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Abstract

This thesis explores a potential new method to induce streamers. Streamers
are commonly observed in natural plasma discharges, such as lightning, jets
and sprites, but are poorly understood. Currently streamers are created in
lab conditions using point-plane setups, where they are initiated with a sharp
electrode, despite that not being representative of streamer inception in nature.
This thesis aims to solve that by creating an energetic ’patch’ by focusing a
532 nm, 6 ns pulsed laser with a maximum power of 160 mJ at a point in
between two flat electrodes. A uniform electric field was placed over this laser
discharge, leading to the initiation of a wide and diffuse discharge above and
below the laser focal point. Two hypothesises are proposed to explain this. The
sharp rise in electron density is suspected to lead to a local enhancement in the
electric field analogous to a high voltage rise time which result in faster and
wider streamers compared to point-plane discharges. The other explanation
is that this phenomena is not a streamer but a discharge caused by the laser
producing enough photons to photoionize the gas throughout the gap, followed
by excitation by the resulting free electrons due to the external electric field.
The laser discharge also caused a ’dark area’ to appear, which is thought
to be an area with very high conductivity. This prevents the electric field
from penetrating, and exciting the species within, leaving the area dark. The
streamers created by this method are observed to consist out of several single
conical discharges and form a single ’cloud’ lasting around 1 µs. The evolution
of this cloud into a single spark channel was also detailed. Streamers were
also able to be induced by replacing the laser with a conducting sphere in
between the electrodes. Comparisons showed streamer speeds and shape to be
comparable to standard point-plane discharges. This new method is not suitable
in replacing traditional point-plane setups as the streamers induced have very
different properties. However it can still potentially be useful in inducing diffuse
streamers with high velocities at specific points in time and space.
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Chapter 1

Introduction

This thesis will be mainly exploring the natural phenomenon of streamers and its
properties. A streamer is a charged channel occurring in all kinds of different
media. In nature they can be observed to precede lightning strikes. Other
similar lightning related phenomena such as sprites, halos and elves have been
thoroughly investigated throughout the years. However there are still several
fundamental questions that remain to be answered. One such question concerns
the differences between natural streamers and streamers initiated in a lab.

The crucial difference between those two occurs due to the sharp electrode
usually used to initiate a streamer in a lab. Streamers are generated with
high electric fields, which heavily depend on the curvature of the anode. Sharp
edges make excess charge to bunch up at the tip, causing the electric field (field
enhancement) to heavily increase and curve out from the needle point (see
figure 1.1), potentially altering streamer velocity or its trajectory. Streamers
generated in the air are not caused by any sharp edges so the electric field is
expected to be much more uniform.
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Figure 1.1: Image showing the electric field lines coming from a sharp point
curving outward, as well as having an increased charge density at the tip [8].

To try and minimize this effect on the electric field, streamers could be initiated
between two flat electrodes in order to create parallel field lines. The streamer
would ideally originate from a point within the electric field, as it does in the
air and in modelling. In order to achieve this, a high power laser is focused at a
specific point in between the electrodes using a focal lens. This causes the air to
heat up and eventually get excited enough to ionise the air, creating a plasma.
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This area will be key to making the streamers. The electric field should force
the negative and positive particles apart, resulting in a net charge difference in
the area right at the edge of the plasma. This causes a change in electric field
leading to the charge difference to begin propagating, resulting in a streamer.
The amount of pressure and the kind of gas used has a large effect on the
streamers so these variables will be explored as well. Some comparisons will
also be drawn between streamers caused by the traditional sharp electrodes and
flat electrodes from this experiment.

Another potential point of interest concerns the interaction with a conducting
sphere of similar size to the laser discharge. The metal sphere should serve a
similar purpose to the laser discharge in that the charges on the sphere would
also move to the top and bottom, inducing charge separation. This separation
might result in a similar streamers as those expected to come due to the laser
discharge. Comparisons with the streamers produced by the sphere and regular
laser discharge measurements will be made. The more common sharp electrodes
will also be explored in some small scale experiments.

The aim of this work is to see if it is possible to better explore streamers by using
an artificial initiation patch produced by a high power laser induced discharge.
In the second chapter, the necessary theory will be described, followed by the
experimental setup. The experimental results will be explained in chapter 4,
starting with the laser induced discharge and streamer inception from it. These
experiments will be expanded upon by comparing them to streamer initiations
from sharp electrodes and suspended round electrodes. Finally a summary with
conclusions will be given in chapter 7.
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Chapter 2

Theory

In this section the exact mechanisms and physics related to streamer propagation
and initiation will be explained. Only the part of the theory that has already
been thoroughly explored elsewhere will be covered here. Most of the topics
discussed here are covered in [19], which will be broadly used as a source.

2.1 Electron avalanche

As was shortly mentioned in the introduction, streamers are charged channels
that propagate on their own due to locally high electric fields. It is related
to the Townsend breakdown, and firstly explaining what that is is essential in
better understanding streamers themselves. This is a process that transforms
the insulating state of gas into a conducting state of plasma. The main cause of
the breakdown is something called the electron avalanche, also known as cascade
ionization, where an initial seed electron collides with a unspecified neutral gas,
causing a reaction that produces more electrons. These electrons are then used
for a new set of reactions for even more electrons, rapidly increasing the amount
of electrons similarly to an avalanche.
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Figure 2.1: Image showing a Townsend discharge between two electrodes, from
cathode to anode, caused by a single seed electron [7].

An easy way to create such an avalanche in a lab environment is to place said
neutral gas between two electrodes. The electrons (under power) will move
from the cathode to the anode, and the avalanche will follow suit. The starting
electrons or ’seed’ electrons can be caused by a variety of mechanisms such as
cosmic rays or radiation from the surrounding materials. In the case of this
experiment, a laser will be used to create the initial electrons by ionizing a part
of the air. The exact processes involved here will be discussed in a later section.

For a Townsend discharge, the following relation was found,
α

p
= A exp(−B p

E
) (2.1)

where A and B are experimentally determined to remain constant over a certain
range of E/p for any gas. Converting E/p to E/N using the ideal gas law results
in new variable called the reduced electric field (Townsend) that is often used
in the context of streamer discharges. α is the number of ionisation acts done
over the course of 1 unit length in a certain E-field and is called Townsend’s
first ionization coefficient.

The current in a Townsend discharge was theorized to be exponential, however
observations showed it grew faster than that. This was thought to be because
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of other species such as metastables and positive ions increasing charge. These
extra species were believed to be due to secondary electron emission from
cathode surface, leading to Townsend’s second ionization coefficient γ to be
defined: The number of secondary electrons produced per one ion hitting the
cathode surface, per second.

Implementing the second ionization coefficient in the current, combining that
with the earlier equation (2.1), and having a high E/p value, causes the discharge
current to tend to infinity. The condition for this static breakdown of a gas gap
to happen is γ(exp(αd) − 1) = 1. By neglecting electrons losses (α ≈ 0),
assuming a uniform E field and by using the above criterion, the following
relation can be found:

Vbr =
Bpd

ln(Apd) − ln(ln( 1+γ
γ ))

(2.2)

This is the condition for the minimum breakdown voltage.

2.2 Streamers

Up until now a few references comparing the experiment to the Townsend
breakdown were made, despite the fact that this experiment mostly concerns
streamers. However, streamers are very similar and the electron avalanche is
still a very important process for them. What changes here is that there is an
accumulation of space charge in a small volume. In a streamer discharge, the
electron mean free path is much smaller due to the small timescale and causes
the avalanches (and charge) to restrict themselves to a smaller area.

The external electric field placed over the discharge causes these this local charge
to separate, locally inducing very high electric fields that ionizes the gas in front
of the avalanche. This space charge at the tip causes the streamer to grow.
There are two kinds of streamers: positive and negative streamers. The positive
streamers (figure 2.2 a)) will travel in the direction of the applied electric field
and the negative ones in the opposite direction. The direction of the electric
field changes the polarity of the space charge at the tip of a streamer.

Electrons move in the opposite direction of an electric field and thus move
towards the head of a positive streamer, resulting in a net electron drift away
from the streamer direction, through the ’tail’ of the streamer. Negative streamers
(figure 2.2 b)) have an electron drift that’s radially coming out from the streamer
head, causing the streamer head to be wider and more diffuse. The same net
charge is held in both streamer heads, but has a reduced electric field E/N for
a negative streamer. This causes negative streamers to have a lower ionisation
rate, meaning that more voltage is needed for negative streamers.
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Figure 2.2: Image showing a positive streamer (a), and a negative streamer (b).
The negative streamer can be seen to be more diffuse [18].
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2.3 Streamers in nature

Streamers in nature usually happen tens of kilometers high up in the air, where
the pressure in mbar is often in the single digits. They are important in
determining the path lightning travels along and the seed electrons necessary for
this are provided by cosmic radiation. Lots of different related phenomena such
as sprites, elves and blue jets have been observed, as seen in figure 2.3. Elves
are expanding rings caused by electromagnetic resonances in the ionosphere.
Sprites usually propagate downwards from the ionospheres, while blue jets go
up and start from much lower. Sprites are both more common and much faster
than blue jets [11].

Figure 2.3: Image showing several kinds of naturally occurring streamers [21].
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2.4 Laser

For the experiment, a sufficiently powerful laser should be used that can ionize
the required gases. Physically this means that the laser should excite the
gas molecules enough for them separate due to their vibration. Due to the
electron avalanche, only few electrons need to be sufficiently ionized. The only
requirement for the laser in this experiment is for an ionised area (’patch’) to
be created. Thus the kind of laser and its wavelength is not hugely important,
though the air is more easily ionized with a lower laser wavelength. Nonetheless,
the laser used is an Nd:YaG laser.

When firing the laser beam through a focal lens, it will not focus completely
into a point. A minimum laser beam diameter will be reached dependent on
the Rayleigh length. This is the distance along the propagation direction of a
beam from the waist to the place where the area of the cross section is doubled
[26], seen as Zr in figure 2.4.

Figure 2.4: Image showing a laser beam going through a focal lens resulting in
a minimum beam waist described by the Rayleigh length [24].

The laser that will be used throughout the experiment has a diameter of around
6.5 mm and the focal lenses used have focal lengths of 5, 10 and 20 cm. It is
assumed the minimum focal volume is cylindrical with the equation for its radius
given by

r0 =
fα

2

and the axial length (depth of focus) by

l0 = 0.414(
α

d2
f2)
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[29] where f is the focal length, d the laser diameter and α the laser beam
divergence, given as 0.5 mrad for the laser used. This gives a laser spot size of
12.5, 25 and 50 µm for the 5, 10 and 20 cm focal lenses, respectively.

2.5 Laser induced discharge

The processes that occur during laser induced discharges have been studied
in detail before [26], [27], [22], [6], etc. This is useful for a wide variety of
applications, for example laser induced breakdown spectroscopy (LIBS). When
a high energy laser beam is focused to a particular area, a combination of two
processes happen: multiphoton ionization and cascade ionization i.e. townsend
discharge [29].

Multiphoton ionization is simply the process where a molecule is ionized due
to absorbing multiple photons with a total absorbed photon energy higher
than the ionization energy. It’s only important at very short wavelengths
(< 1000 nm) and at low pressures (< 15 mbar), where collisional effects are
negligible [23]. The laser used has a wavelength of 532 nm so this process will
most likely occur more often in this experiment.

The cascade ionization or townsend discharge has been explained earlier, and
dominates when the pressure is sufficiently high (> 150 mbar) so a lot of
collisions can take place. The initial seed electrons are usually provided by
multiphoton ionization, after which cascade ionization follows. The created
plasma will become more optically dense and will absorb more laser energy via
inverse bremsstrahlung, which occurs due to electrons being accelerated in the
presence of the laser’s electric field. The initial part of the laser pulse will still
be able to move through before the plasma becomes too optically thick. The
laser energy will only start to be deposited when a certain energy threshold is
reached and the avalanche begins [6]. This optically dense part of the laser will
grow in size towards the focal lens [23].

The electron density will sharply increase in the laser kernel very shortly after
discharge. In the beginning (5-15 ns) it is around the order of 1019 cm−3 and
reduces to about 1018 cm−3 at 100 ns [9]. [16] states that the electron density
normalizes after a few hundred nanoseconds, regardless of the starting density.
This means that the higher the density, the faster it will decay. The electrons
will not have any loss by diffusion to the walls or electrodes due to the low
timescales involved in this experiment. Some diffusion of electrons outside the
laser kernel does happen.

