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Abstract

The purpose of this study is to investigate the properties of streamers in CO2. Various N2:CO2 mixtures
are used in which the effect of CO2 on streamers in N2 is investigated. This is done by studying streamer
dynamics in various N2:CO2 mixtures, among which streamer morphology, streamer optical emission,
propagation velocity and streamer branching. We have performed several experiments in which streamers
are generated in a vacuum vessel containing a point-to-plane configuration at various pressure and voltage
levels. An ICCD camera and a spectrometer are used for diagnostics.

The effect of CO2 on streamer morphology and intensity is clearly visible. Adding small amounts of CO2

to streamers in N2 leads to a rapid decrease in light intensity of the streamers. At a partial pressure
level above 150 mbar of CO2, a more or less constant value of the intensity is obtained just above the
background noise level. Therefore, the addition of CO2 leads to streamers emitting a very low optical
emission. Furthermore, streamers in the mixture become significantly shorter then in pure N2 when a
CO2 level of around 50% is reached. Unfortunately, it is not possible to make a final conclusion about the
effect of CO2 on streamer velocity and branching due to the many variables present. Therefore, additional
experiments need to be performed at constant pressure and voltage levels as well as in pure N2 in order
to distinguish the effect of CO2.
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1 Introduction

Streamer discharges are self-propagating ionizing fingers which are generated in strong electric fields.
They pave the way for arcs and lightning, but are also observed far above thunderclouds, as so called
sprites. Streamers are of great interest in many high-voltage systems, since they are precursors for often
harmful sparks and therefore need to be avoided. Circuit breakers are used in high-voltage systems as an
electrical switchgear to cut off the power in case of an excess of current flow in order to protect the system.
Nowadays, SF6 is used in high-voltage circuit breakers, because of its insulating and arc-quenching
capability. Although SF6 ensures a high reliability of the high-voltage circuit breakers, it has a very
negative effect on our environment with a large impact on the greenhouse effect of our planet, about
23.900 times worse than CO2 [1]. It is therefore desirable to find an appropriate replacement for SF6

in high-voltage circuit breakers. The most promising alternative is CO2. Although there are already
existing CO2 circuit breakers, they are not as efficient as SF6 circuit breakers at the moment. Therefore,
more research is required about discharges and breakdown mechanisms in CO2 to completely replace
SF6 with CO2. It is thus important to get more insight in the properties of streamers in CO2, such as
streamer inception, morphology, propagation velocity and distance and light intensity.

Another area of applications of streamers in CO2 is related to the atmosphere of Venus, which consists
of 96.5 percent of CO2. Unfortunately, there is no optical detection of lightning on Venus yet, while
electromagnetic pulses indicate that lightning must be present. Since streamer discharges show a lot of
similarity with lightning, the properties of streamers in CO2 are of great interest to study lightning on
Venus.

Figure 1.1: An artist impression of lightning on Venus [2].

Optical emission is one of the most important aspects of streamers besides the current-voltage character-
istics. It is used to study properties as inception, propagation velocity and radiation. A major problem,
however, of streamers in CO2 is that they emit very little visible radiation, which makes it very difficult
to study the properties of streamers in CO2. Therefore, we will investigate streamer dynamics in N2:CO2

mixtures. Streamers in N2 have a relatively high optical emission and have been regularly investigated in
the past [3] [4] [5]. Experiments are first performed in pure N2, succeeded by experiments with N2 with
increased CO2 concentrations. In this way, the effect of CO2 on streamers in N2 can be studied, which
will provide us more insight in the properties of streamers in CO2.

The initial goal of this project was to investigate whether the intensity of streamers in CO2 could be
increased by adding small amounts of N2. However, it quickly became clear that even large amounts of
N2 had no effect on the intensity of streamers in CO2. Therefore, the goal was adjusted to investigating
the effect of adding small amounts of CO2 to streamers in N2.
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This report is organized as follows. First, the theory of streamers, among which streamer inception and
propagation, will be discussed as well as the properties of N2 and CO2. After that, the experimental
setup will be explained in chapter 3. In chapter 4, the method used to study several properties of
streamers, among which streamer morphology, intensity, propagation velocity and streamer branching,
will be explained together with the discussion of the results of these properties. Finally, in chapter 5 a
conclusion with recommendations will be given.
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2 Theory

Streamers are the first stage of a transient discharge event generated in strong electric fields. The strong
applied electric field accelerates free electrons present in the medium, usually a gas, which will therefore
gain energy. At a certain electron energy, the free electrons will be able to ionize the molecules or atoms
present in the gas by impact ionization. A positive ionized molecule or atom will release another free
electron which can in turn ionize other molecules or atoms. Other mechanisms which will occur in the
medium are electron attachment, impact excitation and light emission. When the applied electric field
exceeds the breakdown field of the gas, the production of free electrons by impact ionization will exceed
the loss of free electrons due to electron attachment. Therefore, a chain reaction of accelerated electrons
will occur, creating electron avalanches. These electron avalanches create a conductive, ionized region
surrounded by a space charge layer, where an excess of electric charge is present, see figure 2.1. When this
space charge layer creates an additional localized electric field which significantly enhances the electric
field, the avalanche changes into a streamer. This field enhancement in front of the streamer head ensures
the streamer to propagate into regions where the background field is below the threshold breakdown field.
Therefore, the streamer will be self-propagating creating a fingerlike structure. Streamers are non-thermal
plasmas, where the space charge layer significantly enhances the field but where no significant gas heating
occurs.

It is difficult to explain the exact behavior of streamers due to the complexity of reactions taking place in
the gas. Electrons gain energy due to the acceleration in the electric field and subsequently lose energy
mainly due to inelastic collisions such as vibrational or electronic excitation, dissociation or ionization of
the gas. The electron energy determines the probability of each type of collision. Because not all electrons
have the same amount of energy, an electron energy distribution function (EEDF) will form This EEDF
is a measure of the number of electrons in a particular energy range. The population of the lower energy
levels is significantly higher than the population of the higher energy levels. There is, however, a tail
present containing highly energetic electrons. This EEDF is gas dependent and is a measure of what
processes can take place. EEDF’s for gases in homogeneous fields can be calculated when the chemistry,
especially the collisional cross sections, of the gas is known. However, streamers create their own local
inhomogeneous field. Furthermore, there is little knowledge about the chemistry of streamers in CO2.
This makes it very difficult to determine the EEDF of streamers in N2:CO2 mixtures and to find out in
which state the CO2 molecules in the streamers are.

