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Summary
Streamers are fast moving ionizing channels that act as a precursor for sparks. These streamers were
observed within the insulation of high voltage equipment. Sparks forming within the insulation can
be harmful for the equipment in terms of performance and structural damage. In order to
understand streamer formation and propagation within high voltage equipment we investigated the
influence of a dielectric on the propagation of streamer discharges. We did this by measuring the
propagation paths of streamer discharges around a TiO2 sample in air. The measurements were
performed within a pressurized vessel at pressured ranging from 120mbar to 150mbar using a
stroboscopic ICCD camera. The streamer discharges were created by applying a pulse of 20kV on a
needle. The sample stood centered beneath the needle on a grounded plate. We specifically
investigated how the vertical distance between the needle and the top of the sample influences the
occurrence of a streamer with a surface component. We found that the influence of this vertical
distance resulted in a maximum in the probability of the occurrence of a streamer with a surface
component. We also observed that the position of this maximum was dependent on the pressure
within the vessel. Measurements on the inception cloud and the initial angle of propagation show
that polarization and branching at the inception cloud are most likely responsible for this maximum.
We found that for lower pressures the maximum probability was situated at a distance just past the
inception cloud size, while for lower pressures the maximum was closer to the needle. Polarization
around the top of the sample is most likely responsible for this. Measurements on the initial angle of
propagation show that there is a local minimum in this angle around the measured maxima. These
minima are most likely caused by a combination of deformations within the inception cloud and
polarization within the top of the sample. We also observed streamer branches that branched
halfway through the point plane gap that connected to the sample. As the distance between the
needle and the sample increased the occurrence of these branches increased as well.
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1. Introduction
Due to an increase in demand on both information technology and power in general, high voltage
equipment is becoming more common. Especially transporting large amounts of electricity proves to
be a challenge. Ideally a high voltage DC would be used in order to transport large amounts of
electricity over long distances as this limits the amount of lost power. For this high voltage devices
are needed. The performance of these devices depends greatly on the insulation material preventing
any detrimental breakdown. These insulations consist of a solid insulator surrounded by a gaseous
insulator. This solid insulators purpose is mainly structural, providing support for the parts within the
equipment.
However, these devices inherently generate high electric fields. Within high electric fields it is
possible that streamers are created. Streamers are fast moving ionizing channels that act as a
precursor for sparks. Although streamers need a high electric field to initiate, they are able to travel
to areas with smaller electric fields. Because of this sparks can also occur through paths that
normally aren’t possible. Because of this streamers can potentially do a lot of damage to high
voltage equipment. Streamers can travel through gas, liquid and solid objects.[1] Streamers that
travel along insulating surfaces can therefore potentially do a lot of damage and will cause a loss of
power due to the spark that will follow.
Therefore, sparks can be prevented by preventing streamers from being created. However,
knowledge concerning streamer inception and propagation near these insulators is lacking. It is
important to know what influences the path of a streamer and how they can be prevented.
Therefore, in this report the influences of a dielectric solid sample on the propagation of streamer
channels are examined. Especially the causes for a streamer to attach to a solid gas interface were
examined.
This report will start off by giving an overview of the know theory concerning streamer inception and
propagation around dielectric solids in chapter 2. After the theory, chapter 3 will explain the used
methods and set-ups explaining any limitations and advantages of our experiments. Chapter 4
presents and discusses our measured and compares it with our expected results. In chapter 5, lastly,
the conclusions based on our results will be discussed.
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2. Theory
2.1 Streamers
Streamers are fast moving ionizing channels that can move through solids, liquids and gasses. They
can be created by high electric fields although they do not need a high electric field to pro pagate.
This is because of the conducting properties of streamer channels. Streamers are channels of ionized
molecules or atoms. Together with the freed electrons these ions make up a conducting plasma. As
with all conductors the plasma is screened from most of the electric field by surface charges. These
surface charges result in an electric field enhancement at the head of the streamer which allows it to
propagate through areas with lower electric fields.
As stated before streamers can act as a precursor for a spark. Streamers can act as a conducting
channel through an insulating barrier within a circuit. When a streamer reaches another conducting
surface it creates a conducting path bypassing the insulating barrier. Providing there is a source that
can provide enough current a spark will then follow through the streamer channel. Streamers only
have a high electron temperature. Their ion temperature is significantly lower than the electron
temperature which makes streamers relatively harmless. However the following spark has both high
electron temperatures and ion temperatures which can reach up to thousands of Kelvins. This is due
to the large amounts of current flowing through the previously formed channel. Although the
resistance of the streamer channels is relatively low, the large amount of current causes the channel
to heat up since the heat formed in a resistance is proportional to the square of the current. The
heat created within a resistance due to a current is called Ohmic heating. This process is the main
reason why streamer channels can be very harmful since the heat from the spark following after
them can do structural damage to both the wiring and the insulation.

2.2 Electron avalanche
The electric fields within high voltage equipment are for the largest part within the insulation not
large enough to cause breakdown. However, once a streamer is created it can propagate within
these smaller electric fields because of electron avalanches. Due to background radiation and
radiation from near radioactive particles there is always a small amount of free electrons within a
neutral gas. These electrons will be accelerated when exposed to an electric field. If the free path
length and the electric field are large enough the electron will gain enough kinetic energy that, on
impact with a neutral molecule or atom within the gas, a neutral molecule can be ionized. As this
process is repeated with the original and newly freed electrons the amount of free electrons grows
exponentially due to this chain reaction. This chain reaction is illustrated in FIG. 2.1. As the amount
free charges grow structures will start to appear that influence the electric field. Once this reaches
significant levels streamers will start to form.[2]
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FIG. 2.1: Illustration of the stepped process within an electron avalanche.[3]

2.3 Similarity laws
Because streamers are created by electron avalanches their properties depend mostly on the
average kinetic energy that the free electrons have on collision. This means that streamers with the
same value for the product of the electric field strength and the mean free path will have similar
properties.[4] Because two-body processes are dominant within an electron avalanche, the free path
can be related to the density of the gas and is inversely proportional to it.
𝒍 𝒎𝒑𝒇 ∝ 𝟏/𝒏

(2.1)

Here 𝑙 𝑚𝑝𝑓 is the mean free path and n is the gas density. Assuming the experiment is performed
within an ideal gas at constant temperatures the mean free path length is also inversely proportional
to the gas pressure.
𝒍 𝒎𝒑𝒇 ∝ 𝟏/𝒑

(2.2)

Here p is the pressure of the gas. All length scales have the same dependency on the density, and
therefore pressure of the gas, as the mean free path.
As mentioned before the electric field strength also plays a role concerning the shape of the
streamers. Therefore, in order to get similar streamers the electric field strength has to be scaled
proportionally to the pressure in order to get similar streamers.
| 𝑬| ∝ 𝒑