While these processes are happening, the plasma will rapidly heat up to temperatures
of up to 30000 K. The pressure will also heavily increase, reaching pressures of
a few tens of bars [10]. This is accompanied by a shockwave that takes several
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microseconds to cross the electrode gap as it should travel at the speed of sound,
i.e. 343 m/s (0.343 mm/µs). This is relatively equal for all pressures as the
density and pressure have a counteracting effect on the speed of sound. This
will have minimal effect on this experiment due to the low timescales used.

Pre-ionization in the laser focal point is shown to have a significant effect on the
breakdown threshold behaviour [5]. High degrees of pre-ionization would cause
cascade ionization to occur more often, while without it the threshold would
be dominated more by free-electron diffusion or initiation of the breakdown by
small impurities in a gas. At levels of pre-ionization of over 1013 cm−3, the
breakdown threshold would lose it’s volume dependence and be the same for
varying focal lenses. At high densities the plasma would depend more on the
slow ambipolar diffusion, making the amount of energy injected in the focal
volume the only variable affecting the breakdown threshold.
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Chapter 3

Main experimental setup

In order to make streamers and properly measure them, several parts and devices
need to be used. This section details all of them in roughly the order they were
incorporated in the setup during the course of this project. Information about
the alternative setups will be given in their corresponding section, though these
setups will largely be the same as the one detailed here.

3.1 Layout

Figure 3.1: showing a schematic layout of the setup used.

3.2 The vacuum system

Firstly, a vacuum system needs to be implemented in order to hold the gas
used in the experiment at varying pressures. Seeing as the goal of this thesis
is to try and model naturally occurring streamers as accurate as possible, the
system only needs to be able to handle pressures from atmospheric pressure
to vacuum. The better the vacuum, the fewer particles float around that can
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potentially interfere with the experiment. A perfect vacuum is not necessary due
to the fact that throughout this experiment, many different measurements will
be taken and, as long these interferences do not occur too often, will still show
reliable results. The vacuum pump used for this is a Pfeiffer vacuum model
DUO 20 m which has enough power to bring the pressure down to slightly
less than 1 mbar. However this will not always be possible due to an imperfect
sealing on the vessel used, usually getting a minimum pressure of around
2-3 mbar. There is however minimal leaking, and the pressure is able to be
maintained for several hours.

The pump is connected with a tube to a cross shaped pipe section, the two
parts being separated by a valve. The cross section connects to a RVC 300
Pfeiffer vacuum, that can measure the pressure inside the system. It can
also regulate the pressure automatically when the pressure changes too much,
though this function is not used. The other section, the compact capacitance
gauge, connects to the gas tank of whatever substance needs to be used in the
experiment. The last opening connects to the main vessel, where the streamer
discharges actually take place. An image made with autodesk showing the vessel
structure can be seen in figure 3.2 below.

Figure 3.2: Autodesk image of the vessel used for the experiment. The diameter
of the small holes is 4 cm, while the large ones have a 10 cm diameter hole.
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As can be seen, there’s a large frontal opening of 10 cm in diameter. Here, a
quartz viewing window of 5 cm diameter is mounted, through which images can
be captured. The quartz is there so that the infrared light the laser discharge
emits is not blocked and is able to be picked up by the infrared camera. The
sides are fitted with two identical slanted brewster windows ([30]) that are used
as a path for the laser to pass through. This will reflect about 7 % of the laser
energy into a beam dump before the discharge happens. The exact reflectance
was not measured so the output energy was taken without taking the lens into
account.

The top and bottom of the vessel will be closed with a corresponding lid with
clamps. The top lid has been adjusted so a feedthrough can be fitted on top
of it. The feedthrough passes a long screw surrounded by electrically isolating
teflon through the top and into the vessel. An extra wide teflon disk, screwed
on the end of the teflon, is used to make it more difficult for the current to jump
from the feedthrough to the vessel walls. This feedthrough is connected to a
power source on one end, and to an electrode on the other end.

Two types of electrodes were made to be fitted on the feedthrough. A flat, disk-
shaped electrode and one with a sharp point. The flat disk is 8 mm thick and
4.6 cm in diameter, with rounded edges of 3 mm in diameter. The sharp
electrode had a tip diameter of 100 µm. Both were attached to a hollow,
threaded cylinder that allowed them to be adjusted in height by screwing them
further in or out. Images of the electrodes can be found below.
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Figure 3.3: Schematic autodesk designs of the flat (a) and sharp (b) electrodes
used. The electrodes were connected to the feedthrough by screwing it in the
cylindrical part at the bottom of a).

3.3 Laser

One of the more essential parts of the setup is the laser used for inducing the
discharges required for the streamers. The one used here is a Nd:YaG laser
(Q-smart 450) with a fundamental wavelength of 1064 nm that can output an
intensity of around 400 mJ/m2. Mounted on the laser is a 2

ω harmonic generator
module that halves the wavelength outputted and reduces it to a green 532 nm
laser. Doing this also lowers the power output to around 200 mJ/m2. To make
sure the results are accurate, an Ophir PE50-DIF-C power meter was used to
map out the power for each setting, seen in figure 3.4.
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Figure 3.4: Graphs showing the laser strength as a function of the input delay
between the flashlamp and the Q-switch.

On the figure above a power value is written for any given Q-switch-flashlamp
delay. There are two inputs and outputs for the laser: The flashlamp in- and
output, and the Q-switch in- and output. The flashlamp triggers the laser
flashlamp and the Q-switch triggers the laser. Both need to be triggered for the
laser to work and the difference in input between these two determines the laser
power, shown to be lower than in the specifications. The laser is connected to a
4 channel BNC model 575 pulse/delay generator where two channels are used to
send triggers at set intervals to the flashlamp and Q-switch input. This trigger
scheme is shown in figure 3.5.
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Figure 3.5: Graphs showing the laser scheme for a Nd:YaG laser. The Full-width
at half-maximum (FWHM) in this case is 6 ns.

The laser beam itself travels only around 10 cm before it moves through a
20 cm focal point lens, which will focus the laser beam in the middle of the
vessel. This 20 cm lens has the smallest focal point that can be still be placed
outside the vessel. For the lenses smaller than that, a small attachment is used
that can hold a lens inside the vessel and is jammed in one of the vessel tubes.
The attachment was made in autodesk and printed using a 3D printer. The
autodesk design can be found below.
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Figure 3.6: Autodesk design showing the lensholder for a 10 cm focal length
lens.

There are still has some remnants of earlier designs on the picture above that
are not used in the current setup. originally it used to have a top part that
would be connected by the square holes on the lensholder. This top part would
be fastened to the bottom part by making use of the bars sticking out of the
sides. This turned out to not be necessary as the lens was already stable enough
in the bottom part. The main slit was too thin for a 5 cm lens, so the lens itself
was simply placed against the protruding part and fastened with some tape.
While this is not as accurate as a specifically fitted hole would be, this is fine
as long as the resulting laser discharge is at the correct place. The lensholder
has enough slack in the pipe for it to be easily moved around, so the different
lenses’ focal points can all be projected in the middle of the flat electrode.

The brewster windows caused the laser to reflect about 7 % of its power, which
is then caught by a beam dump. Naturally, another beam dump is place at
the other end of the vessel to absorb the remaining direct laser beam. No laser
dump is used for the second brewster window, as that power was too small to
measure and is directed at a wall. Even so, a relatively thick piece of black
carton was placed in front of the wall just to be safe.
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3.4 Camera

The camera used in this setup is a Andor iStar camera with a Diox Pro Nik-
C lens mounted on it. Due to a lack of space in the lab, the camera is placed
sideways in relation to the large viewing window (figure 3.1) and a UV-Enhanced
aluminum mirror with a reflectance of around 92 % is used to view the inside
of the vessel. The camera itself is placed inside a metal box 35 cm away from
the center of the vessel in order to prevent any electromagnetic issues from
occurring. Right in front of the lens is a green light filter, in order to minimize
the effect of the scattered green light on the camera. The proprietary software
of the camera is used for capturing images and streamertools, a bundle of video
editing programs, is used for post processing.

Triggering is done using the same function generator as with the laser, using
the same timing as the second channel: the Q-switch. This makes it so the
laser and the camera get triggered at the same time. However there still is an
internal delay to the laser and the beam has to travel a small distance. For this
reason a delay of around 580 ns, measured beforehand, is added to the function
generator trigger via the camera software, in order for 0 to be the time defined
as when the laser discharge is first visible. The camera also has an output signal
that is directed towards a Teledyne lecroy wavesurfer oscilloscope. This is not
necessary for the experiment, but ensures the output signal will be correct. The
use of a pulser was usually only done to prevent unwanted discharges to happen
outside the inital few microseconds, so any pulse was started well before the
camera gate so the voltage can rise to a steady value.

3.5 High voltage source

In order to produce the streamers for the experiment, a relatively constant
and homogeneous electric field has to be set over the laser discharge. For this
purpose, two circular flat electrodes were made with a 4.6 cm diameter and a
3 mm radius for the edges. The distance between them can be adjusted from
5 cm to 0 cm. The cathode is connected to the ground and the top one is
connected to a feedthrough mounted on top of the vessel. The feedthrough can
be connected to a kilovolt corporation DC high voltage source that can output
a maximum of 25 kV, and an AC source that can output a maximum of 10 kV.
The AC source consists of two parts: a spellman SL150 high voltage source, and
a DEI PVX-4110 high voltage pulse generator. The pulse generator receives its
triggers from the function generator using an independent channel.

The current that the source puts out is also additionally measured using a
Magnelab current transformer CT-F0.5-S. The output of the transformer is
wired towards a Teledyne lecroy wavesurfer oscilloscope, the same used for the
camera. The timing shown on it can be easily compared to the camera output
to measure more accurately how much the time between the camera gating and
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the laser pulse there is. Additionally, a high voltage probe is also pointed at the
feedthrough and shows the voltage on the oscilloscope. This high voltage probe
can measure a maximum of 40000 V pulsed and 20000 V DC. Neither of these
limits get exceeded during the experiments so it should be safe to use.

Because some of the equipment in the lab had to be shared, among which the
AC pulser, it was decided to convert the DC power source to a pulsed one using a
Behlke fast high voltage transistor switch. A series of conductors and resistances
were connected using the basic circuit diagram for positive pulses, seen in figure
3.7. Here the resistances have a value of 25 ohm, and the capacitors have one of
4700 picofarad. The high voltage source is connected to one such resistor, which
is connected in parallel to a capacitor leading to ground, and a resistance leading
to the positive edge of the switch. The switch’s negative side is connected to a
resistor leading to ground.

This switch can put out a pulse with a width of 200 ns and higher, taking only
around 20 ns to reach its apex. However at width of more than a couple of
microseconds, some small drops in voltage can be observed. It seems to drop
about 5-10 % of its original voltage and recovers again within a few hundred ns.
While it does not look this will bring any significant change to the measurements,
shorter pulse lengths will nonetheless be used in these experiments.

DC

Power Supply

C = 4700pF

R = 1 MW

HV Behlke Switch

Vessel

R = 25 W

R = 25 W

Figure 3.7: Circuit used for the Belhke voltage switch.
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3.6 Oscilloscope

The camera output signal, current probe and the high voltage probe all connect
to different channels of a Teledyne lecroy wavesurfer 10 oscilloscope. These are
all shown together on the same screen and help to accurately determine when
exactly the camera takes an image on the timeline of the discharge. The raw
data of these graphs were extracted by setting the oscilloscope to save the data
each time it receives an input from the camera. However, even with a standard
repetition rate of 1 Hz, the oscilloscope could not save the channel output fast
enough.

The solution to this was to save the channels as binary files. These are much
smaller, and give the oscilloscope ample time to save everything. Increasing the
time scale of the screen does cause the files to become bigger, but they never
became too big to save. These binary files could not be as easily opened and
required a specific MATLAB script to open them. This script was expanded
upon so it could also put out graphs with all necessary information, which will
be shown throughout the paper.
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Chapter 4

Laser induced discharge

4.1 Initial measurements

These experiments were done using the setup detailed in the section before. Any
change to the setup will be expanded upon when encountered. The first thing
that needs to be described is the way the laser discharge will propagate in air
without any outside influence. The laser will move through a 20 cm focal lens
with a theoretical reflection of 7 %. As noted before the vessel window will also
reflect part of the incoming laser energy. The remaining energy will then be
used in the discharge. The exact reflection was not measured so the energy of
the laser source beam was used without subtracting the reflection.