2.1 Propagation

Once a streamer is initiated, it will propagate under the influence of the external as well as the local
electric field. Typical propagation velocities of streamers are in the order of 105 − 106 m/s [6], which
means that the propagation is entirely determined by electrons and that the motion of neutrals and ions
is too slow to play any role in the propagation of streamers.

Two types of streamers can be distinguished, namely positive and negative streamers. Negative streamers
are generated by a negative polarity and therefore anode directed, while positive streamers are generated
by a positive polarity and thus cathode directed. In figure 2.1 an illustration of the propagation of
positive and negative streamers is shown. Negative streamers consist of a negative space charge layer
with a conducting region in the streamer channel. They propagate in the same direction as the electron
drift. Positive streamers, on the other hand, have a positive space charge layer. Since positive streamers
propagate against the direction of the electron drift, they require a source of new electrons in front of
the streamer head in order to propagate. The experiments in this report are all conducted with positive
streamers.
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Figure 2.1: Positive (left) and negative (right) streamers with their propagation mechanism. Plus
symbols indicate positive ions and the minus symbols indicate negative ions or free electrons.

In air, photo-ionization is the major source for new electrons. This is a process in which an oxygen
molecule is non-locally ionized by an emitted photon from an excited nitrogen molecule, thereby releasing
a free electron:

N∗
2 → N2 + γ98−102.5nm (2.1)

O2 + γ98−102.5nm ⇒ O+
2 + e (2.2)

Other mechanisms which can provide free electrons for streamer propagation are electron detachment and
background ionization. Background ionization comes in two forms, namely natural background ionization,
which is already present in the gas from radioactivity and cosmic rays, or leftover ionization from previous
repetitive streamers.

Equations 2.1 and 2.2 are specific for photo-ionization in air. Of course, photo-ionization in pure gases
or other gas mixtures is also possible. Unfortunately, there is hardly any literature available on photo-
ionization in pure N2 or CO2. However, it was found by Nijdam that positive streamers in N2 6.0, which
has a purity of 99.9999%, show very similar behavior as positive streamers in different N2:O2 mixtures
[4]. The propagation velocity is roughly the same and the difference between the minimal diameter of
the streamers is less then a factor of two. This would either mean that even very low levels of oxygen
still enable enough photo-ionization for streamer propagation or that background ionization is sufficient
for streamers to propagate and that photo-ionization is not as important for streamer propagation as
originally thought.
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2.2 Streamers in N2 and CO2

Streamers can take many forms, and therefore have different properties, depending on the pressure, voltage
amplitude, electrode geometry and the characteristics of the gas. Important characteristics of the gas
include the ionization level, the vibrational, rotational and electronic excitational levels, electronegativity,
photo-ionization, collisional cross section.

Relevant properties of N2 and CO2 are provided in table 1. CO2 has a slightly lower ionization level than
N2. Furthermore, N2 is a non-attaching gas which means that free electrons are not able to attach to this
gas, whereas CO2 is an electronegative gas and has therefore a high electron affinity. The formation of
streamers is more difficult in CO2, since free electrons are easily attached to the molecules and therefore
lost. Hence, a higher voltage is needed in order to create enough free electrons to initiate a streamer.
Furthermore, electronegative gases can have an influence on the background ionization due to the fact
that after a discharge most electrons can attach to the electronegative molecules.

Gas Mass (a.u) Ionization level (eV) Type
N2 28.01 15.58 Non-attaching
CO2 44.01 13.77 Electronegative

Table 1: Properties of N2 and CO2 [7].

N2 is a linear molecule consisting of two nitrogen atoms. It has one vibrational mode, namely the stretch
mode, and no rotational levels. CO2, on the other hand, is a triatomic molecule consisting of one carbon
atom surrounded by two oxygen molecules, see figure 2.2. CO2 has therefore four vibrational modes,
namely the symmetric stretch mode, two degenerate bending modes and the asymmetric stretch mode [8].
There are quite some differences between the amount and energy of the excitational levels of N2 and CO2.
CO2 has a lot more vibrational levels, as well as rotational levels.

z

y

x

n1 n2 n3

Figure 2.2: A CO2 molecule with its vibrational modes: the symmetric stretch mode ν1, the two bending
modes, ν2, and the asymmetric stretch mode ν3.

As was said before, the optical emission of a streamer is one of the most important properties used to
study streamers. This optical emission is mainly produced by electron impact processes in the streamer
head. These electron impact processes produce excited species which can emit photons when decaying to
a lower excitational level or ground level. In molecular gases, streamer electrons can produce a variety of
reactive species, among which electronically, vibrationally and rotationally excited species. Electronically
excited neutrals and ions produce the characteristic emission of the gas through transitions to lower states.
The amount of energy emitted by vibrationally or rotationally excited species is mainly outside the visible
range of the electromagnetic spectrum, especially in the infrared region. Figure 2.3 shows the energy level
diagram of N2 where the most important radiative transitions for optical diagnostics are indicated by
blue arrows. Especially the Second Positive System (SPS) N2(C3Πu → B3Πg) is an important transition.
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There is a high probability of N2 being excited in the C3Πu state after which it relatively quickly decays.
Therefore, the SPS has a strong emission and is thus effectively measurable.

Figure 2.3: Partial energy level diagram and scheme of radiative transitions of N2. The blue colored
transitions are the most important radiative transitions for optical diagnostics of streamers in N2 [3].
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2.3 Streamer branching

The shape of the streamers can be quite complex, containing several streamer channels with lots of
streamer branches. Streamer branching is one of the most important and common behavior of streamer
channels and it is a phenomena where one streamer channels splits into two streamer channels, see figure
2.4. Branches emerging from the same streamer channel contain an equal polarity in the head charges,
therefore, repelling each other.

Figure 2.4: An image of a streamer containing branching events. In the green box a clear example of
streamer branching is indicated. Experimental settings: Vmax=20 kV; tcamera = 400 ns; 100 mbar N2 6.0.

Unfortunately, there is hardly any knowledge about the exact mechanism of how and why streamers
branch. The most accepted explanation at the moment is that streamer branching occurs due to a
Laplacian instability [9]. A Laplacian instability occurs when a smooth surface evolving under a Laplacian
field spontaneously expands with fast growing branches. It is connected to many natural phenomena,
among which the dendrites on snowflakes, forks on lightning and branching of riverbeds, but the exact
physical explanation of this non-equilibrium growth phenomena is still unclear.
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3 Experimental Setup

In this chapter the most important components of the experimental setup are described, which are used
to study streamer dynamics in different N2:CO2 mixtures. First, the vacuum vessel, where the streamer
is initiated in, together with the pump and gas handling system are described. After this, the voltage
pulse generator is explained. Finally, the ICCD camera used for the diagnostics is discussed.

