the file is
obtained from LXCat [86]. The used species are argon and helium. Of each species the ionization
cross sections are used, as well as the excitation to the first excited level and the effective collision
cross section, which accounts for all total momentum transfer with the same species.

Bolsig+ also requires values for some parameters. First, the independent variable and the
accompanying range have to be defined, in this case the reduced electric field will be the inde-
pendent variable. Secondly, the gas temperature can be set. It is kept at 300 Kelvin. Finally, the
gas composition needs to be set. In this thesis the gas composition is varied from 60% helium and
40% argon to 100% helium and 0% argon. The reduced electric field is the electric field divided by
the concentration of neutral particles. A certain electric potential, gas temperature and pressure
then give a specific value for the reduced electric field. Varying any of these three parameters will
thus change the reduced electric field.

The other adjustable settings of Bolsig+ are kept at their default value. They include the
grid type, number of energy intervals, precision, convergence and maximum number of iterations.
As the program in this work is only used for illustrating purposes, the effect of these advanced
settings on the results is not investigated.



APPENDIX E. BOLSIG+



Appendix F

Broad band spectra

Spectrum obtained using an AvaSpec-2048 Fiber Optic spectrometer. The measured data is
analysed using the AvaSoft software.

Invisible

(a) Helium

Invisible

(b) Argon

Figure F.1: Measured broad range spectrum of the plasma in (a) helium and (b) argon.
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Appendix G

Discussion spectra

The broad band spectrum of the plasma can be seen at three different moments in figure G.1.
The first spectrum shows the intensities when there was relatively much leakage of nitrogen. All
the tubing was then tightened and some parts were redone. This leads to the second spectrum.
Finally, the third spectrum shows the intensities one hour later, indicating that there is still some
leakage of nitrogen into the vessel. This is however much less than before.

(a) (b) (c)

Figure G.1: The broad band spectra (a) when there was relatively much leakage, (b) after replacing
and tightening the tubing and (c) one hour later.
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