The breakdown threshold energy interval was measured for several pressures in
pure air by lowering the laser power until no discharge was visible anymore.
The pressure was found to decrease the energy required for a breakdown, seen
in figure 4.1. The lower limit of the power (50 mJ at 500 mbar) was lower than
what was found in [2]. In there, the chance for a breakdown would continuously
lower from 100 % at 155 mJ to 0 % at 75 mJ. This is because these were values
for individual pulses, while the values measured above were done without giving
time to let the air and laser pulse reset. This most likely resulted in residual
ionization, making it easier and more consistent to get subsequent discharges at
lower energy.

Brown [5] noted that pre-ionization would result in lower ionization thresholds
that consistently had electron densities of the order 1018 cm−3. It would also
negate the volume dependence the ionization threshold has for laser discharges
without pre-ionization. This is because at high electron densities the diffusion
time is relatively long due to a higher reliance on ambipolar diffusion processes
and townsend avalanches. While the density given here is comparable to those
given in [9], the pre ionization density needs to be of the order 1013 cm−3 for
the thresholds to stop having a volume dependence i.e. on the focal length.
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Figure 4.1: Shows the threshold energy found for varying pressures.

Some initial measurements were made looking at the evolution of the laser
discharge shape in air at 100 mbar. It was found that it takes around
580 ns from the the Q-switch trigger timing for the discharge to start to take
place. This amount was thus subtracted from all measurements, making 0 the
time when the discharge starts. In these measurements, the gain of the camera
is increased as the discharge continues on getting fainter, in order to get a better
picture of the shape. The laser also has a flashlamp Q-switch delay of 315 µs
which results in laser power of about 125 mJ, as per figure 3.4, more than enough
power to induce a discharge. The exact amount of power is not important here,
just that it crosses the discharge threshold.

It is important to realise that the following timings are only rough estimates, as
the camera required the gain to be manually adjusted to keep the counts roughly
constant. From the measurements it seems that the discharge is incredibly
bright at the start of the discharge, necessitating low gain. This only takes
roughly 300 ns before rapidly lowering intensity, requiring the gain to be increased
again to see the discharge. From then on the discharge experiences a much more
gradual decrease in intensity, making maximising the gain necessary. Harilal [25]
roughly confirms this length and shows the intensity to only increase in the first
10 ns, which coincides with the time they found the laser kernel to grow to its
maximum size.
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Harilal [25] also notes the kernel should first be round for the first 10 ns, which
is not exactly what is shown in figure 4.2. The shape of the discharge afterwards
is teardrop shaped at first, with the tail end pointed in the laser propagation
direction and the enlarged ’head’ pointing towards the focal lens. This shape is
thought to be caused by inverse bremsstrahlung absorption, where dominance
of this process would lead to an absorption front absorbing incoming photons,
causing it to propagate towards the laser [23]. This effect can be seen to
be more pronounced for higher pressures in figure 4.2, showing that inverse
bremsstrahlung is more dominant there, while the lack of the larger absorption
front rather indicates a larger reliance on the multiphoton ionization process.
The high initial electron density should cause townsend discharge to be more
dominant, which is seen in the figure for the initial laser kernel.

Afterwards, the entire discharge becomes somewhat thicker, followed by the
tail becoming as large as the rest of the kernel, leaving an long oval shape
behind. After a couple of microseconds, the discharge starts to break up in
individual light spots. These stages can be seen in figure 4.2 and coincide with
the observations found in [25].
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Figure 4.2: Shows the differing stages in the laser discharge for 100 and 1000
mbar in air. The laser power is set at 120 mJ and shows when the laser kernel
dissipates at 100 mbar. The laser beam is moving towards the right side and
the 1000 mbar images show an absorption front increasing in size towards the
opposite direction.
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Some spots outside the focal area are only able to be viewed by increasing the
gain to its maximum and remain for a long time after the pulse. They take
longer to appear with increasing pressure, and thus increasing density. With
all likeliness this is probably an artifact of the camera. At maximum gain
background noise starts to appear in the image. This is visible as tiny dots in
the background, as seen in the figure. However, Harilal [25] found the same
spots but did not note it as due to the camera and in fact did not address it at
all.

As was previously said, the discharge has a teardrop shape with the sharp edge
pointing towards the laser direction. This tail lengthens when increasing the
laser power. The vertical dimensions slightly increase and reach their largest
size at a relatively low power. occasionally the discharge can show one or even
two extra separate spots. These mostly show up after the first laser discharge
(to the right of the image) and seem to be an indication of a dust explosion.
These would be a lot more common when doing measurements in open air
and high pressure, and are virtually non-existent in lower pressures. Seeing
as most of the experiments occur under 500 mbar, this usually will not affect
the results. For highly reactive species such as argon, it has been found that
multiple discharges happen at 400 mbar, showing they are not necessarily the
result of a dust explosion.

4.2 More extensive laser discharge measurements

Some time afterwards, more extensive measurements were done by varying the
gases and focal lenses used. On top of pure air, argon and nitrogen were tested,
all of them with 3 lenses with different focal lengths: 5 cm, 10 cm and 20 cm.
The argon gas and N2 are expected to result in a brighter discharge, as they
are more easily excited. It has been shown that the existence of oxygen in a
gas increases the rate of electron density decay due to electrons attaching to
oxygen [16]. The different size lenses will result in higher intensity discharges,
as smaller focal lengths should focus the laser energy in a smaller area [28], [13].
Having the discharge threshold at a lower power of course means that it can be
exceeded with a higher power, since the maximum laser strength is constant.

Of note here is that the timing of the laser discharge has changed in comparison
to earlier measurements. Instead of starting at 582 ns after the Q-switch, it
started at 650 ns. Seeing as it already takes only 3.3 ns for light to move one
meter, it is clear that this has nothing to do with any possible shift in distances
between measurements. The delay in signal due to cable length should also
not be a factor as the same cables were used in the experiments with differing
timings. The only thing that seems plausible is some kind of error in the function
generator, though that was not proven in any way. The timing was kept as is,
this only changes the timing of the initial discharge, and is subtracted at the
end so it starts at time 0.
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Looking at the effect the pressure has on the discharges shows a clear trend. The
higher the pressure, the brighter the laser discharge will be. This makes sense as
higher pressure means more particles in the same area. The denser area would
make it easier for a chain reaction to occur due to more transmission of kinetic
energy over a shorter distance (mean free path). This cannot be seen in the
images as each has its own amount of gain added, equalizing everything. The
slight elongation of the laser discharge. however, is visible. The timing of the
discharge also does not change with pressure, indicating that the seed electrons
gets excited roughly at the same time for each pressure. This behaviour can be
seen for all tested gases and is probable as an avalanche only needs one seed
electron to be excited for it to start.

Higher pressures also seem to occasionally have multiple discharges in the laser
line, which also can be explained with the higher density making it more likely
a seed electron gets excited by the laser. The laser kernel also moves backward
for higher pressures, in line with what was found in [23] and the earlier laser
measurements in air. Images for these discharges with a short camera gate of
2 ns and starting right at the moment of discharge can be seen in figure 4.3 for
N2.
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Figure 4.3: Shows the effect pressure has on the laser discharge shape for N2 at
the beginning of the discharge. The images are at 50, 100, 200 and 400 mbar
pressure. Each image has a separate gain level shown in the corner.

The different lenses show a clear change in discharge shape. The 20 cm lens
showed a larger bright spot with a thin ’tail’ in the direction of the laser.
Changing this to a 10 cm lens widens the end of the thin tail, still leaving
a thin part in the middle, while decreasing the width slightly. The 5 cm lens
causes the discharge length to decrease even more, while also making it more
uniformly thick. While the brightness does not change much between the 5 and
10 cm lens, the images do show the discharge becoming slightly less bright with
increasing focal length, most likely due to the longer rayleigh length. For a laser
to induce a discharge, its beam needs to be focused on a sufficiently small area,
which it will reach sooner with a smaller rayleigh length.

30



Figure 4.4: Shows the effect the choice of focal lens has on the shape of the
laser discharge at the beginning of the discharge. The images show a 5, 10 and
20 cm lens for air at 100 mbar.

Next the gases were compared by looking at the discharges at 100 mbar with a
10 cm lens, as that lens will be used the most in this project. The three gases
do not show a lot of differences in the discharge, both in shape and in intensity.
However, by raising the pressure up to 400 mbar, some differences start to
appear. The brightness at 70 ns after firing the laser is still relatively equal
when comparing each gas. The shape changes the most with argon, as there is
significant increase in additional discharges along the laser line. This is most
likely due to argon being much easier to excite. Similarly N2 also loses it shape
somewhat and seems to have extra discharges within the normal laser discharge,
though it is much more subtle and is not always visible. These changes can be
seen in the figure below.
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Figure 4.5: Shows the effect the three gases (air, N2, argon) have to the laser
discharge. Images show pressure at 400 mbar due to the differences being too
small at lower pressures.
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Chapter 5

Laser induced streamer
discharges

5.1 Memory effect for streamers in DC voltage

In order to induce streamers the rest of the setup was implemented. This
involves the flat electrodes, feedthrough and high voltage DC power supply,
mentioned in the setup section. Earlier experiments showed that applying a
DC voltage at the focal length of a laser discharge increased the threshold
power needed to achieve breakdown [27]. This was inferred to be because the
electric field would drift electrons away from the focal area. This increase in
the threshold energy would scale with the applied voltage at first, but would
stop increasing after a certain voltage. This is not thought to majorly impact
this experiment as only the situations where an actual discharge is observed are
used.

Notably, in this setup the inter-electrode distance is 2 cm. Discharges were
achieved in air at several pressures. However, only a select pressure interval
could be used to make them. Increasing the pressure also requires the voltage
to be increased. The source can output a maximum of 30 kV but this cannot
be applied to the setup at a pressure beyond 500 mbar. Increasing pressure
requires a higher voltage to induce a streamer discharge. However, at higher
voltages the returning current causes an overcurrent which will automatically
stop the power supply.

The spark caused by the voltage can be easily seen with the bare eye. It seems
to move from electrode to electrode through the laser focal point most of the
time and occasionally spreads more horizontally along the the metal plates,
though usually not more than a few millimeters. The origin point of the spark
rarely shifts in the direction of the focal lens, possibly being caused by ionisation
further along the laser line. For the discharge a laser frequency of 20 Hz was
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used and camera measurements show that the streamer channel exists for a
relatively long time, taking sometimes over 10 ms to fully dissipate. The initial
discharge is too bright for the camera to properly capture, so a small piece of
tape was placed on the window, covering the flash.

In fact the length of time the streamer keeps being visible varies considerably
over the course of the measurements. Initial measurements seemed to indicate
that the duration lasts between 5 ms up to 10 ms, oscillating between those two
values over the course of about 90 seconds. The actual charged path can be seen
to move up and down between the electrodes, as can be seen in figure 5.1. It is
important to note the electrodes drawn on these figures are not exactly placed
and should be seen as a rough indication of the location. Because there is always
a voltage on the electrodes throughout the experiment, it was hypothesized that
the cause of the longevity of the channel is due to the high repetition rate of
the laser. The time between the laser pulses might be too short for it to allow
the ionised air to settle down. and the voltage would keep igniting the ionised
air.

Figure 5.1: Image showing a discharge at 100 mbar in air at 5 ms after firing
the laser. These two images were taken about 30 seconds apart with the same
settings, showing the discharge to not fully reach the electrode and oscillating
over time.

To hopefully reduce this problem and give the air more time to settle, the
repetition rate was set to 1 Hz. Doing this did not seem to significantly reduce
the discharge lifetime, as the lower rate still resulted in the same phenomenon.
Nonetheless the 1 Hz rate was still seen as beneficiary for minimizing influence
from earlier measurements, so the setting was kept for all future experiments.
The image shows a fairly wide discharge, much wider than the naked view from
outside the vessel would suggest. This turned out to be caused by a wrong
focal length of the lens. The lens was focused on the laser discharge, but due
to chromatic aberration [20], the discharge has a different focal length than the
laser point. Correcting this shows the spark channel to be much thinner, as can
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be seen in other images, further down the report.