3.1 Vacuum vessel

Streamers are studied in a variety of pressures and gas compositions. To ensure the purity of the gases, a
closed vacuum vessel is required. This vacuum vessel can be pumped down to pressures of around
10−7 mbar with the use of a Pfeiffer Compact Turbo TurboDrag Pump (TMH 261 P). A leakage test was
performed before the experiments to ensure that the system, from the gas handling system to the vessel,
was properly closed.

To start an experiment, the vacuum vessel needs to be filled with the required gas from nearly vacuum
to the desired pressure level. The gases used in the experiments are N2 6.0 and CO2 5.0. In this study,
the vessel was first filled with N2 6.0 from the gas cylinder trough the flow controller to obtain a certain
pressure level. After this, small amounts of CO2 5.0 were added. The flow controller makes it possible to
allow a very small gas flow into the vessel. The combination of a pressure control valve together with a
roughing pump (Pfeiffer Diaphragm Vacuum Pump, MVP 160-3) is used to achieve the required pressure
level as well as keeping the pressure constant.

After the experiments are completed, the roughing pump is used to pump the vacuum vessel down to a
pressure level of around 10 mbar due to safety reasons for the turbo pump. After this, the turbo pump is
used to pump the pressure down to nearly vacuum and keep it at this pressure level between experiments.
In this way, a high purity of the system can be achieved.

The vacuum vessel contains a quartz window with a inner diameter of 330 mm which can be used for
diagnostics, see figure 3.1. This quartz window makes it possible to capture the UV emission of the
streamer with the use of an ICCD camera. A point-to-plane geometry is used inside the vacuum vessel
which creates a strong non-uniform field. A sharp electrode tip is attached to a metal rod, 160 mm
above the electrode plate. HV pulses are applied to the tip where the electric field is greatly enhanced.
This makes it easier to initiate a streamer. A glass feedthrough is used for the electric insulation. The
temperature of the gas inside the vessel is approximately equal to room temperature (294 K).

Figure 3.1: Schematic view of the vacuum vessel with its electrodes and the ICCD camera.
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3.2 Voltage pulse generator

In the experiments a push pull switch is used (Behlke HTS 651-10-GSM) which generates HV pulses to
produce streamer discharges. A typical voltage pulse has a block form and is shown in figure 3.2. In all
the experiments a pulse length of 300 ns was used, which is the shortest pulse length possible using the
push pull switch, together with a rise and fall time of around 50 ns.

Figure 3.2: Idealized voltage pulse generated by the push-pull switch.

The HV pulses need to be high enough in order to initiate a streamer. The exact voltage level depends
on the pressure and the gas composition inside the vacuum vessel. At lower pressures, streamers are
easier to initiate and therefore lower voltage pulses are sufficient. Furthermore, streamers in CO2 are
more difficult to initiate then streamers in N2 due to the electronegativity of CO2. Therefore, with an
increasing level of CO2 in the N2:CO2 mixtures, the voltage level needs to increase as well. However, in
order to prevent arcs to occur in the system, the HV pulses could not be too high. The maximum voltage
level which could be applied is 60 kV. In the experiments HV pulses between 20 and 45 kV were applied.
Furthermore, a slightly overvolted gap was used in order to minimize the jitter.

During the experiments, an arc had formed somewhere in the system and streamers also propagate along
the glass feedthrough, see figure 3.1. At the beginning, the effect of this breakdown was minimal and
streamers could be created with a slightly different voltage pulse. The voltage pulse, which used to be a
block pulse, had no longer a block form but contained a strong ripple, see figure 3.3. This ripple in the
voltage pulse became smaller with increasing pressure level. Due to this abnormal shape of the voltage
pulse, average voltage levels are used in this report.

At a certain point, it became impossible to initiate streamers without creating an additional arc somewhere
in the system. In figure 3.3 this situation is depicted. The current flow, which is represented by the
blue line, contains a corona current (second peak) which grows exponentially, meaning that there is a
transition to an arc which is not desired. Normally, this could be resolved by decreasing the voltage but
due to this malfunction that did not help anymore. Therefore, it was decided to stop the measurements.
It was not possible anymore to set the voltage level above 45 kV, because then some electrostatic buzzing
appeared somewhere in the system. This malfunction of the system was due to a charging effect in the
system. Therefore, for safety reasons, the maximum voltage level became 45 kV. It should be noted that
the experimental results presented in this report could be affected by the abnormal shape of the voltage
pulse.

3.3 Diagnostics

To study the properties of pulsed streamer discharges, images of the optical emission are made with the
use of an Intensified Charge Coupled Device (ICCD) camera, namely the LaVision PicoStar HR 12. The
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Figure 3.3: Shape of the voltage pulse (black) after the arc had formed in the system. The measured
current flow is depicted in blue and the gate time of the ICCD camera in red. The scale of the figure is

adjusted in order to fit all three lines in one figure.

quartz window of the vacuum vessel makes it possible for the camera to capture the UV emission of the
discharges, see figure 3.1. This is important because the emission from nitrogen mainly comes from the
SPS which is in the range of 250-400 nm. The ICCD camera is able to take images with an exposure time
of less than 300 ps, which makes it possible to capture the streamers in a very small fraction of time. The
resolution of the camera is 1370x1040 pixels and the sensitive region is between 190-800 nm. The gain of
the intensifier needs to be high enough in order to record the emission of the streamers. Therefore, a gain
of around 100 at 900 V is used at all the experiments. This is close to the maximum gain possible, which
is at 990 V.

The ICCD camera is also able to take stroboscopic images. Hereby an image is made of the streamer
propagating downwards, where multiple exposures are taken with a certain delay in between. Because
of the very complex structure of the streamers and the many branches, it was very difficult to perform
accurate diagnostics using stroboscopic images, see figure 3.4. It was nearly impossible to identify a single
streamer channel and for that reason stroboscopic images were not used in this report.

Figure 3.4: Stroboscopic image of streamers at a pressure of 200 mbar of N2. Experimental settings: 3
cycles of 54 ns; frequency of 8 MHz; Vmax = 20 kV.
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The images used to study streamer morphology and intensity had an exposure time of 400 ns. In this
way, the whole streamer could be captured. For studying streamer velocity and branching, images with
an exposure time of 10 ns were made, which captured just a fraction of the streamer.