(2.3)

Here |𝐸 | is the electric field strength. These laws for similar streamers are only valid within an ideal
gas. The presence of a dielectric solid will break these similarity laws.
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2.4 Streamer propagation
Once a streamer has been created it will start propagating due to the electric field. Streamers can be
divided into two categories: positive and negative streamers. As the surface charge of negative
streamers consists of free electrons, negative streamers can simply move due to influences of the
external electric field. Positive streamers, however, need an electron source in order to propagate
since the ions that make up the streamer have a relatively low mobility compared to free electrons .
Because of this positive streamers are more likely to follow paths towards electron sources. On the
other hand positive streamers are created more easily and will propagate further compared to
negative streamers. This means positive streamers are more likely to cause damage within high
voltage equipment. Because of this positive streamers will be investigated within this report.
Once a streamer has been initiated it will at first form a roughly spherical cloud when propagating
through air. As the cloud expands the electric field strength at the edge of it will decrease and will be
proportional to 𝑟 −2 where r is the radius of the cloud. At some point the electric field will not be
large enough to cause electron avalanches on the edge of the cloud. The streamer will then either
die out or break up into one or more channels.[1]
While a spherical shaped structure is no longer sustainable at a certain point, streamer channels can
propagate a lot further from the initiation point without a high external electric field. As a channel
moves along an electric field line most of the surface charge will be at the head of the streamer to
shield the interior plasma from the external field. Because of this the electric field in greatly
enhanced just in front of the streamer head. This enables the streamer to carry most of the potential
of its initiation point with it. Because of this a streamer can propagate into areas that have lower
external electric fields that normally would not be accessible for sparks. FIG. 2.2 illustrates how the
streamer carries most of the potential from its initiation point with it in order to propagate.
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FIG. 2.2: Illustration of the potential lines surrounding a streamer discharge (left)[5] with an
illustration of the position of free charge within and surrounding a streamer channel(right)[1].
As mentioned before, positive streamers need an electron source in front of it in order to propagate.
There are multiple possible sources for these electrons. Just like at the initiation of the streamers
one of the electron sources could be free electrons due to back ground radiation or naturally
occurring radioactive particles. Another possible electron source is leftover ionization due to a
previous streamer discharge. In the experiments examined within thi s report repetition rates of 1 Hz
were used. Within these repetition rates leftover ionization was found to be still significant.[1]
Photo-ionization can also be responsible for free electrons at the head of a streamer. Exited species
from the streamer head emit photons. If these photons have enough energy they can ionize neutral
gas molecules in front of the streamer head. However, as ambient air mainl y consists out of oxygen
and nitrogen the energy of these photons needs to be quite high. The ionization energy of molecular
oxygen is 12.1 eV[6] and the ionization energy of nitrogen is 15.8 eV[7]. Photons that have enough
energy to ionize nitrogen are normally not created within a streamer head. However, excited
nitrogen molecules do emit photons with a large enough energy to ionize oxygen when they fall back
to their ground states. Due to this process the VUV-light emitted by the streamer head itself can
6

create an electron source in front of it. On the other hand, the mean free path of this light within
ambient air is not very large, meaning that photons used for photo-ionization need to be very close
to the edge of the streamer head in order to contribute. If a molecule is ionized to closely to the
streamer head, the resulting electron might not be able to accelerate enough to initiate an electron
avalanches or might not be able to cause enough steps within the electron avalanche process to be
relevant.
The processes mentioned above is the dominant process providing free electrons within ambient air
in order to create electron sources for a streamer channel. However, streamers do not travel
through gasses alone. They can also travel through or along solids. An insulating solid can also act as
an electron source for a streamer channel due to multiple processes.

2.5 Dielectric surfaces
A dielectric sample can also act as an electron source when it is close enough to a streamer
discharge. Especially gas-solid interface processes will provide free electrons for a streamer if one is
close. Note that due to these processes any similarity laws do not apply anymore, meaning that only
streamers far enough away from any dielectric solids will follow the similarity laws discussed in
section 2.3. Interface processes that can provide significant amounts of free electrons are:
polarization, photo-emission, secondary electron emission and field emission.
2.5.1 Polarization
Unlike conductors, dielectrics cannot shield their interior from electric fields by means of free
charged particles. However, bound charges within the electric can still decrease the electric field
within the interior. Due to polarization bound charges within the dielectric will usually decrease the
electric field within the interior and slightly increase the electric field just outside it. This means that
the electric field of a streamer head will be enhanced if it moves close enough to the surface of a
dielectric. The strength of the polarization is for most substances linearly proportional to the electric
susceptibility 𝜒𝑒 provided the electric field is not too strong[8]:
𝑷 = 𝜺𝟎 𝝌𝒆𝑬

(2.4)

where P is the polarization, 𝜀0 is the vacuum permittivity and E is the electric field. This process is
only significant if the streamer is moving very close or along the dielectric surface. This is due to the
fact that the streamer head only enhances the electric field in front of it on a short range. It has been
shown that in triple point interfaces the electric field will be greatly enhanced which will allow
electron avalanches to occur more easily.[9][10] The background electric field will also cause
polarization within the sample. Due to this the electric field lines will curve slightly more toward the
sample. The positioning of the sample will have a big influence on the relevance of this effect as
higher electric fields will cause higher polarization.
2.5.2 Photoemission
Similar to photo-ionization, photons created within the streamer can also ionize molecules within
the dielectric sample. This process is called photo-emission.[11] The difference between the two
processes is that the molecules within dielectrics have lower ionization energies than oxygen. The
work function of most dielectrics is lower than 10 eV whereas the ionization energy for oxygen is
12.1 eV. Not only is it therefore easier for electrons to be freed from a dielectric surface compared
to oxygen the free path length of the photons required to do so is also significantly greater than
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those required to ionize oxygen. This means that electrons can be provided at a far longer range due
to electron emission. During the experiments a sample of TiO 2 was used. The work function for this
dielectric is around 4.2 eV.[12]. The photons that are required for this process have a significantly
larger mean free path than those required to ionize oxygen. This means photo-emission can
contribute as an electron source on larger distances than photo-ionization. As the molecules within
the dielectric sample get ionized a positive charge is left close to the dielectric surface. Because
there are no free charges within the dielectric, these charges will dissipate very slowly. The positive
charge would normally repel streamers from the surface, however single electrons that are
responsible for any positive charge on the dielectric surface are also responsible for an entire
electron avalanche and thus a very big electron source for any near streamers. This process will
dominate the repelling force due to left over charges on the dielectric surface as long as the
streamer head is close enough to cause electron avalanches. If the streamer is further away the
positive charge will have some repelling effects, however these will be quite small at those
distances.
2.5.3 Secondary electron emission
Another interfacial process is secondary electron emission (SEE). SEE is based on similar processes as
impact ionization. As electrons with sufficient energy collide with the molecules within the dielectric
sample, these molecules can be ionized. On the other hand these electrons can also be
backscattered or even absorbed. However, any SEE effects will be small and previously mentioned
processes will in all cases dominate any SEE reactions.[11] Moreover the electric fields around the
surface will only be large enough for electrons to ionize when a streamer head is near. On the other
hand due to these processes it is possible for a dielectric surface to become negatively charged due
to electron absorption after a streamer has passed. This could be significant for subsequent
streamers if the charge is large enough.
2.5.4 Field emission
Lastly, field emission might play a role as an electron source. If the electric field on a dielectric
surface is large enough, electrons might be freed from the surface by this field. This is especially
important at triple point junctions where the electric field is greatly enhanced. This process results in
a positive charge on the dielectric surface. However this process is only significant as an electron
source once a streamer is already propagating along a dielectric surface. On the other hand, due to
this process charges will be left on the dielectric surface which could be important for subsequent
streamer discharges depending on the amount of charge left on the surface.
The processes concerning a solid-gas interface can leave charges on the surface that could influence
subsequent streamer discharges. However, in the experiments of Gijs Akkermans[3] and Ilian
Plompen[13] correlation effects were found to be small or non-existing in terms of the probability of
the occurrence of surface streamers. Apparently any leftover charge dissipates faster than the one
second between discharges.[11] However, correlation effects have to be kept in mind as they might
influence measurements on any probabilities.