5.2 Overview of DC streamer discharge current
peaks

Streamers in general have a minimal average speed of 105 m/s [3] which is around
1 cm per 100 ns. Seeing as the distances from the laser induced discharge to
the electrodes are never more than a few centimeters, they are generally short
lived. Every time such a streamer occurs, they leave a conducting path in their
wake where the current can move through. In order to accurately measure
the streamers and resolve them in time, a Pearson coil measuring this current
connected to the oscilloscope was implemented. Through this coil, it was found
that there were 3 distinct current peaks shown at different times of the discharge,
of which the first two are shown in figure 5.2. These measurements were done
at 200 mbar, using a near maximum laser power of 150 mJ. The first peak is
usually found right at the beginning of the discharge. This peak rises sharply
and then seems to exponentially decay over the course of 1-1.5 µs. It is thought
that this peak is the only one that actually shows a streamer due to the fact
that it occurs right around the time a streamer is expected i.e. slightly before
the laser discharge. This peak, named the ”cloud discharge”, will be explored
in more detail later in this report.

The other two peaks occur later and vary in time much more than the first.
The second peak always occurs around 150 µs after discharge with a variance of
20 µs. The third peak only happens if the voltage is increased to slightly above
the threshold value for inducing the streamers. As an example, at 200 mbar in
air it did not appear at 5 kV but it did at 6 kV. It is also much more sporadic,
having a large jitter of 400 µs from the average of 750 µs.

All these peaks and the time in between were captured with the camera and
show the evolution of the DC streamer discharge. From now on these stages
will be referred to as their letter used in the image below. From figure 5.2 a), a
wide cloud can be seen to emerge between the discharge and cathode at around
the time the first peak occurs. The black area in between the two streamer
discharges is caused by the tape covering the window so the camera does not
get oversaturated. Over the course of about 50 µs, the cloud splits up into
various mini channels that are most visible close to the cathode, as seen figure
5.2 b). The cloud is still somewhat visible below the discharge but will contract
and grow thinner.
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Figure 5.2: Image of a streamer discharge in air at 200 mbar. a) shows
the cloud discharge and d) shows the spark channel, with b) and c) being
intermediate stages showing mini channels. Timeline below the pictures show
the two discharges pictured and all the camera timings.
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Around 30 µs before the second peak, most other mini channels will have
disappeared or grown dim, while the central cloud contracts into a single spark
channel that over the next 30 µs grows in length towards the one remaining mini
channel (c)). Viewing the discharge at the exact same time as the second peak
in 5.2 d) shows a completed spark channel spanning the entire space between the
electrodes. This path can have slight deviations but is generally fairly straight,
though it does seem to have a slight distortion that might have been caused by
the shockwave left behind by the laser induced discharge, as they are known to
last several hundred microseconds [2].

On the way to the third peak there does not seem to be many changes to the
spark channel besides growing slightly dimmer and wider. The distortion by
the laser also looks like it’s slightly exacerbated. Despite the coil measurements
showing an increase in voltage by a couple of hundred millivolts at the peaks,
the images found at the moment of the third peak do not change all that much
compared to even a few hundred µs before or after it. The spark channel seems
to remain intact for the majority of the laser pulse cycle and this third peak
is the last time a significant amount of current runs through it. Even higher
overvoltage might cause more of these peaks to occur, but that is not possible
to confirm with this setup due to the overcurrent error.
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5.3 Voltage dependence and current peaks for
argon and nitrogen

Here, newer measurements using a DC power supply will be described. In this
case additional measurements were done to compare different gases, namely
argon and nitrogen. Argon is often used for its reluctance to make any other
bonds with other molecules within the vessel. N2 minimizes the effect of electron
attachment to oxygen and can therefore be used as a comparison with the air
measurements.

The inter electrode distance was increased to 3 cm, and the 20 cm focal lens was
switched out for a 10 cm focal length lens, placed inside the vessel using the 3D
printed lens holder, as described in the setup. There was no specific reason to
switch the focal length here, as the setup was changed for a different experiment
earlier. The pressure was set to 50, 100, 200 and 400 mbar, as higher pressures
were impossible due to the higher voltage needed for them. The measurements
for air were done again in that setup to make sure the comparisons are valid.
Also added to these experiments were the oscilloscope measurements. Each
image made has corresponding graph showing the applied voltage and current
measured, plotted against the time. This should give precise information of the
timeline of events that occur throughout the entire process.

The first point of inspection was the initial streamer discharge that can be found
in the first peak. This one once again starts at around 582 ns after the Q-switch
signal is sent out. The streamer cloud that appears around this time was found
to be very affected by the applied voltage. The higher the voltage, the closer
the cloud approaches the laser discharge, eventually becoming fully round. This
is limited by the pressure, as increasing it too much results in a spark channel
to wall, and an overcurrent error. Nevertheless images still show significant
differences. These were made at 100 mbar in N2 and show the voltage for each
image.
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Figure 5.3: Images showing the relation of the voltage applied to the streamer
cloud that can be seen on the camera. This was captured in N2 at 100 mbar
with a 3 cm inter-electrode distance. The bottom electrode is view from a higher
angle showing its surface.

The first images without enough voltage to create a discharge were not included.
From the start multiple small discharges can already be seen. Raising the
voltage higher shows the beginnings of a cloud discharge forming. Eventually
the circular cloud discharge almost seems to detach itself from the multitude of
smaller discharges. It’s possible that the cloud discharge’s brightness is simply
so high it drowns out the brightness of the smaller discharges on the electrode.
N.L. Allen, etc. [1] showed that the propagation speed of streamers is higher
with increased field strength. This would then indicate that the electrons in the
streamer head travelling downwards to the cathode sooner reach energies high
enough to ionize the surrounding. The bright ionized area is therefore bright
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closer to the laser discharge with higher voltage.

A closer look was taken at the second peak for all pressures and gases. At
50 mbar, no such peak can be seen, likely due to the lower voltage involved, as
well as having a mean free path that is too low to conduct enough voltage for
another discharge. For 100 mbar and above, a second current peak is observed.
Looking at it from the perspective of the voltage, the applied voltage is constant
at first, suddenly lowering to nearly zero when the streamer discharge happens.
This also corresponds with a spike in current, as the voltage is used for the
discharge. Afterwards, the voltage partially rebounds and has another discharge
some tens of microseconds afterwards, as seen in the figures below for argon gas.
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Figure 5.4: Graphs showing voltage drops in argon at 100 (a)), 200 (b)) and
400 mbar (c)). 41



The three graphs clearly show separate behaviours for all three pressures. The
first peak occurs at the same time for each pressure, but the second discharge
happens sooner the higher the pressure and/or the higher the voltage. At
100 mbar after the first discharge, the voltage rises back up and slowly comes
back down in the span of 100 µs, slightly increasing the current. New to argon,
is that after the peak, the same process repeats a few times, after which it will
settle at around 0.5 kV. This remains constant for several ms, before slowly
recovering in time for the next laser pulse. The secondary peaks show up in the
camera in the same way as they do in figure 5.2 d). This long discharge remains
intact throughout the rest of the oscillations, only varying in intensity.

Increasing the pressure to 200 mbar causes the second drop to happen sooner,
while also making the drop much faster and sudden. The current is much
higher for this drop indicating that the voltage and density at that time was
high enough to make an intense discharge. The voltage-drops after that happen
more times and continue while hovering around the same value of 0.5 kV, before
completely converging on that value after about 100 µs.

For 400 mbar the voltage never completely drops, recovering half way through.
The higher pressure and thus smaller mean free path possibly makes it more
difficult to fully deplete the capacitor due to less current being able to be
conducted. Eventually a full secondary voltage drops happens, paired with
a high current peak. Of note, is that the current and voltage drop (3 kV)
measured is the same as it is for 200 mbar. This seems to show that the voltage
drop directly determines the current resulting from that drop, and is unaffected
by the pressure. The fact that it also only seems to drop not much more than
3 kV for all pressures might also explain the half drop found at 400 mbar.
Afterwards, the repeated voltage drops seen with the other pressures once again
happens and stagnates around 0.5 kV.

5.4 Streamer initation with pulsed electric field

For the next set of experiments the DC high voltage source was exchanged for
a pulsed high voltage source, comprising of a Spellman SL150 high voltage and
a DEI PVX-4110 High Voltage Pulse generator. It’s suspected that the first
peak corresponds to the actual streamer and that the other peaks are a result
of the remaining excited air being ignited again due to the constant voltage.
The pulser is therefore used to allow the voltage to only be applied to the first
peak. Doing so will cause the visible sparks moving from the discharge to the
electrodes to disappear, indicating that the bright spark channel seen is caused
by the secondary peak. Since streamers should be visible with the naked eye
it’s likely that the laser discharge is too bright to properly allow the streamer
to be seen in the vessel.
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Regular air was used and lowered to 100 mbar. Once again the actual discharge
is covered up by placing tape on the window. Viewing the the entirety of the
first peak with the camera shows the same kind of cloud discharge that was
found using the DC voltage. These measurements were only done at 100 mbar,
as the generally small pulse length (100 ns up to 1.5 µs) necessitated a higher
voltage. The pulser is only able to put out a maximum of 10 kV, and 100 mbar
already required 7 kV to induce a streamer in.

Two very similar measurements were done in order to show the difference
between a streamer cloud while it’s excited and when it is occurring during
the fall time of the high voltage pulse. Two pulses were initiated at 650 ns after
Q-switch, while the camera was looking at the interval of 1100-1150 ns. One
pulse was 400 ns, ending at 1050 ns, while the other 600 ns, fully covering the
camera gate. The resulting images show a streamer cloud under high voltage
(7kV) and one where the pulse voltage as already been falling for 50 ns.

Figure 5.5: Timing schematic for the streamer with two different voltage pulse
lengths.

The first image shows a streamer when the voltage is lowering, making the exact
voltage unknown. It nevertheless still shows some individual mini discharges
after only 50 ns, while for the DC discharge they only started to appear after
the initial discharge after several µs. This could mean that the smaller mini
discharges at the bottom exist early on in the discharge, and are only masked
by the cloud discharge. It also shows that the cloud discharge is more voltage
dependant than the mini discharges.
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Figure 5.6: Shows the difference for two streamers where a) is imaged during
the fall time of the pulser, while b) still has the maximum voltage.

5.5 Two different streamer variants

For this measurement the voltage pulse length was increased to 2 µs and the
camera gate was set to look at the tail end of the pulse at 2.5 µs, with a slightly
longer gate of 100 ns. The laser at this point has dimmed to the point that it
can easily directly be viewed with the camera at maximum gain. This vaguely
showed what seemed to be streamer clouds floating around, detached from the
laser discharge focal point. Afterwards the camera was moved closer to the
vessel for a better view and the gas was changed to nitrogen.

In this environment, the original cylindrical streamers can still be seen, but
throughout the area in between the electrodes, different kinds of streamers that
do not move from electrode to electrode can be be found. These streamers
behave more like normal streamers are expected to behave, showing branching
and continue to exist after the laser has been turned off [17]. In fact, further
looking into this shows that they occur even without any laser to begin with.
Turning on the voltage eventually results in these streamers, though the laser
does cause them to occur much faster. The streamer branches also do not seem
to noticeably happen more often around the laser discharge, indicating that
they are not caused by it.

Because the cloud streamer is much brighter than the other, it was important to
view the laser discharge at a later time where it would not be as bright anymore
in order for both streamers to show up in one image. On top of that, the laser
power had to be lowered to around threshold level (100 mJ) and timings were
adjusted to get a better image. Eventually a picture was taken with a 500 ns

44



gate starting at 518 ns, upon which a pulse of 1 µs starting at 18 ns was applied.
This resulted in the following image, showing both streamers at maximum gain.

Figure 5.7: Two different kinds of streamer discharges in N2 at 100 mbar with
a laser at low power. Camera gate is viewing the interval from 1100 to 1600 ns
at maximum gain.