Furthermore, a spectrometer (Ocean Optics HR2000) was used to record spectra of the streamers. The
sensitive range of the spectrometer is between 200-600 nm and it contains an entrance slit of 50 µm.
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4 Results and discussion

To study the properties of streamers in N2:CO2 mixtures, the following four aspects have been investi-
gated:

- streamer morphology,
- streamer optical emission,
- streamer velocity,
- streamer branching.

The measurements are performed at different initial pressure levels of N2 to which small amounts of CO2

are added to obtain different N2:CO2 mixtures. Throughout the experiments, the voltage level was kept
as constant as possible. However, due to the increasing initiation voltage with increasing CO2 level, the
voltage level had to be increased sometimes in order to maintain a constant initiation of the streamer and
therefore minimize the jitter. In all the experiments, a voltage pulse length of 300 ns is used in order to
prevent secondary or late streamers.

4.1 Streamer morphology

Streamer morphology is investigated in different N2:CO2 mixtures and in pure N2. The measurements in
the mixtures and in pure N2 are performed at equal pressure and voltage levels. For this reason, a good
comparison is possible and therefore the effect of CO2 is easy to distinguish. In figure 4.1 an overview of
images is shown for an initial pressure level of 200 mbar of N2. In the Appendix an overview of images
for initial pressure levels of 100 and 400 mbar of N2 are shown.

Strikingly is the fact that the overall shape of the streamers in N2 and in N2:CO2 mixtures are more
or less the same until a CO2 level of around 50% is reached. More branching is visible in the mixture
with increasing CO2 level than in N2, but the main difference is the light intensity of the streamers.
The intensity of the streamers in the mixture decreases with increasing CO2 level, whereas streamers in
pure N2 have more or less a constant intensity with increasing pressure level. Therefore, this decrease in
intensity in the mixture is mainly due to the addition of CO2. One needs to take into account that the
contrast between the background and the streamer is being adjusted in order to optimize this contrast. So
for example, the intensity of the streamer in the mixture at a pressure level of 470 mbar is just above the
background noise. The intensity of streamers will be further investigated in the next subsection.

Another difference between streamers in pure N2 and in N2:CO2 mixtures is the length of the streamer
channels. In general, the length of the streamer channels decreases with increasing pressure. This can also
be observed in figure 4.1 and 4.2 for the streamers in pure N2. This decrease of length with increasing
pressure is related to the fact that more particles are present in the vessel at higher pressures. Therefore,
the mean free path decreases which causes the streamer to die out more easily. The length of the streamer
channels at a pressure level of 470 mbar in pure N2 deviates from the rest, probably due to the increase
in voltage from 20 kV to 30 kV.

However, in the N2:CO2 mixture the streamers are shorter than in pure N2. At low percentages of CO2

this difference in length is not noticeable yet, but at a percentage of around 50% of CO2 the streamers in
the mixture are significantly shorter than in pure N2, see figure 4.2. This is also observed in figure A.1
and A.2 in the Appendix. This difference in length can be explained by the electronegative character of
CO2. Due to the electronegativity, less electrons will be present in the gas. Therefore, at larger amounts
of CO2, not enough free electrons are present for the streamer to propagate whereas N2 is a non-attaching
gas and therefore less electron attachment takes place. The same behavior is depicted between the length
of streamers in pure N2 and air, which contains 21% of O2 [5]. O2 is, just as CO2, an electronegative gas
which clearly has an effect on streamer length in air. It ensures streamers to become shorter in air then
in pure N2.
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Figure 4.1: Overview images of streamers in pure N2 (left) and in N2:CO2 mixtures (right).
Experimental settings: texposure = 400 ns; tpulse = 300 ns. Initial pressure level of 200 mbar of N2.

Pressure level increases vertically. The voltage and pressure levels are given in the images.
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Figure 4.2: Length of streamer channels plotted against pressure level. An initial pressure of 200 mbar of
nitrogen is used. The streamer length is determined by taking the length of the longest streamer depicted

in the image. For different pressure levels the average of 5 images is taken.

4.2 Light intensity of the streamers

The optical emission of streamers depends on a number of aspects, among which the pressure, the voltage
level and, maybe most importantly, the gas mixture present in the vessel. An increase in voltage means
an increase in intensity. This is due to the fact that a higher voltage level increases the kinetic energy
of the electrons which results in more molecules being excited. The type of gas mixture determines the
amount and the wavelength of the photons that are being emitted by the excited states of the molecules.
The streamer will appear less intense if the majority of the photons have a wavelength outside the visible
range of the ICCD camera.

In our experiments, we have investigated the intensity of the streamers in different N2:CO2 mixtures and
in pure N2 for comparison. The measurements in pure N2 were done at an equal pressure and voltage level
as the measurements in the N2:CO2 mixtures, hence the effect of CO2 on the intensity of the streamers is
clearly visible. Three different initial pressure levels of N2 are used, namely 100, 200 and 400 mbar, to
which small amounts of CO2 are added to obtain different N2:CO2 mixtures.

ICCD images of the streamer are taken with an exposure time of 400 ns, the same which are used to study
streamer morphology in the previous subsection. These images are converted into arrays with the use of
a Matlab script where each element contains the intensity belonging to that pixel. For determining the
intensity of the streamer, the background noise had to be removed, by using the maximum background
noise as a threshold. Only elements above this threshold are counted which provides the total intensity
of the streamer. Furthermore, the size of the streamer plays an important role in the total intensity
when using this method. Since streamers become shorter with increasing pressure, the total intensity of
the streamer is normalized by the number of counted elements which resulted in the average intensity
per pixel. Per measurement, the average intensity is determined for 10 different images from which the
average is taken.

The counted elements per pressure level for an initial pressure of 200 mbar of N2 are shown in figure
4.3 for streamers in pure N2 and for the various N2:CO2 mixtures. The counted elements are a measure
for the size of the streamer. It shows a decrease in counted elements for both gases, however, the total
number of counted elements is significantly lower in the mixture. Therefore, the size of streamers in the
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mixture is smaller than in pure N2. This is in agreement with the results in subsection 4.1, where it was
shown that the size of the streamers decreases with increasing pressure. Furthermore, the addition of
CO2 leads to smaller streamers in the mixture then in pure N2.

Figure 4.3: Counted pixels per pressure level for pure N2 and the N2:CO2 mixture. An initial pressure of
200 mbar of N2 is used.