2.6 Branching
Branching plays an important role while examining the paths of streamer channels. As streamer
branching is required in most cases for streamers to propagate significant distances within a gas
mixture we will distinguish these branching effects from branching effect that appear in already
8

existing channels. The branching from the initiation cloud, also known as primary branching, will
almost always occur within our experiments. This effect greatly influences the path most of the
streamers take since the different streamer heads repel each other due to positive charges within
the streamer heads. This effect decreases the chance of surface streamers due to repulsive forces of
other streamer channels.
After primary branching has taken place it is possible for a single channel to branch into two
channels. Streamer branching is mainly a stochastic effect meaning that within our set-up it is more
likely to encounter any secondary branching effects at higher pressures. The streamer heads will
propagate more slowly at higher pressures meaning that there is more time for a streamer to branch
before it has crossed the point plane gap.
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3. Experimental Set-up
The goal of this experiment is to investigate what causes streamers propagating through gas to
connect and propagate along a surface-gas interface. In order to do so we used an experimental setup consisting out of a high voltage pulse generator, a pressure vessel containing the electrodes and
samples, a stroboscopic ICCD (intensified CCD) camera and a number of electrical components for
the circuit to function properly.

3.1 High voltage pulse generator
For our experiment we used a DC high voltage source. In our case a Kilovolt Company generator was
used which can provide a DC voltage of down to -30kV. FIG. 3.1 illustrates the electrical circuit
connected to the generator in order to create a high voltage pulse generator.

FIG. 3.1: schematic representation of the used pulse generator.[3]
The circuit consists out of a 1 nF capacitor C 1 that is charged by the DC high voltage source.
Simultaneously, the upper part of the spark gap in charged as well. The conditions withi n the spark
gap are set in such a way that -20kV is just insufficient for a spark to cross the gap. During our
experiment once every second a positive trigger was send to the lower part of the spark gap causing
a spark. Because of this the charged part of the capacitance is quickly grounded. This causes the
other side of the capacitance to be positively charged. This charges the needle electrode which
enables streamers to form within the point plane gap. The capacitance is also grounded through a
resistor R3 making sure the high voltage pulse on the needle electrode is short enough to prevent
sparks from forming after the streamer. It is very important that the formation of sparks is kept at a
minimum since the sparks will damage the sample and the equipment which would influence
measurements after it. Similarly R3 should be large enough to allow streamers to initiate and
propagate but shouldn’t allow sparks to follow after them.
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For accurate measurements it is important for the pulse to have a short rise ti me, since the electric
field is important due to similarity laws for the shape of the streamer. Gijs Akkermans investigated
how this circuit could provide the shortest rise time while still having a high quality pulse. The rise
time of the pulse decreases for smaller values of R2, however he found that for values smaller than
100Ω oscillations start to occur within the pulse.[3]

3.2 Vessel
It is possible to create streamers around 1 bar, however very high electric fields are needed in order
for streamers to incept. Since the time scales at which the streamers travel through the point plane
gap are very small it is important to know when the streamers will form. Therefore it is very hard to
measure at ambient pressures since streamer initiation will then become a stochastic process at 20
kV. Also due to the similarity laws discussed in section 2.3 the diameter of streamer channels will
decrease for higher pressures making them harder to observe. Because of this the measurements
were performed within a pressurized vessel to make it easier for streamers to form. Ou r
experiments were conducted between 120-150 mbar.

3.3 Samples and sample placement
During our experiments we used a 4*30*150mm TiO2 sample. This sample was provided by ABB and
has a relative permittivity of 𝜀𝑟 = 8.[13] In this report the influence of vertical displacement(Δy) of
the sample were examined. In order to do so, the sample was placed in a sample holder that allowed
it to slide up and downward within it. This was placed on some conducting blocks to give the sample
the movement space it required. FIG. 3.2 illustrates the set-up that was used.
+20kV HV pulse

Δy

FIG. 3.2: front view (left) and side view (right) of the sample placement within our set-up.
As can be seen in FIG. 3.2 the sample was always placed as closely centered beneath the needle as
possible and for most experiments the short side was facing the camera. The sample was placed
within a sample holder that stood on conducting blocks. The plate beneath the conducting blocks
was grounded so that all conducting blocks and sample holders used in the set-up were also
grounded.
12

3.4 ICCD camera
All of our measurements were performed using an ICCD camera. The streamer heads contain excited
particles and therefore emit among others violet and ultra-violet light. In order to capture this light
we have used a LaVision Picostar ICCD camera. The system intensifies and then captures the light it
receives from our set-up. For more information on stroboscopic imaging using an ICCD camera see
[14].
While the repetition rates of subsequent streamer discharges is 1 Hertz, the timescales on which the
streamers propagate through the gap are significantly shorter. Therefore, any regular exposures will
only show the path of the streamer channels and all information concerning velocity will be lost.
Because of this we used a stroboscopic measuring technique allowing for multiple exposures within
one image. This technique allows us to both examine the paths and velocity of different streamer
channels propagating within our set-up.
Because the light emitted by the streamer heads needs to be intensified in order to be measured,
the intensifier can be used in order to make stroboscopic images. The exposure time of our camera
is significantly larger than the time a channel needs to cross the gap of our set-up. We used an
exposure time of 10 microseconds in our experiment. However, instead of triggering our intensifier
during the entire exposure we trigger with block pulses at a frequency of 50MHz. This results in a
stroboscopic image that exposes the channel at 20 nanoseconds apart. Since the streamer head
emits most of the photons that are captured, as photoionization creates excited ions, this imaging
technique allows us to determine the position of a streamer head as it propagates through the set up 20 nanoseconds apart from each other. The timing of the triggering process is illustrated in FIG.
3.3.