5.6 Streamer velocity

In research, streamers are known to have propagation speeds of 105 m/s and up
[1]. However in all measurements done for the report, images were never made
of the laser induced streamers where they were still travelling. Even using a
2 ns camera gate would result in all streamers already being fully formed and
connected with the cathode. As the camera could not capture any movement,
the actual speed could not be calculated, but this implies the streamers travel
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at least two orders of magnitude faster than regular streamers.

V. F., Tarasenko etc.[12] suggested streamers can exist at such high speeds.
In their experiment, they induced so called ball discharges which have a very
similar shape and speed to the cloud discharges found in this report, and called
them streamers. These were not induced by a laser but by using a point-plane
discharge and applying a nanosecond voltage pulse (13 ns) with a very short rise
time (about 2 ns). The rapidly rising electric field could possibly be provided
by the laser plasma, whose electron density, and thus field, rises sharply in the
first few nanoseconds.

A property that generally holds for all streamers is that the velocity is directly
related to the width of the streamer column [4], [15]. This would imply that the
cloud discharge is indeed faster than the surrounding ambient streamers. The
relation found by T. M . P., Briels [4] was roughly linear and extrapolating the
data shows the velocity is given by v = x/2.5, with v the velocity in mm/ns and
x the streamer width in mm. Measuring the width of the ambient streamers to
be around 2.5 mm would give them a velocity of 1 mm/ns or 105 m/s, which is
around the low end of streamer velocities.

Another possible explanation is that this phenomenon is not a streamer at all.
What also could have happened is that photon emission from the high energy
laser discharge ionizes the surrounding molecules. This produces a large amount
of free electrons that get accelerated by the electric field, colliding with and
exciting the gas. There still the problem with this explanation that not every
part of the gas gets excited, while the photons should expand radially from the
laser kernel.

5.7 Streamer cloud shape

Up until now the streamers that appear to be induced by the laser discharge
have been called a cloud discharge. The next set of measurements might give
some more insight in how the cloud discharge is shaped. These measurements
all used a relatively short pulse of 1 µs at 200 mbar, still using N2 at 100 mbar.
The image was taken around 50 ns after the laser discharge itself, using a long
camera gate of 600 ns. Laser strength was set at two different values, 160 and
110 mJ, at maximum power and right at the threshold for a discharge. As a
reminder, higher laser power results in a more elongated laser discharge spot.
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Figure 5.8: Streamer discharge for N2 at 100 mbar using the laser at 110 and
160 mJ. The orange oval represents the expected position of the laser discharge,
as it was covered in this case.

The images made appear to reflect the laser discharge’s longer shape, as the
higher power show a wider cloud discharge, while low power shows a thinner
discharge, that also contracts as it moves towards the cathode. Some later
measurements made in this section, possibly seem to hint at an explanation for
this shape, and will be expanded upon soon after. Later measurements with a
sharp electrode show a higher electric field to have a similar effect. Takahashi et
al. [27] showed a higher voltage increases optical breakdown threshold, meaning
the images 5.8 a) and b) have different breakdown thresholds. Since b) has a
lower breakdown voltage and both images have the same voltage, it has more
overvoltage compared to a). Increasing the voltage more than is required using
a sharp electrode, as seen in figures 6.1 and 6.2 a), seems to result in the same
contracting behaviour as seen here.

With the maximum laser power the streamer is much wider, and seems to hint
towards its general shape. On the cathode, several concentric circles appear
around the streamer impact point, possibly indicating that the cloud discharge is
hollow inside and thus cylindrically shaped. The circularly patterned streamers
might appear due to the laser discharge’s conducting area, which is formed
around the laser discharge in the same shape due to electric field created by the
plasma.

Another measurement made later shows what this kind of concentric circle
and cloud might consist of. These were made using N2 gas between two flat
electrodes at 100 mbar. The discharges in this image were under the influence
of a DC power source and were at the maximum laser power. This should not
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influence the result as the time interval that is being looked at is within the
timing for the voltage pulse used in the paragraphs above. Here, camera images
with a gate of 1 µs were made at time 0 and 2 µs afterwards. These images
also show how the ’cloud’ disappears relatively fast, leaving only the bottom
streamers attached to the electrode.

Figure 5.9: DC Streamer discharges at 0 and 2 µs after laser discharge in N2 at
100 mbar. 4.5 kV and 2 kV is applied in the images, respectively. The orange
oval represents the location of the laser discharge.

In the first image at time 0, the same kind of concentric structure around the
streamer cloud can be seen. Though here there are multiple circles, as well as
small dotted lit up areas in between them. This discrepancy can be attributed
to the difference in voltage (6 and 4.5 kV) between these, the difference in timing
(170 ns and 0 ns) and by the change in gate size (600 ns to 1 µs). The image
showing the discharge at 2 µs after laser discharge shows it at a lower voltage
of 2 kV and shows lots of individual conical discharges, not unlike those in
5.8 a), all making up the larger cloud discharge that has mostly dissipated at
this time. 2 kV was used here because it better illustrates the shape of the
single streamers. When increasing the voltage to a similar level as in 5.9 a), the
conical streamers disappear and get ’flattened’ to the cathode.
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Figure 5.10: DC Streamer discharge at 2 µs after laser discharge in N2 at
100 mbar. Here 4.5 kV is applied.

This might work against the hypothesis that the cloud is cylindrical in nature. If
it consists of several conical streamers arranged in a few circles, then eventually
as the conical streamers get wider, they would merge and form one whole. The
other image at lower power seems to be only a single streamer, and increasing the
the laser strength makes it easier for multiple discharges to form. The amount
of conical streamers is also seen to multiply when increasing the voltage. The
reason for this is speculated to be a result of the higher laser power creating a
larger conductive area, and consequently making it easier for streamers to form.
Increasing the electric field accomplishes the same.
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5.8 Measurements with ns pulser

Later on, another device was used to make pulsed discharges. A Belhke voltage
switch was connected to the existing DC power supply using a scheme already
detailed in figure 3.7. While this newer setup was born out of necessity due to
insufficient equipment, it still had some significant positives. Most importantly
the ability to put out a voltage higher than 10 kV, namely up to 18 kV. This
made it possible to look at the discharges at pressures higher than 100 mbar.

One of the experiments done was to determine how important the effect of
the pulse length would be for the coming measurements. This pulser showed
some inconsistencies when handling any discharge larger than a few µs, getting
regular voltage drops of sometimes over a kV. If a longer pulse length turned
out to be beneficial, something would have had to have been done with these
drops. A laser discharge was induced in between two flat electrodes. A 100 ns
pulse was initiated at roughly 200 ns before the initial discharge. The pulse
width would then be increased by steps of 100 ns each. This was repeated for
argon at 200 and 400 mbar.

What the resulting voltage measurements show is that once the voltage pulse
and laser discharge overlap, a streamer occurs and the voltage is used for that
discharge. This almost completely depletes the voltage in the pulse. Increasing
the width more shows that the pulser tries and fails to recover the voltage to
its original level. This manifests itself in small peaks in voltage of at most 2 kV
lasting no more than half a microsecond. The images below show voltage right
before the laser discharge and with a pulse of 1200 ns.
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Figure 5.11: Images showing the voltage curve of two pulses of 100 and 1200
ns in argon at 200 mbar applied to a laser discharge. The first images shows
the shorter pulse acting as intended, while the second longer pulse is unable to
recover after using the voltage for the streamer discharge.

This was tried for 50 and 200 mbar, both showing the same behaviour, with the
only difference being that the returning voltage for 50 mbar is slightly lower.
The capacitor for the switch is clearly not powerful enough to maintain its
voltage, automatically lowering it at the time of discharge. Because of this, the
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size of the pulse width is deemed not as important and only needs to be long
enough to fully envelop the discharge. This makes it that unless the pulse is
exactly applied at the right time and with the right pulse width, a slight raise in
voltage will be applied after each discharge, which might affect the experiments.

Now that it’s known that the pulse width is not an important factor, the timing
of the pulse was considered. How does delaying the pulse in regard to the laser
discharge change the actual discharge images? What difference does timing the
pulse at the beginning or the end of the laser discharge make, considering the
difference in brightness between these two points? To look into that a pulse
of 150 ns was applied at different points in time, starting at 200 ns before
discharge and delaying it by 100 ns each step. This should also show if there is
any significant change in the discharge within the camera gate interval.

The camera images show the streamer discharges change somewhat with the
different timings. They slightly decrease in intensity over time, agreeing with
the change in laser discharge intensity. The streamer should last not much
longer than the pulse width applied and is at its brightest when the pulse is
applied directly over the laser discharge.
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Chapter 6

Alternative streamer setups

6.1 Needle to flat plate

When doing streamer research, usually a sharp electrode is used to induce them.
As mentioned in the introduction, streamers do not usually originate this way
in nature. To better make some comparisons, a simple experiment was done to
show the streamer propagation of a sharp electrode. The main difference is that
the streamers are initiated by the electric field enhancement that occurs due
to the sharp point. As those kind of streamers are more easily made, the laser
discharge was not necessary to initiate the process, though it makes it easier.

Following up from last experiments, N2 gas was used at 100 mbar and 6 kV of
DC voltage was applied. The laser was still used but it was put at low enough
power (a few mJ) so as not to cause any discharge. Seeing as earlier tests done
showed that the streamers achieved by this method were of very low intensity,
a large camera gate of 5000 ns was chosen. To also minimize the laser’s impact,
the camera was set to film 6750 ns after the laser pulse. Having the laser on
still helped in the initiation, but using this interval made any interference from
it negligible.
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Figure 6.1: Image showing a sharp to flat electrode streamer in N2 at 100 mbar.
The camera is viewing the interval of 6750 up to 11750 ns.

The streamer propagation shown before between the two flat electrodes shows
a kind of cloud that splits up into different smaller streamers connected to the
cathode. Due to the long camera gate the entire path of the streamer and its
branches are visible. With a sharp electrode, the streamer widens significantly
earlier and creates a solid initiation cloud. This then splits up into a few
branches after around a cm. At first the branches keep spreading out until
they reach the halfway point, after which they will converge back to the ground
electrode. This seems to be in line with the shape of the electric field lines and
with the findings in [3]. That same paper also notes the point-plane streamers
generally have a velocity of 0.1 to 4 mm/ns, depending on the electric field
strength.

These velocities are much slower than those the cloud discharges seem to have.
With the minimal effect the laser should have in this experiment, the streamer
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should be driven only by the field enhancement of the sharp tip. Flat electrodes
do not have this, and are therefore much harder to induce on their own.

When turning the voltage up to 10 kV, the streamer shape changes significantly.
Instead of branches fanning out, they seem to converge into a single streamer
in the middle of the electrode, right below the tip. This might be similar to
what was shown in figure 5.8, where increasing the overvoltage compared to
the breakdown threshold also made several individual streamers bunch up. The
very bright disk shape at the bottom is therefore thought to be several streamers
combined in a smaller area. The image below shows the streamer with laser on
at low power, and far away from the laser discharge at 6750 to 11750 ns with a
gate of 5 µs.

Reverting these timings to be more close to the other measurements (Gate 700
to 750 ns) while turning off the laser shows a very similar image. The image is
far less bright and wider around the top but nothing else changes much apart
from that. The voltage is also lower here, at 8kV, which is possibly the biggest
difference here. The disk shape at the bottom is also much less bright and
smaller, supporting the idea that lower voltage brings about less streamers.
Though no direct comparisons can be made due to the much lower gate and
earlier timing.

Figure 6.2: Image showing a sharp to flat electrode streamer in N2 at 100 mbar.
The camera is viewing the interval of 6750 up to 11750 ns for a) and 700 to 750
ns for b).

An interesting thing about the branching image is that it shows the streamer
to first have relatively high intensity, after which it suddenly drops in intensity
a little before the half way point. That line happens to be the in the path of
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the laser, used at low power for generating some seed electrons for the initial
discharge. To confirm this, another set of images were made where the laser
line is tilted upward. The images made clearly show the higher intensity area
to stop at higher point, confirming that this border is influenced by the laser.

Figure 6.3: Image showing a sharp to flat electrode streamer in N2 at 100 mbar.
The laser at very low power is shifted higher in the second image. The camera
is viewing the interval of 6750 up to 11750 ns.

This of course raises the question of how this property has influenced the earlier
measurements. This does indicate that the laser, even at low power, has a
significant ability to ionize the air even outside its focal point. However this
ionization is not likely to last as long as one laser pulse cycle and will most
likely have disappeared by the time the next pulse is fired. Even if the pre-
ionisation is still at significant levels within the next shot, it will not affect the
discharges generated as they appear above and below the laser line.