Figure 4.4: Intensity plot for an initial pressure of 200 mbar of N2. The average intensity per pixel is
plotted against the pressure. The black line at an intensity of 60 counts is the average background noise.

In figure 4.4 the intensity plot for an initial pressure level of 200 mbar of N2 is plotted. As can be seen in
the graph, the intensity of the mixture decreases rapidly at very low partial pressure levels of CO2. At
a partial pressure level of 150 mbar of CO2 the intensity of the streamer is just above the background
intensity, which means that the streamer is very dim. When looking at the intensity of streamers in N2,
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only a small decrease in intensity with increasing pressure is observed. In figure 4.5 the same behavior
is depicted for the case of an initial pressure of 100 mbar of N2. A similar plot for an initial pressure
level of 400 mbar of N2 is provided in figure B.1 in the Appendix. Small amounts of CO2 lead to a rapid
decrease in intensity and at a partial pressure level of around 150 mbar of CO2 a more or less constant
value of the intensity is reached just above the background noise.

Figure 4.5: Intensity plot for an initial pressure of 100 mbar of N2. The average intensity per pixel is
plotted against the pressure. The black line at an intensity of 60 counts is the average background noise.

In figure 4.5 it is clearly visible that an increase in voltage of the streamers in pure N2 leads to an increase
in intensity. However, this behavior is not clearly visible in streamers in the mixture. A similar effect can
be observed in figure B.1 in the Appendix for an initial pressure of 400 mbar of N2. Voltage probably
does have an effect on streamers in the mixture, however, this increase in intensity is relatively small
compared to the increase in intensity of streamers in pure N2. Furthermore, this increase in intensity is
more difficult to see due to the little optical emission of the streamers. To clearly distinguish the effect of
an increasing voltage on the intensity in N2:CO2 mixtures, experiments should be performed at equal
pressure levels.

It can be concluded that the presence of CO2 in N2 has a very dominant effect on the intensity of
streamers. The optical emission of streamers is mainly due to photons decaying from electronically-excited
states. The intensity of streamers in pure N2 is relatively high, whereas the intensity of streamers in pure
CO2 is low. In CO2 there are a lot more states which can be excited. This is due to the fact that CO2

has more vibrational as well as rotational levels then N2. The probability that an electron excites a CO2

molecule vibrationally or rotationally is therefore higher. Therefore, because of the low optical emission of
streamers at high percentages of CO2, it is assumable that the probability of electronically exciting CO2

is lower than N2. So it is plausible to assume that the addition of CO2 leads to more electrons having
lower energies, which can excite molecules rotationally and vibrationally, and fewer electrons containing
higher energies, causing less electronically excited states and less ionization.

When vibrationally or rotationally-excited species decay, they emit an amount of energy outside the visible
range of the ICCD camera, probably in the infrared region. This explains the low intensity of streamers
in CO2 on the ICCD images. Probably, the intensity of the streamers in CO2 outside the visible range of
the camera, mainly in the infrared region, is quite high. Whereas in pure N2, more electronically-excited
species exist which emit in the visible range of the ICCD camera. The most important contributor in
optical emission of streamers in pure N2 is the SPS. Spectra of streamers in pure N2 and in a N2:CO2 are
depicted in figure 4.6 and 4.7, respectively. The SPS is clearly visible in both spectra, but an addition
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of 5% of CO2 leads to a decrease of almost 50% of the peakheight of the SPS. At around 20% of CO2,
the peaks of the SPS almost completely vanish, see figure B.2 in the Appendix. Therefore, it can be
concluded that the addition of CO2 leads to less electronically-excited species of N2.

Figure 4.6: A spectrum of streamers in pure N2 at a pressure level of 277 mbar and a voltage level of 20
kV. The peaks visible are originating from the SPS of N2.

Figure 4.7: A spectrum of streamers in a N2:CO2 mixture at a pressure level of 292 mbar and a voltage
level of 20 kV. The peaks visible are originating from the SPS of N2.
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4.3 Streamer velocity

To determine the velocity of the streamers, images are taken with an exposure time of 10 ns of the
streamer while propagating towards the cathode. In this way, just a small fraction of the streamer is
captured, see figure 4.8. Starting with taking images just after streamer initiation, delays of 50 ns are
used. Per delay 100 images are taken in order to have reliable statistics. The measurements are repeated
at different N2:CO2 mixtures with a constant pressure level of N2 of 400 mbar and an increasing partial
pressure of CO2. The images are analyzed with the use of a Matlab script, see Appendix, which is able to
determine the position of all streamer channels per delay. In this way, the average propagation distance
of the streamer in time could be determined.

Figure 4.8: ICCD image of streamers at a pressure level of 435 mbar. Experimental settings: tcamera =
10 ns; V = 33 kV.

However, a streamer is a three-dimensional phenomenon and the ICCD images taken are a two-dimensional
projection of the streamers. For determining the velocity, only streamers which are propagating downwards
and which are in the plane of focus of the camera need to be taken into account. It is assumed that
the streamers which have traveled the longest distance per delay, are in the plane of focus and move
perpendicular to the cameras view. Therefore, only streamers which have traveled a distance in the
range of 95-99% are used. This range is, however, rather arbitrarily chosen. A range of 90-99% gives
probably more reliable statistics due to the larger sample size. However, the probability of streamers
being taken into account that are not in the plane of focus becomes larger. The fastest 1% is not taken
into account to correct for any exceptions and errors of the Matlab script. The measurement data from
the streamers in the range of 95-99% is used to determine the average distance traveled in time. From
this, the velocity, with associated standard deviation, is determined by taking the slope of this plot. This
is done for different partial pressure of CO2, see figure 4.9.

The graph in figure 4.9 depicts first a small increase in velocity until a partial pressure of 80 mbar of
CO2 after which it decreases again. The propagation velocity is in the range of 1.5× 105 − 3× 106 m/s,
which is around the same order of magnitude of streamers in pure CO2 [10] and about two times lower
then streamers in pure N2 at a pressure level of 200 mbar [4]. This is as expected, since the velocity of
streamers decreases with increasing pressure level in general. This is also depicted in figure 4.9. At higher
pressure levels, more particles are present in the vessel. Therefore, more collisions take place between
electrons and molecules resulting in shorter lengths. This leads to a decrease in streamer velocity.