HV pulse
10 ms

Pulses 20ns apart

FIG. 3.3: Figure showing the timing of the triggering of the different components within our set-up.
The diagram shows only a representation of the triggering process and are not scaled.
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In order to trigger the intensifier and make sure all the hardware was timed correctly the set-up in
FIG. 3.4 was used. Firstly the LaVision software within the computer controlled the programmable
timing unit (PTU). This pulse triggers both the CCD and the P400 delay generator. The delay
generator sends out two pulses. One is send through a TU/eDACS unit that creates a pulse train for
the intensifier. This pulse train is responsible through the HRI intensifier for the stroboscopic image.
The other pulse send out by the delay generator triggers the spark gap within the high voltage pulse
generator. Through the delay generator the timing of the intensifier and spark gap can be closely
regulated making sure that the streamer propagation occurs while the intensifier is functioning.

FIG. 3.4: Schematic overview of the system used for triggering the pulse generator camera and
intensifier.[3]
In order to image the streamer discharges around the sample the camera was set up outside the
vessel facing the thin side of the sample shown as the front view in FIG. 3.2: front view (left) and side
view (right) of the sample placement within our set-up.FIG. 3.2. Using this set-up the following
image can be seen through the camera.

FIG. 3.5: Figure showing the camera view of the set-up without a streamer discharge.
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4. Results
In this chapter the results of our experiment will be presented along with a discussion of these
results. Firstly, we will discuss our initial measurement, examining how the vertical displacement of
our sample influences streamer propagation. Secondly, the influence of vertical displacement at
different pressures will be discussed and compared to each other. Lastly, the influence of secondary
branching will be discussed. In order to make sure any effects from previous streamers were kept to
a minimum, correlation between subsequent streamers was also measured.

4.1 Initial measurements
In previous experiments done on the same or similar set-ups, the displacement of a dielectric sample
in regard to an initiation point was investigated.[3][13] From these experiments it was concluded
that a horizontal displacement of a dielectric sample greatly influenced the probability of the
occurrence of surface streamer. It was found that displacements of a few tenths of millimeters
already had an influence on the occurrence of surface streamers. Within these measurements it was
also evident that the sample had an influence on the inception cloud. This was cause for us to
investigate how vertical displacement influences streamer propagation.
The vertical position of the sample influences the shape of the inception cloud. It can either break it
apart if it is close to the needle or attract one single channel through the middle postponing the
point at which the cloud branches for the first time. FIG. 4.1 shows two different vertical positions of
the sample and the influence it has on the inception cloud.

Δy

120mbar
20 kV HV pulse
In air
1 Hz rep. rate
ε=8

FIG. 4.1: Images of streamer discharges around a dielectric sample placed close (left) and far (right)
from the needle showing the influence of the vertical position of the sample on the propagation
paths of a streamer discharge.
In order to investigate the probability for a streamer to have a surface component(𝑃𝑠𝑢𝑟𝑓𝑎𝑐𝑒) we
looked stroboscopic at 500 subsequent streamer discharges. These exposures were then sorted into
15

two categories: exposures containing only gas discharges and exposures containing gas discharges
and at least one clear solid-gas interface discharge. The faulty exposures are mainly due to the fact
that the trigger at the spark gap doesn’t always directly result in breakdown. Because of this th e
timing of some exposures is slightly off. The probability was then calculated using eq. (4.1).
𝑷𝒔𝒖𝒓𝒇𝒂𝒄𝒆 =

𝒏𝒔𝒖𝒓𝒇𝒂𝒄𝒆
𝒏𝒔𝒖𝒓𝒇𝒂𝒄𝒆+𝒏𝒈𝒂𝒔

(4.1)

Here, 𝑃𝑠𝑢𝑟𝑓𝑎𝑐𝑒 is the probability for a streamer discharge to have a surface component, 𝑛𝑠𝑢𝑟𝑓𝑎𝑐𝑒 is
the amount of exposures containing at least one clear solid-gas surface and 𝑛𝑔𝑎𝑠 is the amount of
exposures without a surface component.
Initially, the influence of Δy of a TiO2 sample was measured at 120 mbar. FIG. 4.2 shows the results
of this measurement. It is clearly visible that there are a lot of fluctuations within this graph. Because
of this and knowing that a horizontal displacement can have major influences we examined the
horizontal displacement of these measurements as well. Even though we attempted to place the
sample as closely to the center as possible some deviations were still present. This is also shown in
the graph. We found that many of the measurements with high surface streamer probabilities had a
relatively large horizontal displacement. However, the graph is still useful as it clearly shows a region
of interest between 22 and 30 mm were the probability is higher than the surrounding regions. For
the uncertainties within our measurements we used the standard deviation of a stochastic binary
process given by:
𝝈𝒔𝒕𝒐𝒄𝒉 = √𝒏𝒑(𝟏 − 𝒑)

(4.2)

where 𝜎𝑠𝑡𝑜𝑐ℎ is the standard deviation due to stochastic effects, n is the amount of discharges per
measurement point and p is the probability of the occurrence of a surface streamer.
FIG. 4.3 shows the probability of subsequent streamers having a surface component compared to
Ps urface. In general these results suggest that correlation effects are very small within our set-up,
apart from a few exceptions. For some points within the graph, on the other hand, there does seem
to be a correlation between subsequent discharges with a surface component. However, most of
these points occur for small values of P s urface where uncertainties are very large. Also stochastic
effects might not be the only influence on the uncertainties of our measurements, however this will
be discussed later in the report. Because of this correlations will only be mentioned in the rest of the
report in they are relevant. All other correlations can be found in Appendix A.
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FIG. 4.2: Figure showing the probability of the occurrence of surface streamers as function of Δy.
The horizontal position was also included and can be found in the legend as x.
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FIG. 4.3: Figure showing the measured correlation between subsequent surface streamers.
As a result of these measurements the horizontal position was fixed in order to get reliable results.
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4.2 Vertical displacement
In order to fix the sample within the horizontal plane, one of the supporting beams was secured to
the grounded plate using a clamp. Into this same beam a bolt was screwed to fix the position in the
other direction. FIG. 4.4 shows a side view of the new set-up within our vessel.

vessel
camera

FIG. 4.4: Side view of the new set-up used to alter the vertical position of our sample within the
pressurized vessel.
With a fixed sample holder we repeated the previous measurement at 120 mbar. These results are
presented in FIG. 4.5. We also reduced the amount of exposures used for every position to one
hundred since five hundred measurements proved too ti me consuming. Furthermore, by reducing
the amount of discharges per measurement point to one hundred the relative uncertainty should
only increase with a factor √5.