6.2 Small brass ball between electrodes

Using the laser to induce a discharge in between the electrodes results in a
plasma. The charge of the plasma then gets separated due to the electric field,
theoretically creating positive and negative streamers from the cathode and
anode, respectively. A metallic, conducting sphere can also have charge on its
surface, and the electric field will cause the positive and negative charges to
gather at the opposite edges of the sphere. This could possibly mean that such
a sphere will be able to create streamers similar to the laser discharge streamers.

This is useful because that would mean no expensive and dangerous laser will
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have to be used, as well as none of the optics required for the discharge. It
will also make it much easier to make images, as there will not be any bright
discharge interfering with the camera. The electric field generating the streamers
here will also be relatively uniform compared to two flat electrodes. For these
reasons, experiments were done exploring whether or not the same kind of
streamers could be made using this alternative method.

The metal spheres needed for this need to be conductive, so brass was the
optimal choice. Multiple spheres of different sizes needed to be made to recreate
the varying laser discharge spots that grow larger with increasing laser power.
Here, sizes of 1, 5 and 10 mm were chosen. Holes of around 0.3 mm were drilled
in the spheres in order to string them up, which was done with regular fishing
wire. Luckily, the current setup did not need many alterations to hang them
up. A screw and a cylinder wired inside were used as a makeshift stut, and
were jammed in the vessel’s pipe connections. The fishing wire was then tied to
them.

The experiments were done using the same parameters as the other parallel
electrode experiments used. The gases used were argon and N2, while the
pressure was once again varied from 50 to 400 mbar. The distance between
the electrodes was held at 3.5 cm, with the brass ball being held roughly in the
middle. The voltage applied was increased until a discharge could be observed
on the camera, and was held at that point for the rest of the measurement. The
electrical discharge was pulsed and had a pulse length of 5 µs, fully encompassing
the length of a potential streamer discharge.

DC voltage was initially used, but this caused the ball to continually heat up,
eventually melting the fishing wire. More heat resistant wire should be used in
the the future, but for this experiment a pulsed voltage of sufficient length was
used instead. This should not be a problem, as the interval that is of interest
is short enough to work with pulses. A limiting factor with the Belhke switch,
is that it cannot output more than 18 kV. This made it too difficult to get
streamers with regular air, so those experiments were not done.

The general setup is not ideal for high voltages as the vessel is too small and
can easily connect to the wall with a spark channel. When this happens the
power supply usually gets an overcurrent error and shuts off. One way to solve
this problem is by decreasing the inter electrode distance, but the easiest way
was to use a shorter voltage pulse. Any length is fine as long as the pulse is
stopped before the spark discharge can occur at around 100 µs. The voltage
needed for high pressure discharges at the constant 3.5 cm inter electrode length
exceeded the maximum of 18 kV, which is why only 50 mbar and 100 mbar were
measured.
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6.3 Argon measurements with 10 mm sphere

The measurements done with the largest sphere (10 mm) definitely show a
streamer being guided through the sphere. This can be seen in figure 6.4, in
which argon gas is lowered to a pressure of 50 mbar. The voltage required
for this discharge was 10 kV. The camera and the pulse were triggered at the
same time, resulting in the discharge occurring about 190 ns after the input
signal. The wide line at the bottom of the discharge covers the cathode and is
thought to be a combination of several smaller streamers, as seen in the other
streamer discharges found in section 5.7. It is also visually very similar to the
sharp electrode streamers at 10 kV (6.2). The lit up area underneath that is
suspected to be caused by light reflecting from the edge of the cathode.

Figure 6.4: Image of a streamer discharge between two electrodes in argon at
50 mbar with a brass ball of 10 mm diameter in between them. The wide line
at the bottom of the discharge seems to be the surrounding discharge.

The discharge was slightly inconsistent, having a jitter of around 5 ns, which
does not happen with laser induced discharges due to the laser being able to
put out consistent pulses. The slight randomness makes it difficult to get a
good grasp on the exact timings, so a long set of images were made, after which
oscilloscope measurements were used to sort the images. These show the voltage
and the camera gate at the time of the images taken. An example can be seen
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in figure 6.5 and first shows a rise time of around 60 ns. The rest of the image
has a few sudden drops in voltage that seem to indicate that a discharge has
happened.

Figure 6.5: Oscilloscope voltage graph of a streamer discharge between two
electrodes in argon at 50 mbar with a brass ball of 10 mm diameter in between
them.The camera gate of 2 ns is portrayed with the red bar.

One problem that arose during the experiment was that the voltage probe did
not measure any voltage higher than 10 kV. 50 mbar argon gas required the
least amount of voltage and that already needed 10 kV for a discharge. The
voltage measured was thought to be inaccurate as no discharge was observed
for other variables at 10 kV, while it did at higher voltages. Furthermore the
shape of the voltage curve does seem to be accurate, as each change in voltage
corresponds with some kind of change in the camera image. This is why the
input voltage shown on the DC power supply gauge is used as the true voltage
and the existing graphs are kept.

The following measurement will be done with argon gas at 100 mbar. At
100 mbar 14 kV was used to induce the discharge. These measurements were a
lot more erratic but still hovered around 290 ns. The following images therefore
do not show the rise time as it’s out of bounds. The shape of the voltage drop is
the same as with the other measurement, but due to the wider variance, more
of the entire curve was captured.

59



Figure 6.6: First points of interest in the pulsed electrode to sphere streamer
discharge done in argon at 100 mbar with a 2 ns camera gate. Each image has
a corresponding voltage curve and gate timing.
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Initially, right before the voltage starts to drop, the intensity of the voltage
starts to become slightly more erratic. The camera images in figure 6.6 (a))
show a discharge starting to move from the anode, before it has reached the
sphere in the middle. The voltage drop right after shows it moving further
downward, still not making contact with the sphere (b)). When the voltage
has recovered from its initial drop, a full discharge gets made between both
electrodes and the sphere (c)). A dimmer streamer can be seen moving between
electrodes beside the sphere, which occasionally happens. This also occurs with
the smaller spheres but are much less frequent for them. The time it takes for
the voltage to drop and rise back is approximately 11 ns, while the camera gate
is 2 ns. This means there’s still some intermediary images between this one and
the last. However due to the randomness, this set of measurements did not have
such an image. Luckily later images did have them, and will be shown later.

The graph shows another small voltage peak further down the line (d)). On the
way to this peak the intensity is seen to be slowly lowering, until it suddenly
spikes up again after reaching the peak. While it is a bit difficult to see due
to the intensity, the discharge sometimes consist of multiple long streamers, all
moving towards the tip of the sphere. This is similar to the streamers for a tip
electrode, but with the sphere having much less field enhancement due to field
lines moving perpendicular to the sphere’s surface. Moving further down the
slope shows the discharge does not really change much after that, only becoming
thinner while decreasing in intensity (e)). When the voltage starts to plateau
again, the discharge still emits some very faint light before disappearing entirely
at around 1 kV (f)).
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Figure 6.7: Next points of interest in the pulsed electrode to sphere streamer
discharge done in argon at 100 mbar with a 2 ns camera gate. Each image has
a corresponding voltage curve and gate timing.
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6.4 N2 gas and smaller spheres

The past few images were made using argon gas. Initiating a discharge with
N2 requires more voltage, which is to be expected due to the lower breakdown
voltage of argon. This was immediately noticeable as 13 kV was needed for a
discharge at 50 mbar. The timing once again hovered around 190 ns after pulse
input. The voltage curve of the full discharge is largely the same as it is for
argon, with exception of some small differences. The small voltage peak after
the first drop is now consistently almost double as wide, and the voltage drop at
the end stops when it reaches 2 kV, at around double the voltage argon drops
to.

Figure 6.8: Oscilloscope voltage graph of a streamer discharge between two
electrodes in N2 with a brass ball of 10 mm diameter in between them. Images
are for 50 and 100 mbar.

The voltage curve for the discharge at 100 mbar for N2 is fairly different compared
to the ones before. The initial voltage drop is largely the same, but the second
peak is even wider than it was with 50 mbar. The second voltage drop happens
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soon after the first, and completely recovers to its original voltage. Afterwards,
the voltage slowly decreases over the course of around 600 ns, experiencing a
slowly dimming discharge all the way down.

Images made with spheres of 5 and 2 mm diameter did not seem to show
any streamers moving through the spheres. There are low intensity streamers
originating from, and moving to, all around the electrode surface. These can
also be seen in the other images with larger spheres. A very faint discharge can
sometimes be seen moving through the sphere, but it’s much lower in intensity
compared to the surrounding streamers, and never seems to fully reach the
cathode, thus never fully letting the current through. However the voltage
curves measured are very similar, if not the same when comparing the different
size spheres. The one exception to this is the 50 mbar argon gas curve for a
2 mm diameter sphere, where the voltage does not recover from its second drop,
seen below.

Figure 6.9: Voltage curve of a 2 mm sphere in between two flat electrodes in
argon at 50 mbar.

6.5 Streamer velocity with sharp electrode

Finally extra measurements were made with the 10 mm diameter sphere, as the
full discharge only happened at that size. The top flat electrode was replaced
by a sharp electrode with a 100 µm diameter tip. The images made with these
variables better show the transition of the streamer passing through the sphere.
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The streamer can be seen to move from anode to the sphere and from there to
the cathode. This seems to contradict the hypothesis that a metal sphere can
be replacement for a laser discharge, where a positive streamer appears below
the sphere, and a negative above it. The fact that the trajectory can be imaged
also shows the speed to be much slower than the laser induced discharge. A
few images showing these points in the discharge for 100 mbar argon gas can be
seen below.

Figure 6.10: Image of a streamer discharge between a flat and sharp electrode
with a brass ball of 10 mm diameter in between them in 100 mbar argon. The
wide line at the bottom of the discharge seems to be the surrounding discharge.

The images do still show that the discharge is moving towards the sphere, even
with the slight misalignment of the top needle. The discharge simply moves a
bit to the side towards the sphere, instead of taking the shortest route to the
cathode. The discharge that’s moving from the sharp point to the sphere is
similar to the point-plane streamer with high voltage at 10 kV, indicating that
this is a streamer. The other part of the streamer is thinner and not as diffuse
as the cloud discharge, even showing some light branching from the sphere. The
time between the first and last images is around 10 ns. Assuming it has crossed
the gap in as much time would give it a velocity of 1.25 ∗ 106 m/s, which is
still within the margin for average streamer velocities [1]. This speed was based
on the time it takes for the streamer to move between the sphere and cathode.
The enhanced field of the sharp tip does not come into play here, making this
measurement also applicable to the measurements with the two flat electrodes
and sphere.

Taking the width-speed relation discussed in section 5.6 and taking the streamer
width to be 6.2 mm results in a velocity of 2.5 ∗ 106 m/s. This is most likely
even faster due to this measurement being made at 100 mbar, while the relation
is found for atmospheric pressures. This is slightly faster than was estimated,
however the entirety of the column was taken as the width while in reality it
might be multiple slower streamers instead. Taking the width of one of the
visible smaller columns (2 mm) results in a streamer velocity of 8 ∗ 105 m/s,
bringing it relatively close to the first estimate
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After doing the measurements with the brass ball, a second look was taken
at the voltage pulser. Outputs of higher than 10 kV were still not able to be
measured, bringing past results into question. The voltage curve found for the
different gases and pressures also appeared when turning on the voltage without
any metal ball or electrode to electrode discharge. The only visible discharge
was the electrode to wall discharge surrounding the anode, making it possible
that the voltage curve is caused by that kind of discharge, and not necessarily
the sphere discharge.

While it was easier to get a discharge at higher voltage, this was found to not be
required. Leaving the voltage on at a lower level eventually results in a streamer
discharge. Higher voltages sped up that time and once a streamer discharge was
established, following discharges at lower voltages were easier. This indicates
that the streamer discharge leaves behind a more conductive area, allowing the
current to more easily flow at lower electric fields. This means that the change
in inception speed at voltages over the 10 kV limit might NOT be caused by
the voltage applied being higher than measured, but possibly due to a change in
environment. For this reason the 10 kV readout cannot be ignored and should
be seen as the true voltage. Even so the higher voltage applied must have gone
somewhere and increasing the voltage over 10 kV causes the DC power supply
current gauge to rise. This indicates that some discharge channels are happening
somewhere, possibly from electrode to wall or as the fainter discharge seen in
between the electrodes.