Previous experiments have been performed regarding streamer velocity in pure CO2 [10] and in pure N2

[4]. There, it is shown that an increase in voltage level leads to an increase in streamer velocity. This is
due to the stronger space-charge layer which arises with an increasing voltage level [11]. However, this
effect is not visible in figure 4.9. Probably, the effect of an increase in velocity due to an increase in
voltage is canceled out by the effect of an increasing pressure level. Measurements at a constant pressure
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Figure 4.9: Velocity of the streamers for different partial pressures of CO2.

level need to be performed in order to properly see the effect of an increasing voltage level on the velocity
in N2:CO2 mixtures.

Unfortunately, it is not possible to make final conclusions on the effect of CO2 regarding the velocity of
streamers. The decrease in velocity depicted in figure 4.9 is due to the increase in pressure, not necessarily
due to the increase of CO2. An identical measurement needs to be done in pure N2 to distinguish the
effect of CO2 on the velocity. It was not possible to perform this measurement anymore due to a major
problem with the system described in section 3.2. It is expected that the velocity in a N2:CO2 mixture
decreases more with increasing pressure than in pure N2. This is due to the electronegativity of CO2

which could play a role in streamer velocity. More electron attachment occurs in the mixture than in
pure N2, which leads to less free electrons present in the N2:CO2 mixture. Therefore, it is more difficult
for the streamer to propagate which leads to a decrease in velocity.
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4.4 Streamer branching

Streamer branching is investigated with the same Matlab script as is used to determine streamer velocity.
This Matlab script is capable of determining the number of streamers per delay. In this way, the number
of streamers evolving in time can be determined which is a measure for streamer branching.

However, due to the background noise and the lifetime of metastable states, it is difficult to correctly
determine the number of streamers from the ICCD images. In figure 4.10 a zoomed-in image without
a bandpass filter is shown where it can be observed that there is quite a lot of noise or leftovers of
previous streamers. It is important that only local maxima which represent actual streamers are taken
into account. Therefore, image filtering techniques need to be adjusted for each measurement series in
order to obtain the best possible estimation of the local maxima and therefore reducing the miscounting
of noise as streamers, see figure 4.11. However, some error will always remain in determining the exact
number of streamers.

Figure 4.10: A zoomed-in ICCD image without bandpass filter.

Figure 4.11: A zoomed-in ICCD image with a bandpass filter used to determine the position of streamers.
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Furthermore, one needs to take into account that a small fraction of the number of streamers is not
taken into account due to the camera window. It shields a small part of the streamers. This is especially
the case when the streamers are further away from the tip and therefore have a larger delay, see figure
4.12.

Figure 4.12: All found streamers sorted by delay at a pressure level of 550 mbar and a voltage of 38 kV.

In figure 4.13 the number of streamers evolving in time is plotted for an initial pressure level of 400 mbar
of N2 with an increasing partial pressure of CO2. First, it is shown that the number of streamers is
always increasing in time regardless of the pressure or CO2 level. Furthermore, it is shown that the initial
number of streamers is around the same order of magnitude for all different pressure levels. However,
in time, a difference arises between the development of the number of streamers for different pressure
levels. A clear increase in branching is depicted until a pressure level of 435 mbar, after which it decreases
again.

In our experiments, three different variables are present, namely the pressure, CO2 percentage and the
voltage level. Therefore, it is difficult to explain the behavior of streamer branching regarding each of
these individual quantities. It is expected that streamer branching increases with increasing pressure [12].
One can imagine that more particles present in the vessel leads to more reactions and collisions taking
place. The length scales within the gas become shorter resulting in more frequent branching. However,
this increase in branching with increasing pressure is not depicted in figure 4.13. From 435 mbar to 700
mbar the level of branching is decreasing. This could be either due to the increasing CO2 percentage or
due to the increasing voltage level. However, this can only be concluded when additional measurements
are performed with one variable at the time. Furthermore, it is important to investigate the effect of the
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Figure 4.13: Number of streamers evolving in time.

electric field on streamer branching in future experiments. Not only an increase in voltage could have an
effect, but also different electrode geometries can be of great importance on streamer branching. It is
expected that a plate-to-plate configuration leads to less branching due to a more homogeneous electric
field than a point-to-plane configuration.

Since it is expected that an increase in pressure level leads to more streamer branching, the increasing
CO2 level could be the reason for the decrease in streamer branching observed in figure 4.13. However,
one needs to take into account that due to the decreasing intensity of the streamers with increasing CO2

level, the probability of underestimating the number of streamers per delay becomes larger. Furthermore,
measurements at different initial pressures of N2 need to be performed in order to find out whether the
same behavior occurs. Also, measurements in pure N2 need to be performed at equal pressure levels as
the measurements in the N2:CO2 mixture and at an equal voltage level in order to properly distinguish
the effect of CO2 on streamer branching. Unfortunately, these measurements were not possible to perform
anymore due to lack of time within the scope of the research project.
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5 Conclusion and recommendations

The aim of this project was to study the effect of CO2 on streamers in N2. Measurements are performed
in a vacuum vessel with a point-to-plane configuration at different pressure and voltage levels. Streamers
are generated in various N2:CO2 mixtures and in pure N2 for comparison. In this study, four different
aspects have been investigated, namely streamer morphology, streamer optical emission, propagation
velocity and streamer branching.

The effect of CO2 regarding streamer morphology and optical emission is clearly visible. First, CO2

has a very dominant effect on the optical emission of streamers. It was found that small amounts of
CO2 lead to a rapid decrease of intensity in the mixture. At a partial pressure level above 150 mbar of
CO2 the intensity of the streamer has reached a more or less constant value just above the background
noise level. Furthermore, based on the spectra of the streamers in various N2:CO2 mixtures, the light
emitted by the SPS of N2 decreases rapidly with increasing CO2 level. This is related to the fact that
CO2 has more vibrational as well as rotational energy levels than N2. The addition of CO2 leads to more
vibrationally and rotationally-excited species, which emit an amount of energy outside the visible range
of the camera, and to a decrease in electronically-excited species of N2. Secondly, the length of streamer
channels becomes significantly shorter in the mixture when a CO2 level of around 50% is reached. This
is due to the electronegative character of CO2 which causes an electron shortage in the gas at larger
amounts of CO2.

It is more difficult to make final conclusions about the effect of CO2 on streamer velocity and branching.
The measured propagation velocities of streamers at an initial partial pressure level of 400 mbar of N2

are in the range of 1.5× 105 − 3× 106 m/s. First, a small increase in velocity is visible with increasing
partial pressure of CO2 after which it decreases again. For streamer branching, it was shown that the
initial number of streamers are all around the same order of magnitude for the various N2:CO2 mixtures.
However, a difference arises in the development of the number of streamers for the various mixtures. An
increase in branching is depicted up to a partial pressure level of 35 mbar of CO2 after which it decreases
again. Since there are three variables present in the streamer velocity and branching measurements,
namely the pressure, voltage and CO2 level, it is not possible to explain the behavior of streamer velocity
and branching versus the increasing CO2 level.