18

1.1
1.0
0.9
0.8
0.7

Psurface

0.6
0.5
0.4
0.3
0.2
0.1
0.0
-0.1
0

5

10

15

20

25

30

Vertical displacement(mm)

FIG. 4.5: Figure showing Psurface as function of Δy at 120mbar.
The region of interest resulting from our original measurements is still present as a maximum within
our graph. On the other hand the maximum is very small and the spread is relatively large within the
area around the maximum.This spread of the results of measurements with similar vertical position
seems to indicate that the uncertainties within of results are higher than those due to stochastic
effects alone. Because of this we investigated the uncertainty within one single measurement point
by repeating one point in three series for a hundred discharges. Between every series the vessel was
opened up and the sample was taken out and put inside again. From these measurements we found
that the standard deviation was 2 counts higher than the standard deviation resulting from
stochastic processes because of this in the rest of this report the uncertainties of any measurement
point will be given by:
𝝈 = 𝝈𝒔𝒕𝒐𝒄𝒉 +

𝟐𝒏
𝟏𝟎𝟎

(4.3)

where 𝜎 is the new standard deviation in the amount of counted surface streamers and n is the
amount of streamer discharges used to calculate P s urface. This also means that the uncertainties in
FIG. 4.3Fout! Verwijzingsbron niet gevonden. are larger than initially calculated. This adds 0.02 to
the uncertainty of the results of FIG. 4.3Fout! Verwijzingsbron niet gevonden. meaning most of the
results show little correlation in the probability of subsequent surface streamers. In order to
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investigate the measured maximum more closely we performed the same measurements at a higher
pressure. As mentioned before, the pressure has a large influence on streamer propagation within a
gas. Increasing the pressure will decrease the mean free path of electrons. This will make the
occurrence of electron avalanches less likely. This has an influence on streamer propagation which is
explained by the similarity laws in section 2.3. However, similarity laws do not hold up close to a
dielectric sample meaning that increasing the pressure has a negative influence on processes that
provide electrons for streamers traveling through air while it has a far smaller effect on processes
that provide electron near a dielectric sample. So increasing the pressure should increase the
probability of the occurrence of surface streamers. We performed measurements at 135 mbar
resulting in the graph shown in FIG. 4.6.
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FIG. 4.6: Figure showing the influence of Δy on Psurface at 135mbar. Shown is also the previously
measured maximum at 120mbar.
At 135 mbar a clear maximum was measured. The maximum is higher than the one at 120 mbar
which can be explained by the similarity laws since increasing the pressure has a negative influence
on processes that provide free electrons for streamers that propagate through air only . What we
also measured was that the position of the maximum shifted closer to the needle. FIG. 4.6 shows
both the results for 135 mbar as the previously measured maximum. In order to examine this shift
we changed the pressure again to see if the maximum would shift closer to the needle again. These
measurements resulted in FIG. 4.7.
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FIG. 4.7: Figure showing Psurface as function of Δy at 150mbar including the maxima that were
measured at 120mbar and 135mbar.
Again the maximum became clearer as it became larger with respect to the previous measurements.
Also the position of the maximum again shifted closer to the needle tip. There are a couple of
processes that could be responsible for the maxima that were measured. Close to the initiation point
the top of the sample breaks the inception cloud apart forcing the different streamer channels to
follow electric field lines further away from the sample. This will decrease the probability of the
occurrence of surface streamers. However, further away from the initiation point the streamer
density will decrease and polarization within the sample will cause the inception cloud to deform .
This will influence streamer paths. This could explain why there is a maximum in the results on the
influence of Δy on P s urface. FIG. 4.8 shows how the position of a sample within the setup blocks
electric field lines close to the center. Note that the electric field drawn in this figure is the electric
field that is present when no sample is present. Polarization within the sample will alter this field.
The effects of polarization on the shape of the electric field will be discussed later.
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FIG. 4.8: Image showing the influence of sample placement on the availability of the centered part
of the electric field.

4.3 Inception cloud
As stated before, a streamer discharge in air always forms a roughly spherical cloud before it breaks
up into separate streamer channels. The average size to which this cloud is allowed to grow is
dependent amongst others on the magnitude of the background electric field and the mean free
path of electrons within the gas. As we are changing the pressure within our vessel the size of the
inception clouds will change depending on the pressure. As the cloud breaks up, channels can form
all over the cloud surface. The position from where a streamer channel originates on the inception
cloud largely determines the initial propagation path meaning that the positions of primary
branching have an influence on P s urface. Because Δy influences the shape of the inception cloud
positions from which streamers can propagate are influenced. FIG. 4.9 shows how Δy has an
influence on the area’s from which streamer channels can form. As a streamer channel branches
from its inception cloud, it will initially propagate almost perpendicular to the clouds surface. As
shown in FIG. 4.9 placing a sample within the set-up can greatly influence the shape of the inception
cloud. Placing the sample closer to the needle than the size of the inception cloud forces the cloud
to break apart prematurely making sure all streamers branch from roughly the same position every
discharge. Placing the sample further away from this point will deform the inception cloud also
limiting the area from which a streamer branch could form. However, placing the top of the sample
at the spot where the inception cloud breaks up will allow streamer channels to branch further away
from the center which should increase the amount of surface streamers.
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FIG. 4.9: Figure showing the effects of vertical sample placement on the shape of the inception
cloud.
The position of the sample in regard to the inception cloud should have a large influence on the
occurrence of surface streamers. The average size of the inception clouds at different pressures was
measured. These results are depicted in FIG. 4.10. For these measurements, we looked at twenty
different discharges and determined their sizes. As the size determined from stroboscopic images
has a relatively large uncertainty, any uncertainties due to stochastic effects can be neglected for
these results.
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FIG. 4.10: Figure showing the size of the inception cloud as a function of the pressure.
As the inception cloud grows its electric field on its edge will decrease proportional to
1

1
𝑟2

. Also the

mean free path is proportional to . If we assume that the inception cloud seizes to expand at a
𝑝

constant value for the product of the electric field size and mean free path we can find the influence
of the pressure on the size of the inception cloud.[1]
𝟏
𝒓𝒊𝒏𝒄 𝟐