6.6 Dark area of laser discharge

Finally, some clearer images showing the entirety of the electrode to electrode
discharge also featuring the laser discharge were made. The setup was reverted
back to two flat electrodes with a laser focused in the middle. In order to achieve
this the laser induced discharge would need to be viewed at the maximum
intensity the camera could handle, after which the amount of counts would
be manually reduced using the camera software. In order to also view the
streamers, the camera gate had to be sufficiently large, being set at 50 ns here.
The laser point discharge would brighten and enlarge when lowering the counts,
obfuscating the plasma shape.

All these images show a very clear dark area surrounding the laser discharge.
Up until now, that area was usually covered with some tape, making it very
difficult to make a distinction between the tape and the dark border area. This
dark area seems to be influenced by all the usual variables: pressure, gas, laser
strength, etc. The pulser used was the Belhke voltage switch, which as was
recently discussed, had some problems in getting a voltage over 10 kV, so for
better consistency, all measurements were done at 10 kV. The pulse length used
is also kept at a constant 200 ns, in order for it to be roughly as long as the wall
discharge curve seen in figures such as 6.5.
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Figure 6.11: Schematic detailling the timings used in the following
measurements.

The above image shows the timing scheme used for all the measurements. The
200 ns voltage pulse was started 150 ns before the laser discharge fired. The next
50 ns are thus still under the influence of the voltage. This interval is viewed
in its entirety by using a 50 ns camera gate. Of note is that the streamers do
not appear until 3 ns after the laser discharge. Viewing it at time 0 with a 2 ns
camera gate only shows the laser discharge. When viewing them through the
camera, they still occur fully formed, having crossed the gap already in that
one nanosecond. Seeing as the electron density rises sharply in the first 5 ns,
it’s possible that a certain amount of electron density is required to start the
process.

This explanation fits in the hypothesis that the sudden rapid rise in electron
density is analogous to a sudden rise in voltage over the gap, which causes wide
streamers [12]. The appearance of a large amount of electrons would locally
cause a very high electric field. This field would not extend along the entire
gap so the applied field possibly keeps the advancing streamer front in motion.
However that cannot be sufficiently proven within the scope of this report.

The effect of changing the pressure will be looked at first. The gas used will be
argon, due to its low breakdown voltage. A cloud discharge was found at 50,
100 and 200 mbar, all three can be seen in figure 6.12. The biggest problem with
all these images is that often multiple variables change between them, as was
the case here. The constant 50 ns camera gate made it impossible to directly
view the laser discharge at the same timing, as higher pressures resulted in
higher intensities, requiring the timing to be delayed. This would also require
the timing of the voltage pulse to be altered in some cases. Nevertheless it’s
still possible to make some conclusions.
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Figure 6.12: Pressure comparison for a laser induced spark with a 10 kV pulse
of 200 ns in argon. The pressures at 50, 100 and 200 mbar were viewed at 0, 50
and 250 ns after the laser respectively.

The dark area at first seems to be inversely affected by the pressure. increasing
the pressure widens the gap. However at 200 mbar, the dark area is completely
gone. For a streamer to exist, a continuous current needs to be able to flow.
The dark area is most likely a highly ionized region that does not emit any
light. The conductivity in this area is so high due to this ionization level that
the electric field cannot penetrate inside it. The electrons are therefore not
accelerated enough for them to excite the neutrals inside, resulting in a dark
area. Higher pressure means that the amount of ions per unit area becomes
larger, increasing the conductivity in that area, resulting in a larger area where
the electric field cannot interfere. Increasing the pressure also increases the
laser induced discharge intensity, contributing to the dark area becoming even
larger. At 200 mbar this dark area has disappeared completely, presumably
due to the much later time of 250 ns, where the electron temperature would
have significantly decreased [10]. This later time might mean that the ions
and electrons in this area have already had the time to recombine, making it
susceptible again to the electric field and causing electrons to be accelerated
again.

The reason for the difference at 200 mbar lies with the fact that for each
subsequent image, the timing of the camera is delayed to prevent it from
oversaturating. To prevent oversaturation, either the gate needs to shortened,
allowing less light in, or the camera needs to shift to a later, less bright time.
In order to keep the camera gate consistent, and because the general evolution
of the laser discharge is known, it was decided to shift the timing instead of the
gate. As seen in chapter 4, the electron density around the laser discharge
has already lowered by at least 2 orders after 250 ns, resulting in a much
lower conductivity. To better illustrate the effect of the laser discharge, extra
measurements were made where the only variable that is changed is the laser
power. The only thing this should change is the discharge intensity.
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Figure 6.13: Comparison of the streamer in argon at 100 mbar, with a laser
strength of 160 and 70 mJ.

A lower laser intensity results in a lower electron density [14] and thus conductivity.
This allows the electric field to deeper penetrate the dark area and sooner reach
energies that would ionize the surrounding gas. Unfortunately, trying to show
that the pressure itself also has an effect is somewhat more difficult. This
would require keeping the laser discharge intensity the same between different
pressures. With the current equipment used in this experiment, that was not
possible, as there was no way to accurately quantify the laser discharge intensity.
Furthermore, changing the laser power would also slightly change the laser
discharge shape, adding more uncertainty to the experiment. For those reasons,
further experiments comparing the pressure were not made.

One way to to get some insight on whether this discharge is a streamer or not
is by comparing their widths. The wider a streamer is, the faster it’s speed will
be. T. M. P., Briels [4] found a linear relation for this speed (see section 5.6),
and more importantly, a relation between the voltage rise time and the streamer
width (and speed). A high rise time would result in wider streamers, which is
exactly what can be seen in the images made. A streamer having a width of
2.5 mm would have a velocity of 1 mm/ns. Extrapolating this to the width of
the measured discharges (1.5-2.3 cm) and considering a gap of 1.5 cm, results
in a rough estimate of 6 to 9 mm/ns.

This would bring the speed closer to what is required for it to cross the gap
in 1 ns, but comes somewhat short. Furthermore, the relation for the speed
and width was found for atmospheric pressure though lowering the pressure
results in wider, and thus faster, streamers. It is difficult to say if this is enough
to make up for the lower speed. A more simple explanation is that the high
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energy photons emitted from the laser discharge photoionize a large part of the
surrounding molecules, creating free electrons. These free electrons would then
be accelerated by the field, lighting them up due to excitation.

Other measurements also showed that the laser discharge is not necessary for
the streamers to occur. They can disappear when the laser is at low enough
power, leaving only a faint laser discharge. This indicates that a certain amount
of the electron density is required, and that the laser discharge does not reach
the required level at low powers.

Figure 6.14: Streamer measurement with a 5 cm focal length lens in argon at
50 mbar. Each image has a different laser power.

Comparing the different lenses in figure 6.15, and thus laser discharge sizes,
shows that the dark area barely changes. Mostly likely this is simply within
the margin of error for the laser discharge size, as looking at multiple images
shows the dark area slightly moves around and is not completely constant. The
change in size between the different lenses, as was documented in section 4.2,
only varies by a few millimeters at most. Looking at the multiple images made
for each setting, it is clear that the laser discharge is not always completely
steady in terms of intensity, which has an effect on the dark area size. Though
the streamer images do seem to imply that the choice of lens has a small impact
on the streamer propagation for short voltage pulses. The shorter a focal length
a lens has, the more intense the laser discharge becomes, which seem to manifest
itself in slightly brighter streamers.
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Figure 6.15: Comparison of the streamers in N2 gas at 50 mbar using a 5, 10 and
20 cm focal length lens. Images were made with a 50 ns camera gate starting
at time 0.

Finally, the effect of the gases was examined in figure 6.16, showing once again
the clear differences in breakdown energy with a constant field between them.
The streamers become brighter in the order of air, nitrogen, argon. What
also changes is the size of the dark area. While argon has the brightest laser
discharge, it also has a slightly smaller dark space. This is likely due to the
higher ionization energy of argon, making it more difficult to ionize an area
with the same laser power, resulting in a lower electron density. The electron
density also decays faster for air due to electron attachment to oxygen [16]
further contributing to the lower intensity.

Figure 6.16: Comparison of the streamers in air, N2 and argon with a 10 cm
focal lens at 50 mbar. Images were made with a 50 ns camera gate starting at
time 0.

In doing these measurements, a new ’requirement’ for initiating these streamers
was also found. As described in the previous setting, once the voltage exceeded
a certain threshold, the usually rectangular voltage pulse would deform into
a new voltage curve with a few different voltage drops and constant length,
dependent on the pressure and gas. This curve is caused by a wall discharge

71



coming from the anode. In order to get a streamer, the voltage needs to be
sufficiently high for the surrounding discharge to happen. If the pulse applied
still has the same rectangular shape, no discharge will be observed at any time.
This was tested with pulses varying between 200 ns up to 30 µs.

This does not necessarily mean that that this kind of streamer/discharge is a
literal requirement. It likely does not have a direct effect in the initiation and
propagation of these streamers. Just that the environment required for inducing
the electrode streamer discharges is the same as they are for the laser induced
discharge.
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Chapter 7

Summary and conclusions

The experiments done over the past year had the goal of finding out whether a
laser discharge could be used to create streamers, as they hypothetically will not
suffer as much from the field line distortion seen in streamers originating from
a sharp tip electrode, often used in experimental research. For this purpose a
better understanding of the laser discharge was necessary. Good agreement was
found between experiments exploring this and earlier research. It was confirmed
that the intensity of the laser discharge is proportional with pressure, laser power
and would also depend on the properties of the gas used. The enlarged section
in the direction of the focal lens is caused by an absorption front created by the
inverse bremsstrahlung the plasma experiences. The lower pressure used would
also result in a plasma that’s mostly dominated by multiphoton ionization.

Such a laser induced discharge was also speculated to create a conductive area
around it due to the higher degree of ionisation that makes it easier for a
discharge to be induced from the patch. Other research estimated the plasma
temperature in the kernel to be around 30000 K, with a rapidly rising electron
density. This conductive area was visible when applying an electric field to
the laser induced discharge as a dark area around the focal area. A stronger
laser discharge results in a larger conductive area, as the increased power causes
more ionisation and increases the conductivity, making it more difficult for an
electric field to penetrate it. The electrons thus do not get accelerated enough
and cannot excite the species within. A strong dependence on the electric field
could also be seen. The higher the voltage, the closer the cloud discharge would
approach the laser discharge patch. Images also show the cloud discharge being
somewhat symmetrical, with the bottom streamer often being slightly wider
and more intense.

The speed of this cloud discharge was estimated to be much higher than what is
expected for normal streamers, crossing a 1.5 cm gap in less than a nanosecond,
reaching velocities around the lower end of 107 m/s. The shape was also
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much more diffuse and less directed compared to point-plane streamers. This
discharge might therefore not even be a streamer. Other research has found
similar discharges, named streamers in their paper [12], by applying high voltage
with very high rise times to a point-plane electrode setup. It is suspected that
the laser induced discharge’s rapid rise in electron density is analogous to the
high rise times, causing similar phenomena. The lack of field enhancement in the
setup used might be compensated for by the high initial energy of the electrons
coming from the laser kernel. Streamer speed increases in relation to its width,
and extrapolating that relationship to the cloud discharge would give it enough
speed to cross the gap within a nanosecond.

However, this assumes the high initial electron density is similar to a fast rise
time in voltage, which is yet to be proven. Furthermore the external electric field
would have to interact with the electrons in the kernel, which it was shown to not
be able to with the dark area. An alternate hypothesis is that the high energy
photon emission coming from the laser discharge photoionizes the surrounding
gas. These electrons would then be accelerated by the electric field, causing
excitation.

The streamers found with the alternative setups do not seem to be directly
comparable to the laser induced cloud discharge. The point-plane electrodes
are exactly as described in literature. The streamers found using a brass sphere
seem to have a higher than average velocity for streamers, having a velocity of
the order 106 m/s. This is still within the margin of error for normal streamers
and is confirmed both by an external streamer width-velocity relation and by
direct camera measurements. The shape and width is also comparable to the
point-plane discharge streamers as seen in the section for point-plane electrodes,
making them likely streamers.