Additional measurements at a constant pressure and voltage level need to be performed in order to
distinguish the effect of CO2 on streamer velocity and branching. Furthermore, experiments at higher
voltage levels and different electrode geometries need to be performed in order to get a better understanding
on the effect of the electric background field on streamer branching. Lastly, identical measurements need
to be performed in pure N2 in order to properly distinguish the effect of CO2 on streamer velocity and
branching in the mixture.
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Appendix

A Streamer morphology

Figure A.1: Overview images of streamers in pure N2 (left) and in N2:CO2 mixtures (right).
Experimental settings: texposure = 400 ns. Initial pressure level of 100 mbar N2. Pressure level increases

vertically. The voltage and pressure levels are given in the images.
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Figure A.2: Overview images of streamers in pure N2 (left) and in N2:CO2 mixtures (right).
Experimental settings: texposure = 400 ns. Initial pressure level of 400 mbar N2. Pressure level increases

vertically. The voltage and pressure levels are given in the images.
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B Streamer intensity

Figure B.1: Intensity plot for an initial pressure of 400 mbar of N2. The average intensity per pixel is
plotted against the pressure. The black line at an intensity of 60 counts is the average background noise.

Figure B.2: A spectrum of streamers in pure N2 at a pressure level of 339 mbar and a voltage level of 20
kV. The peaks visible are originating from the SPS of N2.
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C Matlab code used to determine streamer velocity and branch-
ing

1 tic
2 clear all;
3 close all;
4 clc;
5 set(0,'DefaultFigureWindowStyle','docked')
6

7 %%Initialisation
8 ImageSeries = 31; %Nr of images per delay
9 StartImageNr = 2; %Skip first (few) empty frame(s)

10 %BandPassFiltering
11 LNoise = 3; %Characteristic lengthscale of noise in pixels. Additive noise averaged over this

length should vanish. May assume any positive floating value.
12 LObject = 20; %A length in pixels somewhat larger than a typical object. Must be an odd

valued integer at least twice lnoise
13 %LocalMax
14 image.LocalMaxInfo.Threshold = 20;
15 image.LocalMaxInfo.Amplitude = 50;
16 image.LocalMaxInfo.STD = 6;
17 %VisualFeedback
18 Feedback = 10; %Plot every nth streamer image
19 %Experimental Data
20 Origin = [643 , 113]; %Needle Position
21 %% Start path
22 % pathname = uigetdir('Z:\Experimental Data\Corona\2018-EmmaSmolders');
23

24 pathname = ['S:\Experimental Data\Corona\2018-EmmaSmolders\11-06-2018'];
25 %pathname = ['C:\Users\20137844\Desktop'];
26 % pathname = 'Z:\Experimental Data\Corona\2018-EmmaSmolders\08-06-2018\400

mbarpulswidth10nsdelay430ns1002018-06-08 14-43-50';
27 % pathname = 'Z:\Experimental Data\Corona\2018-EmmaSmolders\08-06-2018\400

mbarpulswidth10nsdelay430ns1002018-06-08 14-43-50';
28

29 DelaySeries = ['435mbarpulswidth10nsdelay430ns33kV2018-06-11 14-20-22',
30 '435mbarpulswidth10nsdelay480ns33kV2018-06-11 14-22-54',
31 '435mbarpulswidth10nsdelay530ns33kV2018-06-11 14-24-59',
32 '435mbarpulswidth10nsdelay580ns33kV2018-06-11 14-27-08',
33 '435mbarpulswidth10nsdelay630ns33kV2018-06-11 14-29-33',
34 '435mbarpulswidth10nsdelay680ns33kV2018-06-11 14-31-50'
35 ];
36 DelaySeries = ['1 45'];
37

38

39

40

41

42 %% Frame number in image series
43 % Choose imagenr and imgindex such that no empty images are present
44

45 for imagenr = 1:size(DelaySeries,1)
46 toc
47 temp = ls(strcat(pathname,'\',DelaySeries(imagenr,:),'\*.tif'));
48

49

50 for imgindex = StartImageNr:ImageSeries
51 disp(['Delay iter: ' num2str(imagenr) ' ImageNr: ' num2str(imgindex)])
52 %
53 % imafinfo = imfinfo(char(strcat(pathname,'\',filenames)));
54 % imfinfo = imfinfo(char(strcat(pathname,'\',filenames,'\',filenames)),'.tiff');
55

56 image.data = imread(char(strcat(pathname,'\',DelaySeries(imagenr,:),'\',temp)),imgindex);
57 % image.scale = [min(min(image.data)) max(max(image.data))];
58 % image.data = round((double(image.data)-min(double(image.data(:)))) ./ (max(double(image.data

(:))-min(double(image.data(:)))))*(2ˆ16-1));
59 % image.info = imagesc(image.data);
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60 % colormap(cmap('L8'))
61 % colorbar;
62 % drawnow;
63

64

65

66 %% bpass filtering
67 image.bpass = bpass(image.data,LNoise,LObject);
68 % image.dataN = image.bpass;
69 %
70 % image.info = imagesc(image.bpass);
71 % colormap(cmap('L8'))
72 % colorbar;
73 % drawnow;
74 % imwrite (image.bpass, 'output.png');
75

76

77 %% Find local max
78 image.LocalMax = FastPeakFind(image.bpass, image.LocalMaxInfo.Threshold, fspecial('gaussian',

image.LocalMaxInfo.Amplitude, image.LocalMaxInfo.STD), 10);
79

80 if rem(imgindex,Feedback)==0
81 figure(1);
82 image.info = imagesc(image.bpass);
83 colormap(cmap('L8'))
84 colorbar;
85 hold on;
86 plot(image.LocalMax(1:2:end),image.LocalMax(2:2:end),'w.','Markersize',10);
87 hold off;
88 drawnow;
89

90 figure(2);
91 image.info = imagesc(image.data);
92 colormap(cmap('L8'))
93 colorbar;
94 hold on;
95 plot(image.LocalMax(1:2:end),image.LocalMax(2:2:end),'w.','Markersize',10);
96 hold off;
97 drawnow;
98 end
99