𝟏

∗ =𝒄
𝒑

(4.4)

Where 𝑟𝑖𝑛𝑐 is the maximum radius of the inception cloud and c is the constant at which an inception
cloud seizes to expand. This formula was fitted through our measurement points and the resulting
curve was added to FIG. 4.10. We cannot really make any conclusions based on the parameters
needed to fit this curve however what is clear is that the influence of the pressure on the size of the
inception cloud is roughly equal to eq.(4.4). The measured maxima seemed to shift more at higher
pressures, while the changes within the inception clouds are more significant for lower pressures.
Therefore, the measured maxima cannot be explained solely by the size of the inception cloud.
Comparing our measured results which the size of the inception clouds results in FIG. 4.11Fout!
Verwijzingsbron niet gevonden.. Note that the figure only shows the measured size of the inception
cloud and does not include the uncertainties belonging to these measurements.
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FIG. 4.11: Figure showing the measured size of the inception clouds compared to the measured
maxima in the probability of the occurrence of surface streamers for 120, 135 and 150mbar and a
table showing a summary of the comparison.
As was expected from the results of FIG. 4.10 the size of the inception cloud does not coincide with
all measured maxima. It does coincide with the results from 120 and 135mbar however. It seems
that the inception cloud does have some role in the occurrence of surface streamers. Some
deviations from the results of FIG. 4.10 are to be expected since adding a sample changes the
electric field. As the measurements on the size of the inception clouds were performed without a
sample present they aren’t completely comparable to the measured results with a sample. On the
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other hand the results at 150 mbar do seem to deviate quite significantly. This means that there
could be some other processes involved that are influencing the occurrence of surface streamers.

4.4 Angles
As mentioned before, the positions where the inception cloud branches is very important with
respect to the path the streamer channel will most likely take. The positioning of a dielectric sample
beneath an initiation point influences the branching process. Not only does the sample force the
inception cloud to break apart at a certain position, it also alters the electric field beneath the
needle. The top of the sample not only enhances the electric field but it also curves it towards the
upper surface. As the sample moves more closely to the tip of the needle these effects become
more significant. Also as the horizontal component of the electric field is larger closer to the needle
polarization on the sides of the sample will also become significant close to the needle. This
polarization will curve the electric field towards the sample surface. FIG. 4.12 shows how
polarization influences the electric field near the top of the sample.
needle
Electric field lines

sample

FIG. 4.12: Figure showing the effect of polarization of the background electric field.
We expect the angle that the channels make with respect to the sample to change as well. On the
other hand, putting the sample closer to the needle tip also blocks more of the centered electric
field which could be more significant than any curving of the electric field. Since most of the surface
charge is on the head of the streamer, the angle of the streamer channel in regard to the dielectric
surface is very important. A streamer head only has a small range of angles from which it can accept
electron sources. Ranges outside of this area that provide any free electrons will not be significant
since these electrons will not be accelerated enough. Therefore, these electrons will not contribute
as electron avalanches. Any streamer channel that faces away from the dielectric sample will have to
turn by chance before the sample can have any influence. FIG. 4.13 illustrates how the angle
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between the channel and the sample, from now on referred to as Ɵ, can influence which electron
sources are relevant.

Ɵ

Ɵ

Area where electron
avalanches can
occur

Area where electron
avalanches can
occur

FIG. 4.13: Schematic image of the importance of the propagation direction on the relevance of
available electron sources left is shown a propagation path with a relatively large value for Ɵ while
the right image shows a propagation path with a lower value for Ɵ.
Because the propagation direction of a streamer channel is very important with respect to which
electron sources are relevant we investigated the angle that these channels made with respect to
the samples. As the vertical position from which the channels originate is not constant throughout
our measurements we calculated these angles using the following procedure. Af ter selecting a clear
single streamer channel, a line was drawn along the lower side of the channel. This line was
connected to a vertical line that crosses through the needle tip. The angle between those two lines
was calculated and used for the results. FIG. 4.14 illustrates the lines that were used in order to
calculate the angle of propagation.
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FIG. 4.14: Procedure used in order to calculate the angle between the streamer channels and the
sample surface fort two different vertical positions of the sample.
Ɵ was determined for 120 mbar. These results are shown in FIG. 4.15. In order to calculate these
angles, ten different streamer channels were examined on both sides of the sample. Since any
surface streamers will have a big influence on these angles, these measurements were only
performed on discharges that had no surface component. Also for experiments using a relatively
large distance between the needle and sample it is important to take into account that the ICCD
camera only shows a two dimensional representation of the actual situation meaning that there
could be channels propagating behind or in front of the sample which will cause smaller values for Ɵ.
In all other aspects it does not matter that we looked at two dimensional images only since this does
not influence the determining of the angle.
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FIG. 4.15: Figure showing Ɵ as function of Δy at 120mbar.
The results show that there is a dip in the size of the angle of the stre amer channels around the
maximum that we measured. In this case, the dip can be most likely explained by the fact that the
inception cloud ends at this point. As mentioned before the inception cloud allows streamer
channels to branch further away from the center beneath the needle resulting in slightly smaller
angles.
In order to see if this dip was also present in our other me asurements we also calculated Ɵ for
135mbar. As the position at which the inception cloud breaks apart becomes closer to the needle,
effects from polarization of the top of the sample will increase. The polarization within the top of the
sample will bend the electric field lines towards the sample. The results of the measured angles are
shown in FIG. 4.16.
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FIG. 4.16: Figure showing Ɵ as function of Δy at 135mbar.
Again a local minimum in the value of Ɵ around our measured maximum was observed. However,
this case the local minimum only concerns one measurement point. Moreover it seems as if this
measurement is faulty as the rest of the results all seem to be on a certain curve. On the other hand,
the local minimum does coincide with the measured maximum in P surface. We found that the local
minimum within the calculated angle was not the smallest value of Ɵ we observed. However, the
decrease in streamer density at larger distances might explain why the amount of observed surface
streamers was low for these measurement points.
Measurements at 120mbar and 135mbar suggest a relation between the local minimum in Ɵ and the
maximum value of P s urface. If this relation is indeed present we expect this to be true for 150mbar as
well. In order to check this, we also calculated the propagation angle for 150mbar. These results are
shown in FIG. 4.17. Note that the maximum probability deviated greatly from the other
measurements and the inception cloud size.
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FIG. 4.17: Figure showing Ɵ as function of Δy at 150mbar.
FIG. 4.17 shows a clear local minimum in Ɵ around the measured maximum at 150mbar. This means
that there seems to be a correlation between Ɵ and the maximum value for Ps urface. Although not all
results were completely convincing they all seemed to have a local minimum in Ɵ around the
maximum probability of surface streamers we measured. Even though this local minimum was not
an absolute minimum, as can be seen in FIG. 4.16 and FIG. 4.17, this minimum seems to have a big
influence on the occurrence of surface streamers. The fact that a decrease in Ɵ does not contribute
to an increase of Ps urface at larger values for Δy can be explained by a decrease in streamer density.
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4.5 Secondary branching
During our measurements we did not only encounter streamers branching from the inception cloud.
As mentioned in section 2.5, due to stochastic effects, streamer channels can branch as well. What
we found is that in some occasions the branched streamer channel seemed to connect to our
sample. After some investigation we concluded that indeed secondary branching channels were
cause for a surface streamer running across part of the sample . These streamers were not taken into
account for the previous results. In order to get a better image of these channels we increased the
amounts of gates to the intensifier to be able to observe the discharge for a longer time period.
Below are some of the results we measured. It is clear from these images that there is a component
of the streamer that runs along the dielectric surface.