A point discharge such as the tip of a sharp electrode is seen to have distorted
field lines. A laser discharge experiences less of this distortion due the larger
size. This distortion of the field lines gets lowered even more with the existence
of the dark area. The electric field cannot penetrate the area, and becomes
more uniform, the flatter it is.

Applying DC voltage to the vessel caused multiple current peaks to occur.
The continually applied voltage keeps fueling the initial cloud discharge, which
disappears after 1 or 2 µs. What remains after that are several smaller mini
channels, of which one will grow to a large thin spark discharge after around
50 µs. The current drastically increases at the creation of this spark channel.
This channel remains intact, only changing in brightness as continuously smaller
current peaks occur. The voltage drops after each current peak and eventually
settles at around 1 or 2 kV, depending on the gas and environment. After a
few ms the usual maximum voltage would be recovered after which the process
repeats.
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Looking at the smaller discharges occurring after the first cloud discharge at an
angle shows them to be placed in an circular spread. Lowering the laser power
causes less of these discharges to be made, while high laser power makes it so
multiple smaller streamers overlap and form into a single cloud discharge. This
is thought to be because the higher laser power causes the creation of multiple
seed patches along the laser line.

The laser induced discharges have been shown to have some useful properties.
The extra ionization makes it easier to induce discharges, even at lower powers.
Assuming the cloud discharges measured are in fact streamers would also make
this method useful in making them without field enhancement, and the associated
field line distortions. The discharges made are also extremely consistent in time.
If after extended research it is proven that these discharges are fast streamers,
then this method could also be used to induce them using a DC source, allowing
much higher voltages to be used.

There are still some negatives inherent to this method that will need to be taken
into account. The higher speed and width of the streamers will require much
larger spaces, and therefore voltages, in order to examine branching behaviour.
It is still unclear whether these ’streamers’ can be directly compared to other
wider streamers due to its structure consisting of multiple cloud discharges. The
bright laser discharge also makes it much more difficult to properly bring the
entire discharge into view, on top of being very invasive by introducing extra
energetic species to the system.

While the experiments did show that laser induced streamers are possible and
useful, a lot can still be done to improve them. Most obvious are the improvements
to the setup. A larger vessel would help prevent spark channels to be made with
the wall, preventing overcurrents. This would make it possible to use DC sources
at higher voltages and also eliminates one of the main advantages of a voltage
pulse. The length of a pulse was shown to not matter much and DC sources can
often put out much higher voltages, making higher pressures and gases possible.

Following experiments could also benefit from adjusting additional variables.
The inter electrode distance was kept mostly constant between measurements.
This variable has a large effect on the breakdown voltage and an experimental
setup where this can be changed much more easily is recommended.

The laser induced discharged is clearly very invasive and brings about a relatively
extreme environment around the focal length. It is very important to understand
what exactly happens in this area. More diagnostics such as microwave cavity
resonance spectroscopy (MRCS) [20] for the electron density or Thomson scattering
[22]for the temperature, are essential for this. Computer simulations should
also serve as good comparisons due to the similarities between the laser induced
discharged patch and the ’patch’ used for initiating the streamer in a simulation.

75



Bibliography

[1] N L Allen and P N Mikropoulos. “Dynamics of streamer propagation in
air”. In: Journal of Physics D: Applied Physics 32.8 (Jan. 1999), pp. 913–919.
doi: 10.1088/0022-3727/32/8/012. url: https://doi.org/10.1088%
5C%2F0022-3727%5C%2F32%5C%2F8%5C%2F012.

[2] D. Bradley et al. “Fundamentals of high-energy spark ignition with lasers”.
In: Combustion and Flame 138.1 (2004), pp. 55–77. issn: 0010-2180. doi:
https://doi.org/10.1016/j.combustflame.2004.04.002. url: http:
//www.sciencedirect.com/science/article/pii/S0010218004000914.

[3] T M P Briels, E M van Veldhuizen, and U Ebert. “Positive streamers in
air and nitrogen of varying density: experiments on similarity laws”. In:
Journal of Physics D: Applied Physics 41.23 (Nov. 2008), p. 234008. doi:
10.1088/0022-3727/41/23/234008. url: https://doi.org/10.1088%
5C%2F0022-3727%5C%2F41%5C%2F23%5C%2F234008.

[4] T M P Briels et al. “Circuit dependence of the diameter of pulsed positive
streamers in air”. In: Journal of Physics D: Applied Physics 39.24 (Dec.
2006), pp. 5201–5210. doi: 10.1088/0022-3727/39/24/016. url: https:
//doi.org/10.1088%2F0022-3727%2F39%2F24%2F016.

[5] Robert T. Brown and David C. Smith. “Laser-induced gas breakdown in
the presence of preionization”. In: Applied Physics Letters 22.5 (1973),
pp. 245–247. doi: 10.1063/1.1654626. eprint: https://doi.org/10.
1063/1.1654626. url: https://doi.org/10.1063/1.1654626.

[6] Y.-L Chen, J.W.L Lewis, and C Parigger. “Spatial and temporal profiles
of pulsed laser-induced air plasma emissions”. In: Journal of Quantitative
Spectroscopy and Radiative Transfer 67.2 (2000), pp. 91–103. issn: 0022-
4073. doi: https : / / doi . org / 10 . 1016 / S0022 - 4073(99 ) 00196 -

X. url: http : / / www . sciencedirect . com / science / article / pii /

S002240739900196X.

[7] Kyoung-Jae Chung. Electrical breakdown in gasses. url: http://ocw.
snu.ac.kr/sites/default/files/NOTE/Lecture_06_Electrical%

20breakdown%20in%20gases.pdf. (accessed: 29.10.2020).

76



[8] OpenStax College. Conductors and Electric Fields in Static Equilibrium.
url: https://courses.lumenlearning.com/physics/chapter/18-
7 - conductors - and - electric - fields - in - static - equilibrium/.
(accessed: 21.09.2020).

[9] P.K. Diwakar and D.W. Hahn. “Study of early laser-induced plasma dynamics:
Transient electron density gradients via Thomson scattering and Stark
Broadening, and the implications on laser-induced breakdown spectroscopy
measurements”. In: Spectrochimica Acta Part B: Atomic Spectroscopy 63.10
(2008). A collection of papers presented at the Euro Mediterranean Symposium
on Laser Induced Breakdown Spectroscopy (EMSLIBS 2007), pp. 1038–1046.
issn: 0584-8547. doi: https://doi.org/10.1016/j.sab.2008.07.
003. url: http://www.sciencedirect.com/science/article/pii/
S0584854708002152.

[10] Ciprian Dumitrache and Azer P. Yalin. “Gas dynamics and vorticity generation
in laser-induced breakdown of air”. In: Opt. Express 28.4 (Feb. 2020),
pp. 5835–5850. doi: 10.1364/OE.385430. url: http://www.opticsexpress.
org/abstract.cfm?URI=oe-28-4-5835.

[11] Ute Ebert et al. “The multiscale nature of streamers”. In: Plasma Sources
Science and Technology 15 (Apr. 2006), S118. doi: 10.1088/0963-0252/
15/2/S14.

[12] Tarasenko V. F. et al. “Formation of Wide Streamers during a Subnanosecond
Discharge in Atmospheric-Pressure Air”. In: Plasma Physics Reports 44
(2018), pp. 746–753. issn: 1562-6938. doi: https://doi.org/10.1134/
S1063780X18080081.

[13] J.R. Freeman et al. “Comparison of optical emission from nanosecond and
femtosecond laser produced plasma in atmosphere and vacuum conditions”.
In: Spectrochimica Acta Part B: Atomic Spectroscopy 87 (2013). Thematic
Issue: 7th International Conference on Laser Induced Breakdown Spectroscopy
(LIBS 2012), Luxor, Egypt, 29 September-4 October 2012, pp. 43–50.
issn: 0584-8547. doi: https://doi.org/10.1016/j.sab.2013.05.
011. url: http://www.sciencedirect.com/science/article/pii/
S0584854713001146.

[14] V. Hohreiter, J.E. Carranza, and D.W. Hahn. “Temporal analysis of laser-
induced plasma properties as related to laser-induced breakdown spectroscopy”.
In: Spectrochimica Acta Part B: Atomic Spectroscopy 59.3 (2004), pp. 327–333.
issn: 0584-8547. doi: https://doi.org/10.1016/j.sab.2003.12.
015. url: http://www.sciencedirect.com/science/article/pii/
S0584854704000059.

[15] Atsushi Komuro, Ryo Ono, and Tetsuji Oda. “Effects of pulse voltage
rise rate on velocity, diameter and radical production of an atmospheric-
pressure streamer discharge”. In: Plasma Sources Science and Technology
22.4 (June 2013), p. 045002. doi: 10.1088/0963-0252/22/4/045002.
url: https://doi.org/10.1088%2F0963-0252%2F22%2F4%2F045002.

77



[16] B. La Fontaine et al. “The influence of electron density on the formation of
streamers in electrical discharges triggered with ultrashort laser pulses”.
In: IEEE Transactions on Plasma Science 27.3 (1999), pp. 688–700. doi:
10.1109/27.774673.

[17] A. Luque and U. Ebert. “Electron density fluctuations accelerate the
branching of positive streamer discharges in air”. In: Phys. Rev. E 84
(4 Oct. 2011), p. 046411. doi: 10.1103/PhysRevE.84.046411. url:
https://link.aps.org/doi/10.1103/PhysRevE.84.046411.

[18] Alejandro Luque, Valeria Ratushnaya, and Ute Ebert. “Positive and negative
streamers in ambient air: modelling evolution and velocities”. In: Journal
of Physics D: Applied Physics 41.23 (2008). doi: 10.1088/0022-3727/
41/23/234005.

[19] Allan J. Lichtenberg Michael A. Lieberman. Principles of plasma discharges
and materials processing. John Wiley & Sons, Inc., Hoboken, New Jersey,
2005. isbn: 0471720011.

[20] D L Misell and R A Crick. “An estimate of the effect of chromatic aberration
in electron microscopy”. In: Journal of Physics D: Applied Physics 4.11
(Nov. 1971), pp. 1668–1674. doi: 10.1088/0022-3727/4/11/308. url:
https://doi.org/10.1088%2F0022-3727%2F4%2F11%2F308.

[21] Torsten Neubert. “On Sprites and Their Exotic Kin”. In: Science 300.5620
(2003), pp. 747–749. issn: 0036-8075. doi: 10.1126/science.1083006.
eprint: https://science.sciencemag.org/content/300/5620/747.
full.pdf. url: https://science.sciencemag.org/content/300/

5620/747.

[22] Yasuyuki Noguchi et al. “Measurements of Electron Temperature and
Density of a Micro-Discharge Plasma Using Laser Thomson Scattering”.
In: Japanese Journal of Applied Physics 40.Part 1, No. 1 (Jan. 2001),
pp. 326–329. doi: 10.1143/jjap.40.326. url: https://doi.org/10.
1143%5C%2Fjjap.40.326%5C%.

[23] Tran X Phuoc. “Laser spark ignition: experimental determination of laser-
induced breakdown thresholds of combustion gases”. In: Optics Communications
175.4 (2000), pp. 419–423. issn: 0030-4018. doi: https://doi.org/10.
1016/S0030-4018(00)00488-0. url: http://www.sciencedirect.com/
science/article/pii/S0030401800004880.

[24] Primes. Convenient diagnosis of raw laser beam with the LaserQualityMonitor.
url: https : / / www . primes . de / en / company / latest - news / what -

aposs-new/new-detail/items/primestime-01-17-74.html. (accessed:
29.10.2020).

[25] Bindhu Harilal S.S. Harilal. “Diagnostics of a laser induced spark in air
using fast ICCD photography”. In: University of California, San Diego
(Jan. 2002).

[26] A. E Siegman. Lasers. Mill Valley, Calif. : University Science Books, 1986.
isbn: 0935702115.

78



[27] Eiichi Takahashi and Susumu Kato. “Influence of DC electric field on
Nd:YAG laser-induced breakdown in gases”. In: OSA Continuum 3.11
(Nov. 2020), pp. 3030–3039. doi: 10.1364/OSAC.399530. url: http:

//www.osapublishing.org/osac/abstract.cfm?URI=osac-3-11-3030.
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