100 %% Distances
101 % delay = str2num(temp(strfind(temp,'delay')+5:strfind(temp,'delay')+7));
102 delay = 550;
103

104 Dist.x{imagenr,imgindex} = image.LocalMax(1:2:end) - Origin(1);
105 Dist.y{imagenr,imgindex} = image.LocalMax(2:2:end) - Origin(2);
106 Dist.r{imagenr,imgindex} = sqrt(Dist.x{imagenr,imgindex}.ˆ2+Dist.y{imagenr,imgindex}.ˆ2);
107 Dist.time{imagenr,imgindex} = repmat(delay,[size(Dist.r{imagenr,imgindex},1),1]);
108 % Data.dist{imagenr,imgindex}(1) = 0;
109 % Data.time{imagenr,imgindex}(1) = 0;
110 Data.dist{imagenr,imgindex} = [Dist.r{imagenr,imgindex}'];
111 Data.time{imagenr,imgindex} = [Dist.time{imagenr,imgindex}'];
112 % Data.branches{imagenr,imgindex}(1) = 0;
113 Data.branches{imagenr,imgindex} = [size(Dist.r{imagenr,imgindex},1)'];
114 % Data.seq{imagenr,imgindex}(1) = 0;
115 Data.seq{imagenr,imgindex} = [delay];
116

117 % figure(1);
118 % title('Streamer distance to origin projected to 2D plane')
119 % xlabel('Time [ns]')
120 % ylabel('Distance [pixels]')
121 % xlim([350 700])
122 % plot(Data.time{imgindex},Data.dist{imgindex},'.')
123 %
124 % figure(2)
125 % title('Nr of streamers due to branching in time')
126 % xlabel('Time [ns]')
127 % ylabel('Nr of streamers')
128 % plot(Data.seq{imgindex},Data.branches{imgindex},'.')
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129 %
130 % figure;
131 % title('2D projected distance distribution')
132 % xlabel('Distance [pixels]')
133 % ylabel('Nr of streamers')
134 % histogram(Dist.z{imgindex})
135

136 end
137

138 end
139

140 Branches = cell2mat(Data.branches(1:end,2:end));
141 Distances = Data.dist(1:end,2:end);
142 Times = Data.time(2:end,2:end);
143 tempiter = size(Distances,1)*size(Distances,2);
144 Delays = cell2mat(Data.seq(:,2));
145

146 %% plots
147 figure;hold on;
148 title('nr of streamers vs time');
149 xlabel('Delay [ns]')
150 ylabel('Nr of streamers [#]')
151 plot(Branches,'.k')
152 hold off;
153

154 for i=1:size(Branches,1)
155 Branch.yerr(i) = std(Branches(i,1:end));
156 Branch.xerr(i) = 10;
157 Branch.y(i) = mean(Branches(i,1:end));
158 Branch.x(i) = Delays(i);
159 end
160

161 figure;
162 ploterr(Branch.x,Branch.y,Branch.xerr,Branch.yerr,'ok');
163 title('Nr of streamers vs time');
164 xlabel('Delay [ns]')
165 ylabel('Nr of streamers [#]')
166

167 % figure;hold on;
168 % for i=2:tempiter
169 % plot(Times{i},Distances{i},'.k')
170 % end
171 % hold off;
172

173

174 % histogram
175 UpperLimit = 99; % [%] Upper and lower limit percentile of streamer velocities
176 LowerLimit = 95; % [%]
177

178 histogram1 = figure(); hold on;
179 title('2D projected streamer distance distribution')
180 xlabel('Distance [pixels]')
181 ylabel('Nr of streamers')
182 for i=size(Distances,1):-1:1
183 tempdistances{i} = cell2mat(Distances(i,:));
184 histogram(tempdistances{i})
185 [B{i}(:), I{i}(:)] = sort(tempdistances{i});
186 Data.Boundary{i} = [round(size(B{i},2)/100*LowerLimit), round(size(B{i},2)/100*UpperLimit)];
187 Data.FastStreamers{i} = tempdistances{i}(I{i}(Data.Boundary{i}(1):Data.Boundary{i}(2)));
188 histogram(Data.FastStreamers{i}) % Data.FastStreamers is the Dataset describing the fastest

streamers
189 end
190 tempstring = repmat(['ns delay'],[size(Delays(end:-1:2),1),1]);
191 LegendString = [num2str(Delays(end:-1:2)) tempstring];
192 legend(LegendString);
193 hold off;
194 toc
195

196 %%FastStreamersPlot
197 figure;hold on;
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198 for i=size(Distances,1):-1:1
199 scatter(repmat(Delays(i),[size(Data.FastStreamers{i},2),1]),Data.FastStreamers{i},'.k')
200 end
201 xlabel('Delay [ns]')
202 ylabel('Distance [pixels]')
203 hold off;
204

205 for i=size(Distances,1):-1:1
206 Data.FastS.yerr(i) = std(Data.FastStreamers{i});
207 Data.FastS.xerr(i) = 5; %Time delay jitter
208 Data.FastS.y(i) = mean(Data.FastStreamers{i});
209 Data.FastS.x(i) = Delays(i);
210 end
211

212 figure;
213 ploterr(Data.FastS.x,Data.FastS.y,Data.FastS.xerr,Data.FastS.yerr,'ok');
214 title('Streamer Distance vs time');
215 xlabel('Delay [ns]')
216 ylabel('Streamer Distance [#]')
217

218

219

220 % AllStreamerPlot
221 % RGBCost = uniqueColors( 1,size(Dist.x,1), 0 );
222 figure;
223 Delays = [50 100 150 200 250 300];
224

225 for i=1:size(Dist.x,1)
226 subplot(3,2,i);
227 hold on;
228 plot(Dist.x{i,2},-Dist.y{i,2},'b.','MarkerSize',1);%,'Color',RGBCost(i,:));
229 for j=3:size(Dist.x,2)
230 plot(Dist.x{i,j},-Dist.y{i,j},'k.','MarkerSize',1);%,'Color',RGBCost(i,:));
231 end
232

233 title(['Delay ',num2str(Delays(i)),' ns'])
234 xlabel('x-position [pixels]')
235 ylabel('y-position [pixels]')
236 axis([-600 600 -1200 0])
237 hold off;
238 end
239

240

241 DatePrefix=datestr(now, 'yyyy mm dd HH MM SS'); %Prefix for all sava data
242

243 SaveString = [DatePrefix, ' PostProcessingData'];
244 save(SaveString,'Data','Dist');
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