120mbar
20 kV HV pulse
In air
1 Hz rep. rate
ε=8

120mbar
20 kV HV pulse
In air
1 Hz rep. rate
ε=8
FIG. 4.18: Some of the observed images containing secondary branching channels that connect
with the sample surface.
At the moment that secondary branching channels are formed they are either repelled further away
from the center or pushed towards the center by the main branches depending on the side that the
streamer branches. As the existing channel is normally larger than the branching channel, the
smaller channel is pushed away while the original channel keeps propagating approximately in the
same direction. Because of this, secondary branching channels can face their streamer heads more
easily towards the dielectric sample. However, these streamer channels need to propagate almost
perpendicular to the electric field lines. This means that the smaller the horizontal distance is from
the branching point to the sample surface, the easier it gets for these channels to reach the surface.
32

In order to compare we investigated the occurrence of these streamer channels at 120 mbar. The
results are shown in FIG. 4.19 which also contains the results from the primary branches at 120
mbar. For these measurements we followed the same procedure as before only with a higher
number of pulses for the intensifier. We imaged one hundred discharges and counted only the
surface streamers resulting from secondary branching.
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FIG. 4.19: Figure showing the influence of Δy on Psurface for both primary branches as secondary
branching channels at 120mbar.
Secondary branching did not occur often at 120 mbar. Therefore, the amount of secondary
branching channels that connected to the sample surface was very small. However, even at 120
mbar there were observed some of those channels. The uncertainty of the measurements appear to
be mostly stochastic. Because of this only the stochastic uncertainty was used for these
measurements. As mentioned in the theory, branching increases as the pressure increases.
Therefore it was to be expected that we did not encounter a lot of branching at lower pressures. In
order to investigate branching effects more closely we therefore need to measure again at higher
pressures. FIG. 4.20 shows our results at 135 mbar.
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FIG. 4.20: Figure showing Psurface as function of Δy for both primary branches as secondary
branching channels at 135mbar.
The measurements show an increase in secondary branching channels connecting to the surface as
the distance between the sample and the needle increases. From our measurements on the
propagation angle we found that for very large distance between the needle and the sample the
propagation angle became small. This means that the distance that the branching channels have to
cross is smaller meaning there is a larger range of places on the primary streamer from which a
branching streamer can reach the sample surface. As branching is a stochastic process this is very
important for secondary branches to reach the sample. After a streamer channel forms on the
electron cloud, its diameter will start to grow as it propagates through a gas. At some point the
streamer head becomes instable and branches into multiple streamer channels. [1] However, the
exact time and position where a streamer channel will branch are still influenced by stochastic
processes. This means that the point at which a streamer channel will branch is stochastic given that
the channel has been propagation for a certain time interval . For larger vertical displacements the
range of initiation points that will allow the branched channel to cross the distance to the sample
surface increases. This increases the occurrence of secondary branching channels from connecting to
the sample surface.
We expected that increasing the pressure would increase the occurrence of these secondary surface
channels. On the other hand it will also slow down streamer propagation through air due to
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similarity laws. Therefore, we repeated the measurement at 150 mbar. From our measurements on
the propagation angle we can expect to see similar results as seen at 135mbar, however since
branching will occur more often the amount of secondary branching channels connecting with the
surface should be higher. The results are shown in FIG. 4.21. Again the results from primary
branching are also included.
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FIG. 4.21: Figure showing Psurface as function of Δy for both primary branches as secondary
branching channels at 150mbar.
The results show us that increasing the pressure increased branching and the occurrence of
secondary branching channels that connected to the surface of the sample. Any decrease in
streamer propagation velocity seemed to have little effect. This can be explained by the fact that the
similarity laws from section 2.3 do not hold up around the sample. This means that the pressure will
have a smaller influence on streamer propagation for streamers that the sample supplies electrons
for because polarization within the sample enhances the electric field. Increasing the pressure does
not influence the way that polarization within the sample enhances any electric field that it is
subjected to. It is again visible that the occurrence of secondary branching streamers as surf ace
streamers increases with Δy. For the measurements at the largest values for Δy the results even
seem to approach a probability of 1. The shape of this curve can be explained by the length of the
piece of streamer path that a channel can branch from and still reach the surface of the sample. As
Δy increases the streamer channel will propagate more closely to the sample surface . This means
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that it takes the streamer channel a longer time to reach a horizontal distance from the sample that
exceeds the distance a secondary branching channel can cross. So a smaller angle results in more
time for a streamer to branch while the horizontal distance is still small enough. As it takes some
time before a streamer is able to branch the area’s suitable for secondary branching channels to
reach the surface and the area where branching can take place will or will not overlap. This is
illustrated in FIG. 4.22. As the size of the overlapping region increases the amount of observed
secondary branching channels that reach the dielectric surface should increase. It must be noted
that these regions are not as absolute as depicted in the figure as these are still stochastic processes.
However, outside of these regions the depicted processes will become very unlikely.
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channels to reach the
surface

Area where
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take place

Area suitable for
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channels to reach the
surface
Area where
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FIG. 4.22: Figure showing the relevant regions for secondary branching channels
If the angle of propagation is truly the only factor influencing secondary branching channels than
these channels should also be observed around the original maximum. However, the occurrence of
primary surface streamers might make is difficult to get good results.
Throughout our measurements however we found that in many cases the surface streamers
originating from secondary branching did not cross the point plane gap before the primary
streamers did. Because of this these surface streamers might not be relevant for the formation of
sparks. However, due to the timescales between the primary streamers crossing the gap and the
surface streamer crossing the gap is in the order of nanoseconds sparks might still travel through
these channels. As the original problem occurred in high voltage DC equipment, current will flow
through streamer channels on longer time scales then nanoseconds.
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5.

Conclusions

In this chapter the most important conclusions following from our work will be discussed.

5.1 Initial measurement
Firstly, we measured Psurface at 120mbar for different vertical positions of a TiO 2 sample. The goal of
this experiment was to investigate how the vertical position has an influence on the occurrence of
streamers with a surface component. We observed that this probability greatly fluctuated between
similar measurements. We found that the horizontal error made in the placement of the dielectric
sample had a big influence on our measurements. Because of this we concluded that a more precise
procedure was needed for the sample placement. The results indicated that the influence of the
vertical position of the sample causes a maximum in the occurrence of surface streamers. However
due to the low probability for surface components within these results we were not able to
accurately calculate the position of this maximum.

5.2 Vertical displacement
As a result from the conclusions on our initial measurements we measured the influence of Δy of the
TiO2 sample with a fixed horizontal position for our sample. We did so at 120mbar, 135mbar and
150mbar. What we observed was that there was a maximum in the occurrence of surface streamers
for a certain value of Δy. The position of the maximum is dependent of the pressure. The occurrence
of surface streamers is mainly influenced by the physical limitations that the sample puts on the
propagation paths of streamer channels and by the polarization within the sample near the top of
the dielectric sample. These processes could explain the existence of a maximum in the occurrence
of surface streamers since polarization effects will enhance the occurrence of surface streamers for
smaller values of Δy while the physical limitations will decrease the occurrence of surface streamers
for smaller values of Δy. The physical limitation will dominate very close to the needle resulting in a
maximum. Although changing the pressure will have no effect on the polarization near the top of the
sample due to the background field, the physical limitations will be relevant differently at different
pressures. In order to investigate this relevance measurements would have to be performed on
streamer propagation without a sample.

5.3 Inception cloud
In order to investigate the propagation of streamers in air without a sample we investigated the
inception cloud of streamer discharges. As the position at which this cloud breaks up into separate
channels is important to understand the relevance of physical limitations beneath the needle, the
size of the inception cloud was measured. We observed that the size of the inception cloud followed
the expected relation in regard to the pressure. However, the size of the inception cloud did not
coincide with all of the maxima in the occurrence of surface streamer we observed. This can be
explained by polarization within the sample which is relevant for smaller distances between the
sample and the needle. If this is the case it should be visible in the value of Ɵ.
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5.4 Angles
We previously concluded that polarization played a role in the shift of our maxima in the occurrence
of surface streamers. In order to prove this we measured Ɵ. From these measurements we observed
that around the vertical positions on which a maximum occurrence of surface streamers was
measured a local minimum was present in the propagation angle. This local minimum is most likely
caused by the inception cloud and polarization at the top of the sample. Even though a correlation
was observed between the angle of propagation and the occurrence of surface streamers the
smallest angle did not always cause the biggest probability for surface streamers. This can be
explained by a decrease in streamer density for larger distances between the needle and sample.
Also polarization will have a smaller effect on larger distances meaning that the electric field will
curve less around the edges of the sample.

5.5 Secondary branching channels
Throughout our previous measurements we did not only observe primary branching but we also
observed secondary branching. Furthermore, in some occasion the streamer channels originating
from secondary branching seemed to connect to our dielectric sample. These channels were often
small in diameter and therefore had little effect on the propagation direction of the primary channel.
However, due to the difference in size, the secondary streamer was always pushed away from the
propagation direction of the primary streamer. This effect allows secondary streamers to
significantly deviate from normal propagation routes and propagate towards the sample . Because of
this we measured the probability of these channels connecting to the sample. We measured the
occurrence of these channels at 120mbar, 135mbar and 150mbar. For 120mbar we found almost
none of these channels, however the secondary branching channels we did observe reaching the
sample had a maximum in occurrence around the same maximum for primary surface streamers.
This maximum correlates with the smallest propagation angle. At 135mbar we measured an increase
in the occurrence of secondary branching channels reaching the dielectric sample for larger values of
Δy. The results for 150mbar were similar except that they included higher probabilities. Comparing
these results to the angle of propagation we found that for smaller angles of propagation the
occurrence of secondary branching streamers reaching the sample increased. This can be explained
by the horizontal distance that the streamer channels had to cross between their branching po int
and the sample since in order to do so they have to propagate almost perpendicular to the external
electric field. As the distance between the streamer head and the sample surface increases, it will
become less likely that a branching channel will be able to cross the distance. Therefore Ɵ
determines a region on the main streamer from which a channel can branch and still reach the
sample surface. As the angle decreases this path length will grow resulting in a high probability for
these surface streamers. For future research it might be interesting to look at the relevance of the
streamer channels in regard to their function as precursors to sparks. As secondary branching
channels do not cross the gap before primary channels in most cases they might not be important
for spark formation. On the other hand the DC voltage should allow current to flow on longer
timescales than the difference between the different channels crossing the gap.
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Appendix A
In this appendix all measurements on relations between subsequent streamer discharges will be
presented. From our initial measurements we concluded that there was not a lot of correlation
between subsequent streamer discharges in terms of P s urface. However, some results did not
completely agree with this conclusion. Therefore the results of our measurements on these
correlation are discussed blow. Firstly the measured correlation resulting from FIG. 4.2 is presented
in FIG. A.1 including the uncertainties resulting from non-stochastic processes.
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FIG. A.1: figure showing correlation between P surface of subsequent streamers for the initial
measurement at 120mbar.
The correlation resulting from FIG. 4.5 is presented in FIG. A.2.
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FIG. A.2: figure showing correlation between Psurface of subsequent streamers for the
measurement at 120mbar.
As the results of this measurement were small the uncertainties of the correlation is relatively large.
However most of the results still do not show any significant correlation between P surface of
subsequent streamers. The correlations that belong to the measurements at 135mbar at presented
in FIG. A.3.
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FIG. A.3: figure showing correlation between Psurface of subsequent streamers for the
measurement at 135mbar.
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The results from our measurement at 135mbar show no indication for a correlation in P s urface for
subsequent streamer discharges. Lastly, the correlation within the measurements at 150 mbar are
presented in FIG. A.4.
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FIG. A.4: figure showing correlation between Psurface of subsequent streamers for the
measurement at 150mbar.
Again there seems to be no correlation present in P s urface for subsequent streamers. This means that
the correlation of subsequent streamers in P s urface can be neglected in this report. Other studies
have shown that at repetition rates of one Hz most of the left over charge from a surface streamer
will have dissipated by the time of the subsequent discharge.[11] This explains why no correlation
was observed in P s urface for subsequent discharges.
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